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RATIONALE: Atherosclerotic lesions are known for their cellular heterogeneity, yet the molecular complexity within the cells of 
human plaques has not been fully assessed.

OBJECTIVE: Using single-cell transcriptomics and chromatin accessibility, we gained a better understanding of the 
pathophysiology underlying human atherosclerosis.

METHODS AND RESULTS: We performed single-cell RNA and single-cell ATAC sequencing on human carotid atherosclerotic 
plaques to define the cells at play and determine their transcriptomic and epigenomic characteristics. We identified 14 
distinct cell populations including endothelial cells, smooth muscle cells, mast cells, B cells, myeloid cells, and T cells and 
identified multiple cellular activation states and suggested cellular interconversions. Within the endothelial cell population, 
we defined subsets with angiogenic capacity plus clear signs of endothelial to mesenchymal transition. CD4+ and CD8+ 
T cells showed activation-based subclasses, each with a gradual decline from a cytotoxic to a more quiescent phenotype. 
Myeloid cells included 2 populations of proinflammatory macrophages showing IL (interleukin) 1B or TNF (tumor necrosis 
factor) expression as well as a foam cell-like population expressing TREM2 (triggering receptor expressed on myeloid 
cells 2) and displaying a fibrosis-promoting phenotype. ATACseq data identified specific transcription factors associated 
with the myeloid subpopulation and T cell cytokine profiles underlying mutual activation between both cell types. Finally, 
cardiovascular disease susceptibility genes identified using public genome-wide association studies data were particularly 
enriched in lesional macrophages, endothelial, and smooth muscle cells.

CONCLUSIONS: This study provides a transcriptome-based cellular landscape of human atherosclerotic plaques and highlights 
cellular plasticity and intercellular communication at the site of disease. This detailed definition of cell communities at play 
in atherosclerosis will facilitate cell-based mapping of novel interventional targets with direct functional relevance for the 
treatment of human disease.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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Atherosclerosis is characterized by chronic, lipid-
driven vascular inflammation and is the main under-
lying cause of cardiovascular disease (CVD).1 

Many studies have defined cellular profiles of human 
atherosclerosis based on single or several marker pro-
teins, but detailed description of the cells involved in the 
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pathophysiology of atherogenesis is lacking. Moreover, 
genome-wide association studies (GWAS) have identi-
fied many loci associated with increased risk for CVD, 
but the translation of these findings into new thera-
pies2 has been hampered by the lack of information on 

specific cell communities in atherosclerotic plaques and 
the cell-specific expression patterns of druggable candi-
date genes at the site of disease. Recently, the immune 
cell composition of murine and human aortic atheroscle-
rotic plaques has been described using cytometry by 
time of flight and single-cell RNA sequencing (scRNA-
seq).3–7 Yet, the full cellular composition of human carotid 
plaques, including nonimmune cells, remains elusive. 
Therefore, we performed scRNA-seq and single-cell 
ATAC sequencing (scATAC-seq) on advanced human 
atherosclerotic plaques obtained during carotid endar-
terectomy and report a comprehensive overview of the 
various cell types in plaques and their activation status, 
which reveals an active, ongoing inflammation and mul-
tiple cellular interactions as well as cellular plasticity with 
respect to endothelial cells (EC) and macrophages. In 
addition, we identified cell type–specific expression of 
GWAS risk loci for CVD.

METHODS
In silico data analysis was performed using custom R Scripts 
(R version 3.5.3) designed especially for this research or 
based on the recommended pipelines from the preexisting 
packages listed in the individual segments above. R scripts 
are available on GitHub [https://github.com/AtheroExpress/

Nonstandard Abbreviations and Acronyms

CAD	 coronary artery disease
CVD	 cardiovascular disease
EC	 endothelial cell
FACS	 fluorescence-activated cell sorting
GWAS	 genome-wide association studies
IL	 interleukin
(ox)LDL	 (oxidized) low-density lipoprotein
scATAC-seq	 single-cell ATAC sequencing
scRNA-seq	 single-cell RNA sequencing
SMC	 smooth muscle cell
TF	 transcription factor
TNF	 tumor necrosis factor
tSNE	� t-distributed stochastic neighbor 

embedding

Novelty and Significance

What Is Known?
•	 Atherosclerotic lesions show a complex cellular com-

position that has mainly been studied using selected 
marker molecules.

•	 The benefit of using single-cell RNA sequencing as 
unbiased method has been shown for immune cells in 
both murine and human atherosclerosis.

What New Information Does This Article Con-
tribute?
•	 Single-cell RNA sequencing of a broad cohort of 

human carotid plaques now provides a detailed cellu-
lar atlas of the various cell types and their phenotypes, 
including different clusters of endothelial and smooth 
muscle cells.

•	 Chromatin accessibility of macrophages and T cells 
is mapped at a single-cell level and identifies relevant 
transcription factor binding sites.

•	 Mapping of cardiovascular susceptibility genes iden-
tified by genome-wide association studies to cellular 
subsets identifies potential cell-specific targets.

It is important to determine the exact cell (sub)types 
and their interactions at play in atherosclerosis to 
devise novel therapeutic strategies. Here, we describe 

the total cellular composition of atherosclerotic 
plaques taken from carotid arteries of a broad cohort 
of patients. Our data suggest that the main immune 
cell subset consists of T cells, which can be subdi-
vided by activation status. Macrophages are found in 
distinct populations with diverse activation patterns, 
inflammatory status, and foam cell characteristics. We 
shed light on plaque endothelial and smooth muscle 
cell gene expression and show cell clusters with 
gene expression patterns pointing towards charac-
teristics of endothelial to mesenchymal transition. To 
further investigate the dynamic intraplaque niche, we 
assessed ligand-receptor interactions driving our cell 
communities and investigated potential transcription 
factor activity underlying myeloid and T-cell popula-
tions in the plaque by studying chromatin accessibility 
at the single-cell level. Finally, we identified cell types 
enriched for cardiovascular susceptibility genes by 
integrating available genome-wide association stud-
ies data. Together, our data provide an in-depth map 
of the human atherosclerotic plaque and give valuable 
insights into cell types, pathways, and genes that are 
relevant for future research aiming at the development 
of novel therapeutic strategies.
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MicroanatomyHumanPlaque_scRNAseq]. Other data is avail-
able from the corresponding authors upon reasonable request.

Please see the Data Supplement for detailed methods.

RESULTS
Single-Cell RNA Sequencing Identifies 
14 Distinct Cell Populations in Human 
Atherosclerotic Plaques
To examine the transcriptome of human atheroscle-
rotic plaques, carotid endarterectomy tissue from 18 
patients (77% male sex) was enzymatically digested, 
viable nucleated cells were isolated by fluorescence-
activated cell sorting (FACS; Figure  1A, Figure IA, 
Table I in the Data Supplement), and scRNA-seq librar-
ies were prepared. After filtering cells based on the 
number of reported genes (see Methods in the Data 
Supplement), we applied unbiased clustering on 3282 
cells, identifying 14 cell populations (Figure  1B and 
1C, Table II in the Data Supplement). Correlation of our 
scRNA-seq data with bulk RNA-seq data (Figure IB in 
the Data Supplement) and examining interpatient vari-
ation of cluster distribution (Figure IC in the Data Sup-
plement) and size (Figure ID in the Data Supplement) 
confirmed uniformity of the data except for patient 1. 
We assigned a cell type to each cluster based on dif-
ferential expression of established lineage markers 
(Figure 1B and 1D). Cluster composition did not dif-
fer between sexes (Figure IE in the Data Supplement) 
and cluster identities were confirmed by correlation 
with bulk RNA-seq datasets (Figure 1E).8 We observed 
3 nonimmune cell clusters (clusters 8, 9, and 10; 
expressing CD34 and ACTA2 [actin alpha 2, smooth 
muscle])9,10 and 11 leukocyte clusters (Figure 1B and 
1D). The latter included 5 lymphocyte clusters (clus-
ters 0, 1, 3, 4, and 11; expressing CD3E, CD4, CD8, 
CD79A),11,12 5 myeloid clusters (clusters 5, 6, 7, 12 and 
13; expressing CD14, CD68, KIT),13–16 and 1 cluster 
containing a mixture of cells (cluster 2), which did not 
show a clear cell type–defining expression profile but 
had similar gene expression levels as other clusters 
and seemed to mainly contain apoptotic myeloid and 
T cells (Figure 1B and 1D; Figure II A-D in the Data 
Supplement). T cells appeared to be the most abun-
dant population in our data set, encompassing 52.4% 
of all analyzed cells, whereas the myeloid populations 
represented 18.5% of all cells (Figure IIE in the Data 
Supplement). Histological analysis of matched samples 
confirmed that CD3+ T cells indeed outnumbered the 
CD68+ cells, which represent macrophages and to a 
limited extend smooth muscle cells (SMCs),17 in the 
studied samples (number of CD3+ T cells: 1880±449 
versus number of CD68+ cells: 870±135; Figure IIF in 
the Data Supplement).

ECs Exhibited a Gene Expression Profile 
Indicative of Activation and Potential 
Transdifferentiation
ECs were represented by cluster 9; expressing COL4A1, 
(collagen type IV alpha 1 chain) COL4A2, SPARCL1, and 
PLVAP, and cluster 10; expressing MPZL2, SULF1, VWF, 
and EDN1 (Figure 1B and 1C, Table II in the Data Supple-
ment). Isolating and reclustering these clusters revealed 
4 distinct subclasses (E.0-E.3, E indicates EC, Figure 2A, 
Table II in the Data Supplement). We could assign EC 
phenotypes to the subclasses by assessing marker 
genes (Figure 2B). E.0, E.1, and E.2 displayed classical 
endothelial markers CD34 and PECAM1, and the vascu-
lar endothelial marker TIE1. E.0 showed distinct expres-
sion of ACKR1, which has been associated with venous 
ECs and the vasa vasorum in mice18,19 and PRCP,20 
involved in angiogenesis and regeneration of damaged 
endothelium (Figure 2B and 2C). E.1 and E.2 separated 
on expression of extracellular matrix genes in E.1 and cell 
mobility markers FGF18 and HEG1 in E.2. Both popula-
tions expressed VCAM1 (Figure 2C), which is expressed 
by activated endothelium and facilitates adhesion and 
transmigration of leukocytes, such as monocytes and T 
cells.21 Together, this suggests that E.0, E.1, and E.2 rep-
resent activated endothelium which actively aggravates 
inflammation in the advanced lesion by cell adhesion 
and neovascularization and mediating leukocyte extrava-
sation.22 Of note, subclass E.3 expressed typical SMC 
markers, such as ACTA2, NOTCH3, and MYH11, next 
to the aforementioned endothelial markers (Figure 2C). 
This, combined with its clustering among the EC clusters 
and enrichment of transitory and SMC-related pathways 
(Figure 2D), indicated that this subset may be undergo-
ing endothelial to mesenchymal transition or vice-versa. 
To validate these findings, we looked into the expression 
of ACTA2 and CD34 on sequential histological slides. 
Figure 2E shows cells lining the intraplaque vasculature 
that shows overlapping expression.

Synthetic Phenotype Dominates in Plaque 
Smooth Muscle Cells
SMCs were represented by cluster 8, expressing MYH11, 
PDGFRB, NOTCH3, and MFAP423–25 (Figure 1B and 1C, 
Table II in the Data Supplement), which separated into 2 
subclasses (Figure IIIA in the Data Supplement): a clus-
ter of SMCs with contractile characteristics (cluster S.1; 
expressing MYH11, ACTA2 and TAGLN) and a cluster 
of synthetic-like SMCs (cluster S.0; expressing COL1A1, 
MGP and COL3A1)26 (Figure IIIB and IIIC and Table II 
in the Data Supplement). The low expression of typical 
SMC markers in cluster S.0 and upregulation of extra-
cellular matrix genes suggested that a subset of these 
cells were derived from the established cap portion of 
the plaque. A limited number of cells within this cluster 
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was KLF4+ (Figure IIID in the Data Supplement), indica-
tive of differentiation from vascular smooth muscle cells 
into either a synthetic or macrophage-like phenotype.

Intraplaque T Cells Are Defined by Activation 
Status
Lymphocyte clusters consisted of one small, but homog-
enous cluster of B cells (cluster 11; expressing CD79A, 
FCER2, CD22, and CD79B)27–29 (Figure 1B and 1C, Table 
II in the Data Supplement), and 4 T-cell clusters. To define 

the T cells in more detail, we assessed the CD4+ T cells 
(expression CD4>CD8) and the CD8+ T cells (expres-
sion CD8>CD4) from CD3 enriched clusters 0, 1, 3, and 
4. Isolating and reclustering the CD4+ T cells revealed 
5 subclasses (CD4.0–CD4.4, Figure 3A, Table II in the 
Data Supplement) of which the primary difference was 
their activation state rather than the transcription factors 
and cytokines commonly used to define CD4+ T-helper 
(TH) subsets (Figure  3B and 3C). CD4.0 and CD4.1 
exerted a cytotoxic gene expression profile exemplified 
by expression of GZMA, GZMK, and PRF1. Apart from 
these cytotoxic transcripts, cells in CD4.0 also showed 

Figure 1. CCA clustering and tSNE visualization revealed 14 distinct populations.
A, Experimental setup: plaque samples obtained from endarterectomy procedures were digested, single viable cells were fluorescence-activated 
cell sorting (FACS) sorted in a polymerase chain reaction plate, and CEL-seq2 was performed. B, Heatmap of top marker genes per cluster. C, 
tSNE visualization of clustering revealed 14 cell populations. Population identities were determined based on marker gene expression. D, Violin 
plots of signature genes confirmed population identities, as well as (E) by similarity to known cell type in reference RNA sequencing (RNA-seq) 
data sets. ACTA2 indicates alpha actin 2, smooth muscle; DC, dendritic cell; HSC, hematopoietic stem cell; IHC, immunohistochemistry; KIT, c-KIT; 
NK, natural killer; scRNAseq, single-cell RNA sequencing; and tSNE, t-distributed stochastic neighbor embedding.

D
ow

nloaded from
 http://ahajournals.org by on January 14, 2021

https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.120.316770
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.120.316770
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.120.316770


ORIGINAL RESEARCH
Depuydt et al� Single-Cell Transcriptome of Human Atherosclerosis

Circulation Research. 2020;127:1437–1455. DOI: 10.1161/CIRCRESAHA.120.316770� November 6, 2020    1441

Figure 2. Subclustering of endothelial cells revealed 4 distinct populations.
A, tSNE visualization of clustering revealed 4 distinct endothelial cell populations. B, Heatmap of top marker genes per cluster. C, Violin plots of 
endothelial cell-specific markers, genes involved in endothelial cell angiogenesis and activation, and genes that are associated with endothelial to 
mesenchymal transition. D, Top pathways associated with cluster E.3. E, Examples of ACTA2 (actin alpha 2, smooth muscle) and CD34 expression 
in a monolayer of cells lining intraplaque vasculature on sequential histological slides of 2 different patients. Scale bars represent 100 µm. ACKR1 
indicates atypical chemokine receptor 1; ACTA2, actin alpha 2, smooth muscle; aSMA, actin alpha 2, smooth muscle; BMP4, bone morphogenetic 
protein 4; DKK2, dickkopf-related protein 2; E, endothelial cell; FDR, false discovery rate; FGF18, fibroblast growth factor 18; KEGG, Kyoto 
encyclopedia of genes and genomes; MYH11, myosin heavy chain 11; NOTCH3, notch receptor 3; tSNE, t-distributed stochastic neighbor 
embedding; and VCAM1, vascular cell adhesion molecule 1.
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Figure 3. Subclustering of CD4+ T cells revealed 5 distinct populations.
A, tSNE visualization of clustering revealed 5 distinct CD4+ T-cell populations. B, Dot plot of cluster-identifying genes and T-cell transcription factors. 
C, Violin plots of CD4.0 characterizing cytotoxic genes. D, Flow cytometry analysis of Granzyme B production by CD4+CD28- cells on defrosted 
plaque samples. E, Top pathways associated with cluster CD4.0. Data shown as mean±SD (n=10; obtained from cohort 1 and 2). *P<0.05. FDR 
indicates false discovery rate; FOXP3, forkhead box P3; GZMK, granzyme K; IL7R, interleukin 7 receptor; KEGG, Kyoto encyclopedia of genes 
and genomes; LEF1, lymphoid enhancer-binding factor 1; PD1, programmed cell death protein 1;PRF1, perforin 1; TCR, T cell receptor; and tSNE, 
t-distributed stochastic neighbor embedding.
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very little CD28 expression and some GZMB expression, 
suggesting that these cells are cytotoxic CD4+CD28null 
cells that have previously been correlated with unstable 
angina and increased risk of Major Adverse Cardiovascu-
lar Events.30,31 In addition, gene expression in this cluster 
confirmed an enrichment in proinflammatory pathways 
associated with adaptive immune responses (Figure 3D). 
Using flow cytometry, we confirmed the cytotoxic char-
acter of the CD4+CD28null cells, which showed that sig-
nificantly more CD4+CD28− cells contained granzyme 
B as compared to the CD4+CD28+ cells (Figure  3E, 
Figure IVA in the Data Supplement). CD4.2 and CD4.4 
were characterized by expression of IL7R (interleukin 7 
receptor), LEF1, and SELL, associated with a naïve and 
central-memory phenotype. The final CD4+ subclass 
(CD4.3) was identified as a regulatory T-cell cluster 
based on the expression of the classical markers FOXP3  
(forkhead box P3), IL2RA (CD25), and CTLA432  
(Figure  3B, Table II in the Data Supplement). Interest-
ingly, we also found some coexpression of FOXP3 
with transcription factors RORA (RAR Related Orphan 
Receptor A) and GATA3 (GATA binding protein 3) in this 
cluster (Figure IVB in the Data Supplement), which has, 
respectively, been associated with the enhanced immu-
nosuppressive function of regulatory T cells33 and with 
the prevention of polarization towards other TH subsets.34 
Expression of the TH cell subset–specific transcription 
factors TBX21 (Tbet  [T-box transcription factor 21]; 
Th1), GATA3 (Th2), and RORC (RORγT; Th17) was not 
linked to a specific cluster (Figure IVC in the Data Sup-
plement), which seems to be a common phenomenon 
when dealing with T-cell scRNA-seq data.35,36 By analyz-
ing the CD4+ T cells in a clustering-independent method 
by selecting all cells that have the expression of both 
CD3E and CD4 and subsequently analyzing the expres-
sion of single TH-specific transcription factors, we find 
that a large population of T cells did not express a clear 
signal of the transcription factors (Figure IVD in the Data 
Supplement).

Analysis of CD8+ T cells revealed 3 subclasses (Figure 
VA and VB in the Data Supplement), which were similar 
to CD4+ T cells defined by differences in activation state. 
CD8.0 was identified as an effector-memory subset, 
characterized by expression of GZMK, GZMA, and CD69, 
indicating recent T-cell receptor activity (Figure VC in the 
Data Supplement). A clear, terminally differentiated, cyto-
toxic CD8+ T-cell profile was observed in CD8.1, which 
showed expression of GZMB, TBX21, NKG7, GNLY, 
ZNF683, and CX3CR1, and in line, this subclass lacked 
CD69 expression. Finally, CD8.2 displayed a quiescent, 
central-memory CD8+ T-cell phenotype with expression 
of LEF1, SELL, IL7R, and LTB. In contrast to Fernandez et 
al7 and previous scRNA-seq data obtained from various 
cancers, we did not detect a clear exhausted phenotype 
in the CD8+ T cells.35–37 The CD8 clusters with reduced 

cytotoxic potential show expression of CD69, suggesting 
recent T cell receptor (TCR) activation and it will be of 
future interest to examine how these CD8+ populations 
were activated and how they affect the pathogenesis of 
atherosclerosis. This could indicate that not the cytotoxic 
but the more quiescent CD8+ T-cell subsets are respond-
ing to plaque-specific antigens and may be more relevant 
in the pathogenesis of atherosclerosis. Using experi-
mental mouse models of atherosclerosis it has been 
shown that the majority of CD8+ T cells in the plaque 
are antigen-specific,38 but so far little is known regarding 
the plaque-antigen(s) they respond to. Whereas CD4+ T 
cells have been shown to respond to (ox)LDL ([oxidized] 
low-density lipoprotein) and its related apo B100 peptide, 
plaque-antigen(s) for CD8+ remain mostly indefinable.39 
Therefore, we are unable to define which antigens have 
activated the T cells in the atherosclerotic lesion.

Both Proinflammatory and Anti-inflammatory 
Macrophage Populations Reside in the Plaque
Atherosclerotic myeloid cells were represented by 5 clus-
ters. A small, distinct mast cell population was defined 
by expression of HDC, KIT, CMA1, and TPSAB1.40 
The remaining myeloid clusters, cluster 6, 7, 8, and 12, 
expressed CD14 and CD68 (Figure 1B and 1C) and iso-
lating and reclustering of these cells revealed 5 distinct 
phenotypes (My.0–My.4 [myeloid cell], Figure 4A, Figure 
VIA and Table II in the Data Supplement).

My.0, My.1, and My.2 most likely represented differ-
ent macrophage activation states. Enrichment of pro-
inflammatory marker genes (Figure  4B) and immune 
and inflammatory pathways (Figure  4C) indicated that 
subclasses My.0 and My.1 consisted of proinflammatory 
macrophages. My.0 showed characteristics of recently 
recruited macrophages (leukocyte transendothelial 
migration, Figure  4C and leukocyte extravasation sig-
naling, Figure  4D) displaying inflammasome activation 
based on coexpression of IL1B, CASP1, and CASP4 
(Figure  4B, Figure VIB in the Data Supplement). My.1 
represented macrophages that differentially expressed 
tumor necrosis factor (TNF) and toll-like receptors (Fig-
ure  4B). Interestingly, both My.0 and My.1 expressed 
KLF4 (kruppel like factor 4), albeit at a low level, which is 
known to drive macrophages towards an anti-inflamma-
tory phenotype by repressing the NF-κB (nuclear factor 
κB) gene program.41 Our data may suggest that an inhib-
itory feedback loop in the proinflammatory macrophage 
populations is actively mediated by KLF4 expression.

In contrast to My.0 and My.1, My.2 showed absence 
of clear proinflammatory markers and showed signs of 
macrophages and foam cells. It expressed foam cell 
marker genes ABCA1,42 ABCG1, MMP9, and OLR143 
(Figure 4B, Figure VIA in the Data Supplement), pro-
fibrotic markers, such as TREM2 (triggering receptor 
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Figure 4. Subclustering of myeloid cells revealed 5 distinct populations.
A, tSNE visualization of clustering revealed 5 distinct myeloid populations. B, Violin plots of macrophage-specific activation genes and foam 
cell markers. C, Top pathways associated with the macrophage clusters. D, Unique pathways per macrophage cluster. E, Ingenuity Pathway 
Analysis of upstream regulators of the macrophage subsets. Both D and E depict data as Z score. F, Circos plots displaying overlap of 
macrophage clusters with macrophage clusters of murine single-cell RNA sequencing papers. Dotted lines indicate no significant overlap, 
and solid lines indicate significant overlap. G, Bar graph with top 5 overlapping clusters of human and murine macrophage clusters. ABCG1 
indicates ATP-binding cassette sub-family G member 1; BCR, B cell receptor; CXCL2, C-X-C motif chemokine ligand 2; DC, dendritic cell; 
FcR, Fc receptor; FDR, false discovery rate; IL, interleukin; ILK, integrin-linked kinase; iNOS, inducible nitric oxide synthase; KEGG, Kyoto 
encyclopedia of genes and genomes; LXR, liver X receptor; My, myeloid cells; NK, natural killer; PD1, programmed cell death protein 1; 
PPAR, peroxisome proliferator-activated receptor; ROS, reactive oxygen species; TH, T helper; TNF, tumor necrosis factor; TREM2, triggering 
receptor expressed on myeloid cells 2; tSNE, t-distributed stochastic neighbor embedding; and RXR, retinoid X receptor.
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expressed on myeloid cells 2)  and CD9,44,45 and the 
enrichment of metabolic pathways hinted at a shift in 
metabolism (Figure  4C, bottom). Interestingly, My.2 
cells expressed smooth muscle actin (ACTA2), a hall-
mark of smooth muscle cells, in combination with mac-
rophage markers such as LGALS3 and CD68 (Figure 
VIC and VID in the Data Supplement). Expression of 
myeloid lineage TFs (transcription factors) PU.1 (SPI1) 
and C/EBPß (CEBPB [CCAAT enhancer binding pro-
tein beta])46 and absence of SMC lineage TFs MYOCD 
(myocardin) and MRTF-A (MRTFA  [myocardin related 
transcription factor A])47 in specifically the ACTA2+ 
cells of My.2 suggests that part of the My.2 myeloid 
cells gained characteristics of SMCs rather than that 
it originated from SMCs17 (Figure VIE in the Data 
Supplement).

To further characterize the 3 subclasses, we next 
examined pathways differentially enriched per popu-
lation (Figure 4D) as well as the upstream regulators 
that possibly govern these populations by Ingenuity 
Pathway Analysis (Figure 4E). My.0 and My.1 showed 
enrichment for classical inflammatory and immune 
pathways clearly suggesting cellular activation, recruit-
ment, and immune cell interactions driving their phe-
notype. In line, Ingenuity Pathway Analysis predicted 
that My.0 and My.1 are mainly controlled by proinflam-
matory factors, such as IL1A, IFN (interferon) A, IFNG, 
and IL1B.

My.2 was enriched for metabolic pathways and LXR/
RXR (liver X receptor/retinoid X receptor)  activation, 
consistent with a foamy phenotype. Hence, this cluster 
was uniquely driven by anti-inflammatory pathways such 
as STAT6 (signal transducer and activator of transcrip-
tion 6) and had typical foam cell-related factors includ-
ing APOE and the LXR family (Nr1h  [nuclear receptor 
subfamily 1 group H]: NR1H2,3,4), which interestingly 
showed some overlap with My.1. The latter may indicate 
that unlike the more recently recruited My.0, My.1 cells 
are gaining foamy characteristics.

My.3 is characterized by dendritic cell markers, such as 
CD1C, CLEC10A, and FCER1A (Figure VIA in the Data 
Supplement) and this population most likely represents 
CD1c+ dendritic cells.13,48,49 In line with their dendritic 
cell phenotype, this cluster showed the highest expres-
sion of multiple class II HLA genes indicative of their 
enhanced activation status as a consequence of anti-
gen-specific interaction with plaque T cells (Figure VIF 
in the Data Supplement). Cluster My.4 expressed CD3E, 
GNLY, FOXP3, and CD2, suggesting that My.4 poten-
tially contains regulatory T cells. This misclustering might 
be a result of comparable CD4 expression levels in T 
cells and macrophages because myeloid cells frequently 
expressed CD4 (Figure IE in the Data Supplement).

Finally, we compared our macrophage subclasses 
with monocyte and macrophage populations from 4 

recent articles on scRNA-seq analysis of atherosclerotic 
plaques in mice.3–6 Eight mouse populations showed 
significant overlap with our human subclasses (Fig-
ure 4F). My.0 showed no statistically significant overlap, 
but most resembled inflammatory mouse macrophages 
(Figure  4G). My.1 resembled inflammatory, resident-like 
mouse macrophages, and My.2 overlapped with foamy, 
anti-inflammatory, Trem2+ macrophages. Together, this 
confirms the recently migrated and embedded inflam-
matory phenotypes we defined, respectively, for My.0 and 
My.1 and matches the foamy phenotype we saw in My.2. 
It also showcases a decent concordance between human 
patients and mouse models in relation to cell type diversity.

Intercellular Communication Drives 
Inflammation Within the Plaque
We next examined potential ligand-receptor interactions 
between cell types to predict intercellular communica-
tion within the lesion based on CellPhone DB v2.0.50 
Lymphocytes and mast cells showed the lowest absolute 
numbers of potential interactions while myeloid, endo-
thelial, and SMCs displayed higher numbers of interac-
tions (Figure 5A). The low interaction between myeloid 
and T cells may be a consequence of the apparent lack 
of detection of TCR-related genes (TRA, TRB, TRG) in 
our scRNA-seq dataset and the fact that CD4-class 
II and CD8-class I interactions are not included in this 
database.

Subsequently, we specifically examined the top unique 
interactions within the myeloid populations, split by 
myeloid ligands (Figure 5B) and receptors (Figure 5C). 
We found multiple chemotactic interactions, includ-
ing endothelial ACKR151 with myeloid-derived CCL2, 
CXCL8, CCL8, and CXCL1, of which the last 2 ligands 
were specifically expressed in My.1. We also observed 
an interaction between CSF1R on all myeloid subsets 
and CSF1 on ECs, smooth muscle cells, mast cells, 
and myeloid cells. CCR1 (C-C motif chemokine recep-
tor 1) and CCR5 interacted with CCL5 from both CD4+ 
and CD8+ T cells and CXCR4 on B cells interacted with 
CXCL12 on My.1 cells. In addition, we identified commu-
nication patterns that are potentially involved in extrava-
sation of myeloid cells, including CD44 (My)–SELE (EC), 
SELL (My)–CD34 (EC), SELPLG (My)–SELP, and SELL 
(both EC). Myeloid cells showed potential capability to 
attract other leukocytes, for example CCR5+ T cells 
through expression of CCL3 (My.1). Moreover, myeloid 
cells were also predicted to interact with T cells lead-
ing to mutual activation, through SIRPA (My)–CD47 (T)52 
ICAM1 (My)–ITGAL (CD8), inducing cytotoxicity and mul-
tiple interactions involved in antigen presentation. Lastly, 
interaction of PDGFB on myeloid subsets with PDGFBR 
on ECs suggest a possible myeloid-driven induction of 
angiogenesis, which has been associated with plaque 
destabilization.53,54

D
ow

nloaded from
 http://ahajournals.org by on January 14, 2021

https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.120.316770
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.120.316770
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.120.316770
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.120.316770
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.120.316770
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.120.316770
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.120.316770


OR
IG

IN
AL

 R
ES

EA
RC

H
Depuydt et al� Single-Cell Transcriptome of Human Atherosclerosis

1446    November 6, 2020� Circulation Research. 2020;127:1437–1455. DOI: 10.1161/CIRCRESAHA.120.316770

Chromatin Accessibility of Myeloid and T-Cell 
Populations Reveals Transcription Factors 
Involved in Gene Regulation
Next, we aimed to further define the genomic landscape 
that accounts for the obtained cluster-specific patterns 
of gene expression and potentially uncover disease 
driving transcription factors. Using scATAC-seq, we 

examined the open chromatin promoter and enhancer 
landscape of myeloid and T cells in human plaques. We 
identified 4 myeloid and 5 T cell clusters by scATAC-
seq. Population label transfer from scRNA-seq to 
scATAC-seq populations showed good agreement with 
the native scATAC-seq cluster borders and retrieved 
the majority of the scRNA-seq populations (Figure 6A 
and 6B). Open chromatin at macrophage (CSF1R, IL1B) 

Figure 5. Ligand-receptor interaction analyses to assess intracellular communication in the plaque.
A, Heatmap showing logarithmic interaction scores between all cell subsets. Top quartile of unique ligand-receptor interactions between all cells 
and myeloid cells for both (B) ligands expressed by myeloid cells and (C) receptors expressed by myeloid cells. E indicates endothelial cells;  
My, myeloid cells; and SMC, smooth muscle cells.
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Figure 6. Chromatin accessibility of myeloid cells in human atherosclerotic plaques analyzed using single-cell ATAC sequencing 
(scATAC-seq).
A, tSNE visualization of myeloid and T-cell clusters based on scATAC-seq. B, Projection of single-cell RNA sequencing (scRNA-seq) myeloid 
and T-cell labels over the scATAC-seq clusters. C, tSNE visualization of cell type–specific accessible gene loci. D, tSNE visualization of cell 
type–specific transcription factor motifs enriched in open chromatin regions. E, tSNE visualization of subclustered scATAC-seq myeloid clusters. 
F, Heatmap showing the top differential open chromatin TF motifs by chromVAR, with subcluster specific accessible TF motifs visualized as 
tSNE. G, IRF9 motif. H, Pseudobulk genome browser visualization identifying the open chromatin regions of IRF9 in different myeloid subsets. 
I, RARA:RXRG, and LXR (liver X receptor): RXR (retinoid X receptor) motifs. J, Pseudobulk genome browser visualization identifying open 
chromatin regions of NRIH3 (encoding LXRα) in different myeloid subsets. K, Violin plot of NR1H3 (nuclear receptor subfamily 1 group H) gene 
expression from myeloid scRNA-seq data. ETS1 indicates ETS proto-oncogene 1; IRF, interferon regulatory factor; KLF, kruppel like factor 4; 
NFATC3, nuclear factor of activated T cells 3; NR1H3, nuclear receptor subfamily 1 group H member 3; PWM, position weight matrix; tSNE, 
t-distributed stochastic neighbor embedding; RARA, retinoic acid receptor alpha; and RXRG, retinoid X receptor gamma.
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and T cell–specific genes (NKG7), as well as enrich-
ment of motifs of cell type TFs for macrophages and 
T cells (SPI155 and ETS156), confirmed the delineation 
between cell types (Figure  6C and 6D). Transferred 
myeloid populations were reclustered analogous to the 
scRNA-seq clusters (Figure 6E).

IRF4 has been shown to be a CD1c+ dendritic cell-
specific transcriptional regulator57 and its motif was 
indeed enriched in My.3 (Figure  6F). In line, we found 
specific open chromatin at the promoter region of IL12A, 
the subunit that is specific for the cytokine IL12, in all 
myeloid populations and an enhancer specifically in My.3 
dendritic cells (Figure VIIE in the Data Supplement). IL12 
is required to induce a proinflammatory, TH1-like cytotoxic 
phenotype of T cells and actively induces atherosclero-
sis.58,59 Potentially, as a result of the My.3-specific IL12, 
we observed open chromatin at the IFNG and TNF loci 
in CD4.0, confirming its activated, cytotoxic phenotype 
and suggesting that this cluster has TH1-like properties 
(Figure VIIG and VIIH in the Data Supplement). Addition-
ally enriched accessible motifs within the T cells (Figure 
VIIA and VIIB in the Data Supplement) were observed for 
the RUNX3 motif in CD4.0, normally a CD8+ T-cell linage 
specific TF that is also known to induce expression of 
cytotoxic genes in CD4+ T cells,60–63 as well as the STAT3 
motif, which is downstream of IL6 and IL2 signaling. The 
BATF_JUN motif (Figure VIIC in the Data Supplement) 
that is known to be critical for effector function in T cells 
was also enriched in this cluster.64 The effector function 
could be further confirmed by differential open chromatin 
of the GZMB and GZMH loci in both CD4.0 and all CD8 
clusters (Figure VIID in the Data Supplement) and an 
open locus at IL2 in CD4.0, CD4.1, and CD8.0.

In line with the scRNA-seq data, My.1 showed enrich-
ment of proinflammatory TF motifs (Figure 6F), which 
matches the proinflammatory gene expression seen 
in these cells. This cluster was especially enriched in 
INF signaling induced TFs including IRF1 (interferon 
regulatory factor 1), IRF9, STAT1, and STAT2. The 
STAT1-STAT2 complex is known to interact with IRF9 
upon IFNγ stimulation and hence induces the upregula-
tion of proinflammatory cytokines as TNF, indicating an 
IFNγ pathway driven activation, possibly secreted by the 
T cells.65 Indeed, the IRF9 motif was accessible and 
the IRF9 locus was open predominantly in My.1 cells 
(Figure  6G and 6H). Moreover, these IRF and STAT 
TFs are also key mediators of type I IFN responses 
which have previously been shown to associate with 
atherosclerotic disease as well.66

My.0 cells were specifically enriched for the 
NFATC3  (nuclear factor of activated T cells 3) motif 
(Figure  6F), a TF that has previously been linked to 
activated TLR-pathway signaling and has been shown 
to partially regulate subsequent TNFα and IL-1ß 
secretion.67,68 Finally, My.2 cells were enriched for 

anti-inflammatory, foam cell–associated TFs in the 
scATAC-seq data similar as in the scRNA-seq data. 
We observed increased chromatin accessibility at loci 
harboring the KLF4 motif, which next to repressing 
proinflammatory programs was shown to implement 
an anti-inflammatory macrophage activation state and 
is also known to be involved in the transformation of 
vascular SMCs to macrophages41,46 (Figure  6F). This 
is in contrast with the scRNA-seq data where KLF4 
was expressed at a low level, indicating that while the 
KLF4 locus is poised, its associated gene program is 
not necessarily executed in all foamy macrophages. 
Furthermore, My.2 was enriched for the de novo motif 
MA1149.1, which was annotated to RAR_RXR, a motif 
with high similarity to the LXR_RXR motif (Figure 6I). 
Moreover, LXR_RXR motif accessibility is enriched in 
My.2 cells and the NR1H3 (LXRα) locus is opened spe-
cifically in the My.2 population (Figure  6J). In line, the 
scRNA-seq data likewise shows NR1H3 upregulation 
specifically in My.2 (Figure 6K).

We could not map the regulatory T-cell cluster CD4.3 
to a scATAC-seq cluster. The FOXP3 locus hardly showed 
open chromatin in any population in the scATAC-seq data 
set and neither did the Treg-associated cytokine gene 
IL10 (Figure VIII and VIIJ in the Data Supplement).

Cell Type–Specific Enrichment of Genes in 
GWAS Loci.
GWAS have discovered 163 genetic susceptibility loci 
linked to coronary artery disease (CAD) through litera-
ture search and effects on expression.69 However, the 
challenge remains in identifying the potential causal 
genes linked to these loci for functional testing as novel 
therapeutic targets. In part, this is due to the underly-
ing genetic architecture where multiple causative vari-
ants in a gene might be involved and variants in linkage 
disequilibrium only show marginal significance in a 
GWAS. Another reason is that many of the risk vari-
ants are not causal and ambiguously linked to genes. 
A gene-centric analysis considers all variants in a gene 
and solves these issues, yet such analyses fail to iden-
tify the cells potentially involved. Here, we aimed to (1) 
identify genes associated with CAD that are (2) also 
highly expressed in specific cell types, effectively identi-
fying tangible candidates for functional follow-up. To this 
end, we mapped genes near GWAS loci associated with 
CAD and assessed expression of these genes across 
our scRNA-seq cell populations to investigate their 
expression in disease-relevant tissue. We prioritized 317 
protein-coding genes based on the summary statistics 
of a recent CAD GWAS70 (see Methods and Table III 
in the Data Supplement). Next, we selected the genes 
that would best represent each individual cell population. 
To achieve this, we determined differentially expressed 
genes (Figure VIII and Methods in the Data Supplement). 
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Three thousand eight hundred seventy-six genes were 
differentially expressed and differentially expressed 
genes were grouped into 15 gene expression patterns 
that best matched the scRNA-seq populations (Fig-
ure 7A). We overlapped the 317 CAD-associated genes 
with the 3876 differentially expressed genes, resulting 
in a significant overlap (permutation over random data 
P=2.67×10-5) of 74 genes. These genes are distributed 

over multiple individual CAD loci (Table III in the Data 
Supplement), indicating that our methods are robust. 
We observed a significant accumulation of GWAS linked 
genes in patterns 3, 8, and 14 (permutation over random 
data P=0.015, P=0.006, and P=0.015, respectively; Fig-
ure 7B). Genes in pattern 3 are associated with higher 
expression in the EC clusters 9 and 10 (Figure 7C) and 
consisted of SHE, KCNN3, VAMP5, SEMA3F, HDAC9, 

Figure 7. Projection of coronary artery disease (CAD) genome-wide association studies (GWAS)–associated genes.
A, Heatmap of average expression of 3876 differentially expressed genes (DEGs) divided into 15 gene expression patters that best-matched 
cluster or cell type identity (for DEG selection, see Figure VIII in the Data Supplement). B, Enrichment of 74 CAD GWAS associated genes across 
the 15 gene expression patterns. C, D, and E, Heatmap of average relative expression of significantly enriched CAD genes from gene expression 
pattern no. 3, no. 8, and no. 14, respectively. Asterisk indicates significant enrichment. *P<0.05. ACTA2 indicates actin alpha 2, smooth muscle; 
and KIT, c-KIT.
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GIMAP1, NOS3, and DOCK6. Pattern 8 is hallmarked by 
gene expression associated with all 4 macrophage pop-
ulations (Figure 7A) and contained AMPD2, CTSS, IL6R, 
CAPG, GPX1, GNAI2, TRIB1, SH2B3, FES, C19orf38, 
and VASP (Figure  7B and 7D). Genes in pattern 14 
were predominantly associated with higher expression 
in both the smooth muscle cell population 8 and the 
CD34+ EC population 10 (Figure 7E). This pattern con-
tained ITGB, ARHGEF26, CXCL12, PTPN11, COL4A1, 
COL4A2, KANK2, and GGT5. Our results suggest that 
macrophages, smooth muscle cells, and ECs are of par-
ticular interest as a starting point for functional testing.

Furthermore, given that for many of the genes pre-
viously mapped to the 163 CAD loci the mechanisms 
and cellular expression are still unknown,69 we examine 
whether these genes show cell type–specific expression 
in carotid plaques. We found that 24 of the 75 genes 
previously classified as unknown by Erdmann et al.69 
were differentially expressed between cell populations in 
carotid plaques, and included 3 genes that also showed 
association with CAD (CHD13, SNRPD2, and ARH-
GEF26; Table III in the Data Supplement) in our analysis.

DISCUSSION
In the past 2 years, single-cell technologies have 
advanced our knowledge of atherosclerosis tremen-
dously. scRNA-seq has been applied to specifically 
describe the immune cell landscape of murine and human 
atherosclerotic lesions.3–7 The recent study by Fernandez 
et al7 gave a first overview of the human immune cell 
landscape during atherosclerosis by showing a data set 
based on extensive cytometry by time of flight analyses 
and by comparing RNA expression profiles of T cells 
and macrophages in plaque and blood of symptomatic 
and asymptomatic patients.7 They provide insight into 
which immune cells reside in the plaque and described 
their different activation states. Yet, both the mouse and 
human studies lack coverage of nonimmune cell types in 
the plaque and so far only a limited number of patients 
have been included in the scRNA-seq studies. Here, we 
applied scRNA-seq to all live cells in advanced human 
atherosclerotic plaques of 18 patients and revealed a 
highly diverse cellular landscape consisting of 14 main 
cell populations.

We detected a predominance of T cells in the leuko-
cyte population of the human lesions. In contrast, murine 
scRNA-seq studies describe a more prominent presence 
of myeloid cells, which may be caused by the previously 
described declining myeloid content upon progression of 
human atherosclerotic plaques, whereas T cells recipro-
cally increase in human atherosclerosis.71,72 Both CD4+ 
and CD8+ T-cell subsets were characterized by their acti-
vation state, rather than classical TH or TC subclasses. We 
could confirm the presence of activated T cells that in the 

plaque could especially be characterized by the expres-
sion of multiple granzymes.7 In addition, we show that 
these granzymes are not only expressed by CD8+ T cells 
but also by a substantial number of CD4+ T cells in the 
plaque. The CD4+ T cells showed a dominant cytotoxic 
T-cell pool, characterized by expression of PRF1 and mul-
tiple granzymes, with granzyme B production confirmed 
by flow cytometry. The lack of CD28 expression in these 
cells indicates that this pool constitutes most likely a 
subset of cytotoxic CD4+CD28null T cells, which has 
previously been associated with atherosclerosis as they 
have been detected in peripheral blood of patients with 
CAD.30,73 Although the presence of a similar TCR clone 
as observed in peripheral CD4+CD28null cells was found 
in bulk coronary artery tissue,30,73 we can now confirm the 
presence of these cells on a single-cell level suggesting 
a functional role in patients with CVD. As cytokine expres-
sion could not be retrieved from the scRNA-seq data, but 
we were able to detect open chromatin at various cyto-
kine gene loci within the T-cell populations using scATAC-
seq suggesting active cytokine genes. Among others, 
IFNG showed open chromatin in the cytotoxic and effec-
tor T-cell subclasses. Apart from confirming the cytotoxic, 
TH1-like phenotype within the plaque, this also suggests 
that the proinflammatory macrophage subclasses we 
observe in our dataset may be primed for classical activa-
tion by secretion of IFNγ by the T cells.74 These TH1 cells 
acting on macrophages may, in turn, be driven by acti-
vated CD1c+ dendritic cells that were characterized by 
an active IL12 gene (ie, open enhancer), which has pre-
viously been found on protein level in plaque lysates75,76 
and the enrichment of HLA-DR (major histocompability 
complex, class II, DR beta 1) subtypes.49,77

Each of the macrophage clusters seemed to have 
been activated differently, one expressing TNF and 
TLR4, which can be activated by oxLDL and IFNγ,78 as 
well as IL1B, and the other more selectively expressing 
IL1B, which correlated with caspase expression sug-
gesting inflammasome activation.79 The recent CAN-
TOS trial  (Canakinumab Anti-Inflammatory Thrombosis 
Outcome Trial), which targeted IL-1β,80 might thus have 
been effective through impacting on the proinflamma-
tory capacity of the My.0 and My.1 populations within 
the plaque. Chromatin accessibility confirmed the proin-
flammatory phenotype of these cells by showing open 
regions linked to inflammatory transcription factors. Par-
ticularly the TNF enriched macrophage cluster My.1 was 
enriched for motifs from IFN induced TFs (eg, STATs, 
IRFs), which correlated with our upstream regulator anal-
ysis that suggested IFN as drivers of the macrophage 
phenotype and may be a result of the local IFNγ produc-
tion by T cells. ln line, the My.0 and My.1 populations cor-
related with inflammatory and resident-like macrophages 
as detected in murine lesions.3–6

The IL12-IFNγ axis, as found in our scRNA-seq, data 
may form an important feature of T-cell activation in the 
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plaque, and subsequent activation of myeloid cells con-
tributes to the inflammation profile within the plaque. This 
is in line with several experimental studies that show the 
proatherogenic role of both IL12 and IFNγ in cardiovas-
cular disease.59,81,82

The more anti-inflammatory foam cell–like cluster was 
characterized by expression of ABC cholesterol efflux 
transporters and lipid-related genes whose expression is 
most likely driven by intracellular lipid accumulation.83 The 
lipid-phenotype was confirmed by the enriched LXR_RXR 
TF motifs in the scATAC-seq data. LXR is a well-known 
nuclear receptor, active in foam cells and inducing ABC 
transporters.46,84 The notice that foam cell formation per 
se is not proinflammatory is a recent ongoing paradigm 
shift in the field. Several studies have previously shown 
clear proinflammatory characteristics of foam cell forma-
tion either through engagement of TLRs by oxLDL,85–87 
induction of oxidative responses,88 or through other path-
ways.89–91 However, recent data studying foam cells in in 
vivo model systems92 or isolating foam cells from murine 
plaques5 clearly demonstrate that foam cells do not nec-
essarily show proinflammatory characteristics and even 
may be considered anti-inflammatory.92,93 In line, our data 
show that cells exhibiting the foam cell–driven LXR acti-
vation program do not express high levels of IL1B and 
TNF. This further confirms that lipid accumulation leads 
to LXR activation and induces an anti-inflammatory phe-
notype. We also observed TREM2 and CD9 expression 
within this cluster, resembling the TREM2+ macrophages 
found in murine atherosclerosis.4,6 In other tissues, these 
TREM2+CD9+ macrophages have been described as 
either lipid-associated macrophages45 in obesity, or as 
scar associated macrophages44 in liver cirrhosis. Key 
phenotypes of these cells were shown to involve profi-
brotic characteristics and this is also of high relevance 
for human atherosclerosis as it may indicate a plaque 
stabilizing macrophage population.

Our study provides further supports the notion that 
trans-differentiation of cells is likely to occur in human 
atherosclerosis. About a quarter of the My.2 macro-
phages expressed smooth muscle cell actin, which may 
indicate derivation from SMCs, or conversely macro-
phages showing an SMC-like fibrotic phenotype.17,94 
Presence of myeloid lineage-specific TF expression in 
these cells (eg, SPI and CEBPB) and absence of SMC 
TFs (eg, MYOCD and MRTFA) suggests that the latter 
is more likely. This is in line with previous reports apply-
ing SMC lineage tracing that showed that unidentified 
SMC-derived cells in atherosclerotic lesions exhibit phe-
notypes of other cell lineages, including macrophages 
and mesenchymal stem cells.17,95 Also EC cluster E.3 was 
characterized by expression of smooth muscle cell mark-
ers, such as ACTA2, MYH11, and NOTCH3, suggesting 
that these cells could be in endothelial to mesenchymal 
transition. Mature ECs can exhibit considerable hetero-
geneity and can transdifferentiate into mesenchymal-like 

cells, a biological process called endothelial to mesen-
chymal transition.95 There is accumulating evidence that 
endothelial to mesenchymal transition plays a role in 
atherosclerotic lesion progression and which has been 
linked with inflammatory stress and endothelial dysfunc-
tion.96,97 Our study shows that distinct EC clusters are 
present within atherosclerotic lesions and the gene sig-
natures identify a cluster that shares both SMC and EC 
characteristics further providing human supportive evi-
dence that endothelial to mesenchymal transition may 
occur in advanced human atherosclerotic plaques.

Apart from cellular plasticity within the endothelial 
and macrophage population, our study also provides new 
insights regarding intercellular communication within the 
plaque and its role in progression of atherosclerosis. We 
have shown that the within the plaque this was predicted 
to be most prevalent between myeloid, endothelial, and 
smooth muscle cells. In addition to previous studies pre-
dicting interactions between macrophages and T cells in 
human lesions,7 we were also able to predict interactions 
between ECs and SMCs, which were mainly involved with 
chemotaxis and extravasation of myeloid cells. We also 
show activation and recruitment of other immune cells, 
in particular T cells. Future development of therapeutics 
may benefit from detailing these interactions, providing 
specific pathways to target.

One of the significant post-GWAS challenges is the 
identification of candidate genes and pathways with clini-
cal potential.98 Here, we mapped genes based on common 
variants (minor allele frequency >1%) in susceptibility loci 
and used single-cell resolution expression in disease-
relevant tissue to identify putative targets for future func-
tional follow-up. Our analysis showed enriched expression 
of CAD-associated genes in myeloid, endothelial, and 
smooth muscle cells. Furthermore, some of these genes 
are involved in cell-cell interactions, such as SORT1 and 
CXCL12. Interestingly, the candidate genes did not show 
a significant overlap with T-cell–specific transcriptional 
signatures. Our approach is pragmatic in that we explicitly 
focus on (1) common variants in risk loci associated with 
CAD, (2) map protein-coding genes that are associated 
with CAD to these risk loci, and (3) select CAD-associ-
ated genes that are also differentially expressed between 
cell populations. This identifies tangible potential targets 
as starting points for future functional testing in macro-
phages, endothelial, and smooth muscle cells. However, 
we note that rare loss-of-function variants and underrep-
resented genes may have significant effects on these and 
other cells. Future studies focusing on loss-of-function 
variants and under-expressed genes could identify poten-
tially other cell-specific targets.

There are several limitations that come with the use 
of human plaque endarterectomy samples. The vast 
majority of carotid endarterectomy samples also contain 
an inevitable small medial smooth muscle cell layer that 
potentially has contributed to the contractile smooth 
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muscle cell cluster. There is a fine line between increas-
ing digestion time to isolate more cells and generating 
a pure sample containing a high number of viable cells. 
We, therefore, did not exclude that the ratio of cell types 
that we detected in the plaques based on gene expres-
sion profiles was affected by the digestion procedure.

In summary, we provide an in-depth characterization 
of the highly diverse cellular communities in advanced 
human atherosclerotic plaques. Based on RNA expres-
sion and chromatin accessibility profiles of individual cells, 
we uncover among others the presence of proinflamma-
tory, cytotoxic T-cell populations, multiple activation states 
of macrophages and their interactions, and functionally 
distinct EC populations that all can be considered modu-
lators of human disease development. Furthermore, we 
show that by incorporating GWAS data, scRNA-seq data 
can be applied to map CVD susceptibility loci to specific 
cell populations and define potential patient-driven rele-
vant targets for drug intervention of specific cell types. Our 
approach thus provides a powerful tool to aid research into 
the mechanisms underlying human disease and discover 
novel drug targets for intervention.
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