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Chapter 3

Abstract

Rationale: Atherosclerotic lesions are known for their cellular heterogeneity, yet the
molecular complexity within the cells of human plagues have 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 two populations of pro-inflammatory macrophages showing IL1B or TNF
expression as well as a foam cell-like population expressing TREM2 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 GWAS data were particularly enriched in
lesional macrophages, endothelial and smooth muscle cells.

Conclusion: This study provides a transcriptome-based cellular landscape of
human atherosclerotic plagues 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.

Key words: atherosclerosis, single-cell RNA sequencing, single-cell ATAC sequencing,
GWAS
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Non-standard Abbreviations and Acronyms.

CvD

GWAS
CyTOF
scRNA-seq
scATAC-seq
FACS

SMC
EndoMT
MACE

TF

(ox)LDL
DC

CD4°CD28" T cells

Closed chromatin

Transcription factor

cardiovascular disease
genome-wide association studies
cytometry by time of flight

single cell RNA sequencing

single cell ATAC sequencing
fluorescence-activated cell sorting
smooth muscle cell

endothelial to mesenchymal transition
major adverse cardiovascular events
transcription factor

(oxidized) low-density lipoprotein
dendritic cell

endothelial cell

coronary artery disease
differentially expressed gene
loss-of-function

ERSESE IS T IS ST
Graphical Abstract. Microanatomy of the human atherosclerotic plague through scRNA-seq
and scATAC-seq. Schematic overview of the retrieved cells in the human plaque, highlighting the
local inflammation as found through the IL12-IFNy axis between dendritic cells, CD4*CD28" T cells and

macrophages (1); the LXR_RXR induced foam cell phenotype (2) and the cellular plasticity in the plaque
as seen by the ACTA2" macrophages and the ACTA2* endothelial cells that potentially undergo EndoMT .
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Novelty and significance

What is known?

«  Atherosclerotic lesions show a complex cellular composition 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 contribute?

« Single-cell RNA sequencing of a broad cohort of human carotid plaques now
provides a detailed cellular 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 identified by GWAS 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 in order to devise novel therapeutic strategies. Here, we describe the
total cellular composition of atherosclerotic plagues taken from carotid arteries of a
broad cohort of patients. Our data suggests that the main immune cell subset consists
of T cells, which can be subdivided by activation status. Macrophages are found in
distinct populations with diverse activation patterns, inflammatory status, and foam
cell characteristics. We shed light on plague endothelial and smooth muscle cell gene
expression and show cell clusters with gene expression patterns pointing towards
characteristics of endothelial to mesenchymal transition. To further investigate the
dynamic intra-plaque niche, we assessed ligand-receptor interactions driving our
cell communities and investigated potential transcription factor activity underlying
myeloid and T cell populations in the plague by studying chromatin accessibility
at the single cell level. Finally, we identified cell types enriched for cardiovascular
susceptibility genes by integrating available GWAS data. Together, our data provide
an in-depth map of the human atherosclerotic plague 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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Single-cell transcriptome of human atherosclerosis

Introduction

Atherosclerosis is characterized by chronic, lipid-driven vascular inflammation and
is the main underlying cause of cardiovascular disease (CVD).! Many studies have
defined cellular profiles of human atherosclerosis based on single or several marker
proteins, but detailed description of the cells involved in the pathophysiology of
atherogenesis is lacking. Moreover, genome-wide association studies (GWAS) have
identified many loci associated with increased risk for CVD, but the translation of
these findings into new therapies? has been hampered by the lack of information on
specific cell communities in atherosclerotic plagues and the cell-specific expression
patterns of druggable candidate genes at the site of disease. Recently, the immune
cell composition of murine and human aortic atherosclerotic plagues has been
described using cytometry by time of flight (CyTOF) and single cell RNA sequencing
(scRNA-seq).>7 Yet, the full cellular composition of human carotid plagues, including
non-immune cells, remains elusive. Therefore, we performed scRNA-seq and single-
cell ATAC sequencing (scATAC-seq) on advanced human atherosclerotic plaques
obtained during carotid endarterectomy and report a comprehensive overview of
the various cell types in plagues and their activation status, which reveals an active,
ongoing inflammation and multiple cellular interactions as well as cellular plasticity
with respect to endothelial cells and macrophages. In addition, we identified cell type
specific expression of GWAS risk loci for CVD.

Methods

Please see the Online 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 atherosclerotic plagues, 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, Online Figure 1A, Online Table 1) and scRNA-seq libraries were prepared.
After filtering cells based on the number of reported genes (see online methods),
we applied unbiased clustering on 3282 cells, identifying 14 cell populations
(Figure 1B, C, Online Table 2). Correlation of our scRNA-seq data with bulk RNA-seq
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data (Online Figure 1B) and examining inter-patient variation of cluster distribution
(Online Figure 1C) and size (Online Figure 1D) confirmed uniformity of the data
except for patient 1. We assigned a cell type to each cluster based on differential
expression of established lineage markers (Figure 1B, D). Cluster composition did
not differ between sexes (Online Figure 1E) and cluster identities were confirmed
by correlation with bulk RNA-seq datasets (Figure 1E).2 We observed three non-
immune cell clusters (clusters 8, 9 and 10; expressing CD34 and ACTAZ2)°"° and
eleven leukocyte clusters (Figure 1B, D). The latter included five lymphocyte clusters
(clusters 0,1, 3, 4, and 11; expressing CD3E, CD4, CD8, CD79A)"2, five myeloid clusters
(clusters 5, 6, 7,12 and 13; expressing CD14, CD68, KIT)"*'®, and one 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, D, Online Figure 2A-D). T cells
appeared to be the most abundant population in our data set, encompassing 52.4%
of all analyzed cells, whereas the myeloid populations represented 18.5% of all cells
(Online Figure 2E). 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”, in the studied samples (number of CD3* T cells:
1880+449 vs. number of CD68* cells: 870+135) (Online Figure 2F).

ECs exhibited a gene expression profile indicative of activation and potential
transdifferentiation

Endothelial cells were represented by cluster 9; expressing COL4A1, COL4A2,
SPARCLIT, and PLVAP, and cluster 10; expressing MPZL2, SULF1, VWF, and EDNT1
(Figure 1B, C, Online Table 2). Isolating and reclustering these clusters revealed four
distinct subclasses (E.O-E.3, Figure 2A, Online Table 2). We could assign endothelial
cell phenotypes to the subclasses by assessing marker genes (Figure 2B). E.O, E.1,
and E.2 displayed classical endothelial markers CD34 and PECAM1, and the vascular
endothelial marker TIET. E.O showed distinct expression of ACKR1, which has been
associated with venous endothelial cells and the vasa vasorum in mice®" and PRCP?°,
involved in angiogenesis and regeneration of damaged endothelium (Figure 2B, C).
E.land E.2 separated on expression of extracellular matrix genes in E.1and cell mobility
markers FGF18 and HEGT in E.2. Both populations expressed VCAMI (Figure 2C), which
is expressed by activated endothelium and facilitates adhesion and transmigration of
leukocytes such as monocytes and T cells.? Together, this suggests that E.O, E.1, and
E.2 represent activated endothelium which actively aggravate inflammation in the
advanced lesion by cell adhesion and neovascularization and mediating leukocyte
extravasation.?? Of note, subclass E.3 expressed typical smooth muscle cell markers
such as ACTA2, NOTCH3, and MYHT1 next to the aforementioned endothelial markers
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Single-cell transcriptome of human atherosclerosis

(Figure 2C). This, combined with its clustering among the endothelial cell clusters
and enrichment of transitory and SMC related pathways (Figure 2D) indicated that
this subset may be undergoing endothelial to mesenchymal transition (EndoMT) 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 show overlapping expression.
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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 FACS sorted in a PCR 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-seq data sets.
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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 EndoMT. D) Top
pathways associated with cluster E.3. E) Examples of ACTA2 and CD34 expression in a monolayer
of cells lining intraplague vasculature on sequential histological slides of two different patients.

Scale bars represent 100pum.
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Synthetic phenotype dominates in plague smooth muscle cells

Smooth muscle cells were represented by cluster 8; expressing MYH11, PDGFRB,
NOTCH3 and MFAP4%25 (Figure 1B, C, Online Table 2), which separated into two
subclasses (Online Figure 3A): a cluster of SMCs with contractile characteristics
(cluster S.1; expressing MYHT11, ACTA2 and TAGLN), and a cluster of synthetic-like SMCs
(cluster S.O; expressing COL1A1, MGP and COL3AT1)% (Online Figure 3B, C, Online
Table 2). The low expression of typical SMC markers in cluster S.0 and upregulation
of extracellular matrix genes suggested that a subset of these cells were derived from
the established cap portion of the plague. A limited number of cells within this cluster
was KLF4* (Online Figure 3D), indicative 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 homogenous cluster of B cells
(cluster 11; expressing CD79A, FCER2, CD22 and CD79B)??° (Figure 1B, C, Online
Table 2), and four 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 (expression CD8 > CD4)
from CD3 enriched clusters O, 1, 3 and 4. Isolating and reclustering the CD4* T cells
revealed five subclasses (CD4.0-CD4.4, Figure 3A, Online Table 2) of which the
primary difference was their activation state rather than the transcription factors
and cytokines commonly used to define CD4* T helper subsets (Figure 3B, C). 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 very little CD28 expression and some GZMB expression, suggesting that
these cells are cytotoxic CD4*CD28"" cells, that have previously been correlated
with unstable angina and increased risk of Major Adverse Cardiovascular Events
(MACE).2%3" In addition, gene expression in this cluster confirmed an enrichment in
pro-inflammatory pathways associated with adaptive immune responses (Figure 3D).
Using flow cytometry, we confirmed the cytotoxic character of the CD4*CD28"" cells,
which showed that significantly more CD4*CD28" cells contained granzyme B as
compared to the CD4*CD28* cells (Figure 3E, Online Figure 4A). CD4.2 and CD4.4
were characterized by expression of IL7R, LEF1 and SELL, associated with a naive
and central-memory phenotype. The final CD4* subclass (CD4.3) was identified as
a reqgulatory T cell cluster based on the expression of the classical markers FOXP3,
IL2RA (CD25) and CTLA4%* (Figure 3B, Online Table 2). Interestingly, we also
found some co-expression of FOXP3 with transcription factors RORA and GATA3
in this cluster (Online Figure 4B), which has respectively been associated with the
enhanced immunosuppressive function of regulatory T cells® and with the prevention
of polarization towards other T, subsets**. Expression of the T helper (T ) cell subset-
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specific transcription factors TBX21 (Tbet; Th1), GATA3 (Th2) and RORC (RORyT;
Th17) was not linked to a specific cluster (Online Figure 4C), which seems to be a
common phenomenon when dealing with T cell scRNA-seq data.?>3 By analyzing
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 expression of
single T,, specific transcription factors we find that a large population of T cells did
not express a clear signal of the transcription factors (Online Figure 4D).

Analysis of CD8* T cells revealed three subclasses (Online Figure 5A, B), which were
similarly 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 (Online Figure 5C). A clear, terminally
differentiated, cytotoxic CD8* T cell profile was observed in CD8.1, which showed
expression of GZMB, TBX21, NKG7, GNLY, ZNF683 and CX3CR1and in ling, 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 al.” and previous scRNA-seq data obtained from various cancers, we did not detect
a clear exhausted phenotype in the CD8* T cells.?5" The CD8 clusters with reduced
cytotoxic potential show expression of CD69 suggesting recent 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 responding to plaque-
specific antigens and may be more relevant in the pathogenesis of atherosclerosis.
Using experimental mouse models of atherosclerosis it has been shown that the
majority of CD8"* T cells in the plaque are antigen-specific3®, 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 and its related apoB100 peptide, plague-antigen(s) for
CD8* remain mostly indefinable.*® Therefore, we are unable to define which antigens
have activated the T cells in the atherosclerotic lesion.

Figure 3. Subclustering of CD4* T cells revealed 5 distinct populations. A) tSNE visualization
of clustering revealed 5 distinct CD4* T cell populations. B) Dotplot 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 plague samples.
E). Top pathways associated with cluster CD4.0. Data shown as mean+SD (n = 10; obtained from
cohort 1and 2). *p<0.05. »
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Both pro- and anti-inflammatory macrophage populations reside in the plague
Atherosclerotic myeloid cells were represented by five clusters. A small, distinct mast cell
population was defined by expression of HDC, KIT, CMA1 and TPSAB1.4° The remaining
myeloid clusters, cluster 6, 7, 8, and 12, expressed CD14 and CD68 (Figure 1B, C) and
isolating and reclustering of these cells revealed five distinct phenotypes (My.0-My.4,
Figure 4A, Online Figure 6A, Online Table 2).

My.0, My.1 and My.2 most likely represented different 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 pro-inflammatory macrophages. My.0 showed characteristics of recently recruited
macrophages (“Leukocyte transendothelial migration”, Figure 4C and “Leukocyte
extravasation signaling”, Figure 4D) displaying inflammasome activation based on co-
expression of IL1B, CASP1 and CASP4 (Figure 4B, Online Figure 6B). My.l represented
macrophages that differentially expressed TNF and toll-like receptors (Figure 4B).
Interestingly, both My.0 and My.1 expressed KLF4, albeit at a low level, which is known
to drive macrophages towards an anti-inflammatory phenotype by repressing the NF-
kB gene program.* Our data may suggest that an inhibitory feedback loop in the pro-
inflammatory macrophage populations is actively mediated by KLF4 expression.

In contrast to My.0 and My.l, My.2 showed absence of clear pro-inflammatory markers
and showed signs of macrophages and foam cells. It expressed foam cell marker genes
ABCA1*, ABCG1, MMP9, and OLR1* (Figure 4B, Online Figure 6A), pro-fibrotic markers
such as TREM2 and CD94445, 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 hallmark of smooth muscle cells, in combination with macrophage
markers such as LGALS3 and CD68 (Online Figure 6C, D). Expression of myeloid lineage
transcription factors (TFs) PU.1(SPI1) and C/EBPR (CEBPB)*¢ and absence of SMC lineage
TFs myocardin (MYOCD) and MRTF-A (MRTFA)# 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 SMCs" (Online Figure 6E).

To further characterize the 3 subclasses, we next examined pathways differentially
enriched per population (Figure 4D) as well as the upstream regulators that possibly
govern these populations by Ingenuity Pathway Analysis (IPA; Figure 4E). My.0 and My.l
showed enrichment for classical inflammatory and immune pathways clearly suggesting
cellular activation, recruitment and immune cell interactions driving their phenotype. In
line, IPA predicted that My.0 and My.1 are mainly controlled by pro-inflammatory factors
such as IL1A, IFNA, INFG and IL1B.
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My.2 was enriched for metabolic pathways and LXR/RXR activation, consistent with
a foamy phenotype. Hence, this cluster was uniquely driven by anti-inflammatory
pathways such as STAT6 and had typical foam cell-related factors including APOE
and the LXR family (Nr1h: NR1H2,3,4), which interestingly showed some overlap with
My.l. 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 (DC) markers such as CDIC, CLECIO0A, and
FCER1A Online Figure 6A) and this population most likely represents CD1c* DCs.”*4849
In line with their DC phenotype, this cluster showed the highest expression of multiple
class I HLA genes indicative of their enhanced activation status as a consequence
of antigen-specific interaction with plaque T cells (Online Figure 6F). Cluster My.4
expressed CD3E, GNLY, FOXP3, and CD2, suggesting that My.4 potentially contains
regulatory T cells. This mis-clustering might be a result of comparable CD4 expression
levels in T cells and macrophages, since myeloid cells frequently expressed CD4
(Online Figure 1E).

Finally, we compared our macrophage subclasses with monocyte and macrophage
populations from four recent papers on scRNA-seq analysis of atherosclerotic
plagues in mice.>® Eight mouse populations showed significant overlap with our
human subclasses (Figure 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 inflammatory phenotypes we defined respectively for My.0O
and My.l, 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 communication within the lesion based on CellPhone DB v2.0°°,
Lymphocytes and mast cells showed the lowest absolute numbers of potential
interactions while myeloid, endothelial, and SMCs displayed higher numbers of
interactions (Figure 5A). The low interaction between myeloid and T cells may be a
conseqguence of the apparent lack of detection of TCR-related genes (TRA, TRB, TRG)
in our scRNAseq dataset and the fact that CD4-class Il and CD8-class | interactions
are not included in this database.
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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) IPA 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 scRNA-seq papers. Dotted lines indicate
no significant overlap, solid lines indicate significant overlap. G) Bar graph with top 5 overlapping
clusters of human and murine macrophage clusters.

Subsequently, we specifically examined the top unigue interactions within the myeloid
populations, split by myeloid ligands (Figure 5B) and receptors (Figure 5C). We
found multiple chemotactic interactions, including endothelial ACKR1' with myeloid
derived CCL2, CXCL8, CCL8 and CXCL1, of which the last two ligands were specifically
expressed in My.l. We also observed an interaction between CSFIR on all myeloid
subsets and CSF1 on endothelial cells, smooth muscle cells, mast cells and myeloid
cells. CCRT 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
communication patterns that are potentially involved in extravasation 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 leading to mutual activation, through i.e.
SIRPA (My) - CD47 (T)%2, ICAM1 (My) - ITGAL (CD8), inducing cytotoxicity, and multiple
interactions involved in antigen presentation. Lastly, interaction of PDGFB on myeloid
subsets with PDGFBR on endothelial cells suggest a possible myeloid-driven induction
of angiogenesis, which has been associated with plague destabilization.>54

Chromatin accessibility of myeloid and T cell populations reveals transcription
factors involved in gene requlation

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 plagues. We identified four
myeloid and five 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 sScRNA-seq populations (Figure 6A, B).
Open chromatin at macrophage (CSFIR, IL1B) and T cell specific genes (NKG7), as well
as enrichment of motifs of cell-type TFs for macrophages and T cells (SPI75 and ETS71%°),
confirmed the delineation between cell types (Figure 6C, D). Transferred myeloid
populations were reclustered analogous to the scRNA-seq clusters (Figure 6E).
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Figure 5. Ligand-receptor interaction analyses to asses intracellular communication in the
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by myeloid cells and C) receptors expressed by myeloid cells.

IRF4 has been shown to be a CDIc* dendritic cell-specific transcriptional reqgulator®”
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
(Online Figure 7E). IL12 is required to induce a pro-inflammatory, T I-like cytotoxic
phenotype of T cells and actively induces atherosclerosis.>®>° Potentially, as a result
of the My.3-specific IL12, we observed open chromatin at the IFNG and TNF loci in
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CDA4.0, confirming its activated, cytotoxic phenotype and suggesting that this cluster
has T 1-like properties. (Online Figure 7G, H). Additionally enriched accessible motifs
within the T cells (Online Figure 7A, B) 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®0 %3, as well as the STAT3 motif, which is downstream
of IL6 and IL2 signaling. The BATF_JUN motif (Online Figure 7C) that is known to be
critical for effector function in T cells, was also enriched in this cluster.®* 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 (Online Figure 7D) and an open locus
at /L2 in CD4.0, CD4.1 and CD8.0.

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

My.0O cells were specifically enriched for the NFATC3 motif (Figure 6F), a TF which
has previously been linked to activated TLR-pathway signaling and has been shown
to partially requlate subsequent TNFa and IL-13 secretion.®”®® 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 pro-inflammatory 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 macrophages#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 6l). Moreover, LXR_RXR
motif accessibility is enriched in My.2 cells and the NRTH3 (LXRa) locus is opened
specifically in the My.2 population (Figure 6J). In line, the scRNA-seq data likewise
shows NR1H3 upregulation specifically in My.2 (Figure 6K).

107



Chapter 3

We could not map the requlatory T cell cluster CD4.3 to an 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 (Online Figure 71, J).

Cell type specific enrichment of genes in GWAS loci

Genome wide association studies (GWAS) have discovered 163 genetic susceptibility
loci linked to coronary artery disease (CAD) through literature search and effects on
expression™. 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 underlying genetic architecture where multiple causative variants 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 variants 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 identify the cells potentially involved. Here, we aimed
to 1) identify genes associated to CAD, that are 2) also highly expressed in specific cell
types, effectively identifying tangible candidates for functional follow-up. To this end,
we mapped genes near GWAS loci associated to 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 GWAS™ (see Online Methods; Online Table 3). Next, we selected the
genes that would best represent each individual cell population. To achieve this, we
determined differentially expressed genes (DEGs) (Online Figure 8; Online Methods).
3876 genes were differentially expressed and DEGs were grouped into 15 gene expression
patterns that best matched the scRNA-seq populations (Figure 7A). We overlapped the
317 CAD associated genes with the 3876 differentially expressed genes, resulting in a
significant overlap (permutation over random data p = 2,67e%) of 74 genes. These genes
are distributed over multiple individual CAD loci (Online Table 3), 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) (Figure 7B). Genes in pattern 3 are associated with higher expression in
the endothelial cell clusters 9 and 10 (Figure 7C) and consisted of SHE, KCNN3, VAMPS5,
SEMA3F, HDAC9, GIMAP1, NOS3, and DOCK®6. Pattern 8 is hallmarked by gene expression
associated with all four macrophage populations (Figure 7A) and contained AMPDZ2,
CTSS, IL6R, CAPG, GPX1, GNAI2, TRIB1, SH2B3, FES, C190rf38 and VASP (Figure 7B, D).
Genes in pattern 14 were predominantly associated with higher expression in both the
smooth muscle cell population 8 and the CD34* endothelial cell population 10 (Figure 7E).
This pattern contained ITGB, ARHGEF26, CXCL12, PTPN11, COL4A1, COL4A2, KANK2 and
GGT5. Our results suggest that macrophages, smooth muscle cells and endothelial cells
are of particular interest as a starting point for functional testing.
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Figure 6. Chromatin accesibility of myeloid cells in human atherosclerotic plagues analyzed
using scATAC-seq. A) tSNE visualization of myeloid and T cell clusters based on scATAC-seq.
B) Projection of 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 myeloidsubsets. I) RARA:RXRG and LXR:RXR motifs. J) Pseudobulk genome browser
visualization identifying open chromatin regions of NRIH3 (encoding LXRa) in different myeloid
subsets. K) Violin plot of NRTH3 gene expression from myeloid SCRNA-seq data.
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Furthermore, given that for many of the genes previously mapped to the 163 CAD loci
the mechanisms and cellular expression are still unknown™, 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.’® were differentially expressed
between cell populations in carotid plaques, and included 3 genes that also showed
association with CAD (CHD13, SNRPDZ2 and ARHGEF26; Online Table 3) in our analysis.
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Discussion

In the past two years, single-cell technologies have advanced our knowledge in
atherosclerosis tremendously. scRNA-seg has been applied to specifically describe
the immune cell landscape of murine and human atherosclerotic lesions.>” The recent
study by Fernandez et al. gave a first overview of the human immune cell landscape
during atherosclerosis by showing a data set based on extensive CyTOF analyses
and by comparing RNA expression profiles of T cells and macrophages in plague and
blood of symptomatic and asymptomatic patients”. 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 non-immune cell types in
the plague 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 leukocyte 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
reciprocally increase in human atherosclerosis.’”>”® Both CD4* and CD8" T cells subsets
were characterized by their activation state, rather than classical T, or T, subclasses.
We could confirm the presence of activated T cells that in the plague could especially
be characterized by the expression of multiple granzymes.” 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 PRFTand multiple 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*CD28™" T
cells, which has previously been associated with atherosclerosis as they have been
detected in peripheral blood of CAD patients.3>™ Although the presence of a similar
TCR clone as observed in peripheral CD4*CD28"" cells was found in bulk coronary
artery tissue3®™ we can now confirm the presence of these cells on a single-cell
level suggesting a functional role in patients with CVD. As cytokine expression
could not be retrieved from the scRNA-seq data, but we were able to detect open
chromatin at various cytokine gene loci within the T cell populations using scATAC-
seq suggesting active cytokine genes. Amongst others, IFNG showed open chromatin
in the cytotoxic and effector T cell subclasses. Apart from confirming the cytotoxic,
T, I-like phenotype within the plague, this also suggests that the pro-inflammatory
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macrophage subclasses we observe in our dataset may be primed for classical
activation by secretion of IFNy by the T cells.” These T 1 cells acting on macrophages
may in turn be driven by activated CD1c* dendritic cells that were characterized by
an active IL12 gene (i.e. open enhancer), which has previously been found on protein
level in plaque lysates™, and the enrichment of HLA-DR subtypes.’®™

Each of the macrophage clusters seemed to have been activated differently, one
expressing TNF and TLR4, which can be activated by oxLDL and IFNy®°, as well
as IL1B, and the other more selectively expressing IL1B, which correlated with
caspase expression suggesting inflammasome activation.®” The recent CANTOS
trial, which targeted IL-13%, might thus have been effective through impacting on
the pro-inflammatory capacity of the My.0O and My.1 populations within the plaque.
Chromatin accessibility confirmed the pro-inflammatory phenotype of these cells by
showing open regions linked to inflammatory transcription factors. Particularly the
TNF enriched macrophage cluster My.1 was enriched for motifs from IFN induced
TFs (e.qg. STATs, IRFs), which correlated with our upstream regulator analysis that
suggested IFN as drivers of the macrophage phenotype and may be a result of the
local IFNy production by T cells. In line, the My.0 and My.l populations correlated
with inflammatory and resident-like macrophages as detected in murine lesions. 3°

The IL12-IFNy-axis, as found in our scRNA-seq, data may form an important feature of
T cell activation in the plague, and subsequent activation of myeloid cells contributes
to the inflammation profile within the plaque. This is in line with several experimental
studies that show the pro-atherogenic role of both IL12 and IFNy in cardiovascular
disease.>”8384

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.® 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.“68¢ The notice that foam
cell formation per se is not pro-inflammatory is a recent ongoing paradigm shift in the
field. Several studies have previously shown clear pro-inflammatory characteristics of
foam cell formation, either through engagement of TLRs by oxLDL®"®°, induction of
oxidative responses® or through other pathways.”** However, recent data studying
foam cells in in vivo model systems®* or isolating foam cells from murine plaques®
clearly demonstrate that foam cells do not necessarily show pro-inflammatory
characteristics and even may be considered anti-inflammatory.®4°> In line, our data
shows that cells exhibiting the foam-cell driven LXR activation program do not express
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high levels of IL1B and TNF. This further confirms that lipid accumulation leads to LXR
activation and induces an anti-inflammatory phenotype. We also observed TREM2
and CD9 expression within this cluster, resembling the TREM2* macrophages found
in murine atherosclerosis.*® In other tissues, these TREM2*CD9* macrophages have
been described as either Lipid Associated Macrophages (LAMs)# in obesity, or as Scar
Associated Macrophages (SAMs)## in liver cirrhosis. Key phenotypes of these cells
were shown to involve pro-fibrotic 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 macrophages
expressed smooth muscle cell actin, which may indicate derivation from SMCs, or
conversely macrophages showing a SMC cell-like fibrotic phenotype.”®® Presence
of myeloid lineage specific TF expression in these cells (e.g. SPI and CEBPB) and
absence of SMC TFs (e.g. MYOCD and MRTFA) suggests that the latter is more likely.
This is in line with previous reports applying SMC lineage tracing that showed that
unidentified SMC-derived cells in atherosclerotic lesions exhibit phenotypes of other
cell lineages, including macrophages and mesenchymal stem cells.”®” Also endothelial
cell cluster E.3 was characterized by expression of smooth muscle cell markers, such
as ACTA2, MYH11 and NOTCH3, suggesting that these cells could be in endothelial
to mesenchymal transition. Mature endothelial cells can exhibit considerable
heterogeneity and can transdifferentiate into mesenchymal-like cells, a biological
process called EndoMT.?” There is accumulating evidence that EndoMT plays a role
in atherosclerotic lesion progression and which has been linked with inflammatory
stress and endothelial dysfunction.®®®® Our study shows that distinct EC clusters are
present within atherosclerotic lesions and the gene signatures identify a cluster that
shares both SMC and EC characteristics further providing human supportive evidence
that EndoMT 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 plague this was predicted to be most prevalent between myeloid, endothelial and
smooth muscle cells. In addition to previous studies predicting interactions between
macrophages and T cells in human lesions’, we were also able to predict interactions
between endothelial cells 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.
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One of the significant post-GWAS challenges is the identification of candidate genes
and pathways with clinical potential.®® 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
functional 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 SORTT and CXCL12. Interestingly,
the candidate genes did not show a significant overlap with T cells specific
transcriptional signatures. Our approach is pragmatic in that we explicitly focus on
1) common variants in risk loci associated to CAD, and 2) map protein-coding genes
that are associated to CAD to these risk loci, and 3) select CAD-associated genes that
are also differentially expressed between cell populations. This identifies tangible
potential targets as starting points for future functional testing in macrophages,
endothelial and smooth muscle cells. However, we note that rare loss-of-function
(LoF) variants and underrepresented genes may have significant effects in these and
other cells. Future studies focusing on LoF variants and under-expressed genes could
identify potentially other cell-specific targets.

There are several limitations that come with the use of human plague 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 muscle cell cluster. There is a fine line between increasing
digestion time to isolate more cells and generating a pure sample containing a high
number of viable cells. We therefore not exclude that the ratio of cell types that
we detected in the plaques based on gene expression 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 plagues. Based on RNA expression
and chromatin accessibility profiles of individual cells, we uncover amongst others
the presence of pro-inflammatory, cytotoxic T cell populations, multiple activation
states of macrophages and their interactions, and functionally distinct endothelial cell
populations that all can be considered modulators 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 relevant 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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Online Data supplement
Expanded materials and methods

Patient population

Atherosclerotic plagues were obtained from 14 male and 4 female patients undergoing
a carotid endarterectomy (CEA) procedure. All plague specimens were included in the
Athero-Express Biobank Study (AE, www.atheroexpress.nl), an ongoing biobank study
at the University Medical Centre Utrecht (UMCU)™ (Cohort 1). Only primary CEAs were
included, restenotic plaques were excluded due to their difference in composition
compared to primary atherosclerotic plaques'®. The study was approved by the
Medical Ethical Committee of the UMCU. For flow cytometry, seven plaques (5 male,
2 female) were used that were obtained from patients undergoing CEA procedure
at Haaglanden Medical Center Westeinde (The Hague, The Netherlands) (Cohort 2).
The study was approved by the Medical Ethical Committee of the HMC. For scATAC-
Seq, atherosclerotic plaque samples were obtained from 3 patients undergoing CEA
procedure at Kuopio University Hospital, Kuopio, Finland (Cohort 3). The studies were
approved by Local Ethical Committee of Kuopio University Hospital. All studies were
performed in accordance with the declaration of Helsinki and all patients gave written
informed consent before start of the study.

Human plaque processing (Single Cell)

Human carotid plagues of Cohort 1 were collected during CEA; the culprit segment
(5 mm) was used for histology and embedded in paraffin as described elsewhere™.
Time between surgical removal and plague processing did not exceed 10 minutes. The
inclusion of a small medial layer in the dissected tissue could not be excluded during
the surgical procedure. The plagues were characterized as fibrous (n = 6), fibro-
atheromatous (n = 6) or atheromatous (n = 6). Characterization was in concordance
with the Athero-Express Biobank Study protocols. The remainder of the plague washed
in RPMI and minced into small pieces with a razor blade. The tissue was then digested
in RPMI 1640 containing 2.5 mg/mL Collagenase IV (ThermoFisher Scientific), 0.25
mg/mL DNAse | (Sigma), 2.5 mg/mL Human Albumin Fraction V (MP Biomedicals) and
1mM Flavopiridol (Selleckchem) at 37°C for 30 minutes. Subsequently, the plaque cell
suspension was filtered through a 70 um cell strainer and washed with RPMI 1640.
Cells were kept in RPMI 1640 with 1% Fetal Calf Serum until subsequent staining for
fluorescence-activated cell sorting. Remaining, unstained cells were cryostored in
liquid nitrogen.
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Immunohistochemistry

Immunohistochemical staining of CD3, CD34, aSMA (ACTA2) and CD68 was
performed fully automated (Benchmark, Ventana Medical Systems, Yuscon AZ).
Stainings were performed on matched samples of patients from cohort1(n =3). The
CD3 antibody was purchased from DAKO and used at a dilution of 1:100. The CD68
antibody was purchased from Novocastra (cat. No. NCL-CD68-KP1) and used at a
dilution of 1:3200. The CD34 antibody was purchased from Ventana Medical Systems
(cat. No. 790-2927) and used at the dilution recommended by manufacturer. The
aSMA antibody was purchased from Sigma (cat. No. A2547) and used at a dilution
of 1:20000.

Human plaque processing (whole tissue)

Whole plaque tissue RNA-seq was obtained from two male Athero-Express biobank
samples. RNA-seq library preparation was performed using the CEL-Seg2 Sample
Preparation Protocol' and sequenced as 2 x 75bp paired-end on a lllumina NextSeq
500 (Utrecht Sequencing Facility). The reads were de-multiplexed and aligned
to human cDNA reference using the BWA (v0.7.13)'°4. Downstream analysis was
performed using custom R scripts.

Fluorescent activated cell sorting of viable cells

Single cell suspensions were stained with Calcein AM and Hoechst (ThermoFisher
Scientific) in PBS supplemented with 5% Fetal Bovine Serum (FBS) and 0.2%
ethylenediaminetetraacetic acid (EDTA) for 30 minutes at 37°C. After staining, cells
were washed and filtered through a 70 um FlowMi cell strainer (SP Scienceware).
Viable cells, positive for both Calcein AM and Hoechst, were sorted using the
Beckman Coulter MoFlo Astrios EQ.

Flow cytometry

Flow cytometry was performed on defrosted single cell suspensions of plagues
from three patients of cohort 1 and on seven plaques single cell suspensions from
cohort 2 (characterized as advanced plaques that showed luminal thrombosis,
regions of intraplague hemorrhage, large macrophage regions and a large necrotic
core). All samples were digested according to the same protocol as described above
for the scRNA-seq samples. The single plaque cells were stimulated with phorbol
12-myristate 13-acetate (PMA, 50 ng/mL, Sigma-Aldrich), ionomycin (500 ng/mL,
Sigma-Aldrich) and Brefeldin A (ThermoFisher Scientific) for 3.5h in complete RPMI
at 37°C and 5% CO.,. Subsequently, cells were stained with extracellular antibodies,
fixated, permeabilized and stained with intracellular antibodies (Online Table 4).
The fluorescently labeled plague cells were measured using a Cytoflex S (Beckman
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and Coulter) and analysed with FlowJo software. Statistical analysis was performed
using Graphpad Prism 8 software. Data passed the Shapiro-Wilk normality test and
an unpaired T-test was performed to determine significance.

Single cell RNA-sequencing

Using a Mosquito® HTS (TTP Labtech) 384 wells plates were filled with 50nL lysis
buffer containing CELseq2-primers, spike-ins and dinucleotide triphosphates (dNTPs)
and overlaid with mineral oil to prevent evaporation. Viable cells were sorted one cell
per well into these 384 wells plates, fixed by lysis to preserve expression status, and
immediately frozen at -80°C until further processing. First, cDNA was constructed
using the SORT-seq protocol™©®. In short, cells were lysed for 5 min at 65°C and
subsequently reverse transcription and second strand mixes were added using the
Nanodrop Il liquid handling platform (GC biotech). Next, cells were pooled in one
library and the aqueous phase was separated from the oil phase, followed by in vitro
transcription (IVT). A library was formed using the CEL-Seqg2 protocol'®. Primers
consisted of a 24 bp polyT stretch, a 64bp random molecular barcode (UMI), a cell-
specific 8bp barcode, the 5' lllumina TruSeq small RNA kit adaptor and a T7 promoter.
For sequencing, TruSeq small RNA primers (Illumina) were added to the libraries and
sequenced paired end at 75 bp read length using lllumina NextSeq 500.

scRNA-seq data processing and clustering

Single-cell sequencing data were processed as described previously'®®. Analyses were
performed in an R 3.5 environment'®® using Seurat (version 2.3.4 and 3.0)'". Prior
to processing, reads were filtered for mitochondrial and ribosomal genes, MALATT,
KCNQ10T1, UGDH-AST, and EEF1A. In order to omit doublets and low-quality cells, only
cells expressing between 500 and 10.000 genes and genes expressed in at least 3
cells were used for further analysis. The following steps were performed using Seurat
(version 2.3.4): data was log-normalized and scaled with the exclusion of unique
molecular identifiers (UMIs). Top variable genes for all samples were used to combine
samples into one object using Seurat function RunMultiCCA(), after which samples
were aligned using AlignSubspace() with reduction.type=CCA and grouping.var="plate".
Subsequently, canonical correlation analysis (CCA) reduction was performed with a
resolution of 1.2 for 15 dimensions to identify clusters and to perform t-distributed
stochastic neighbor embedding (tSNE). Cell types were assigned to cell clusters by
evaluating gene expression of individual cell clusters using differential gene expression
(Wilcoxon rank sum test) and analysis with SingleR® against BLUEPRINT™® reference
data. Sub-clustering of identified cell clusters was performed using CCA with a
resolution of 0.9 or 1.5 for 15 dimensions (Seurat version 2.3.4). Downstream analysis
of initial and sub-clusters was performed in a similar manner. Pathway analysis were
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performed using the EGSEA (version 1.16.0) with Canonical pathway and hallmark gene
set collections from broad institute GSEA (version 1.17.0) and FDR for multiple testing
correction. tSNE plots, dot plots and violin plots were made with Seurat (version 2.3.4
and 3.0). Figure 1E and S2C were made using SingleR (version 1.2.4). Barplots were
made using ggplot2. For full details, see Data access.

Comparison whole- tissue and single-cell RNA-seq

[lumina cell sequencing data was processed as described previously'®®. In summary,
prior to processing reads were filtered for mitochondrial and ribosomal genes,
MALAT1, KCNQ10T1, UGDH-AST and EEF1A, and duplicate or unannotated entries. A
“pseudobulk” patient was created by combining reads from all patients. Individual
patients and the pseudobulk patient were compared to bulk RNA-seq as described
above. Correlation coefficient was determined through Pearson correlation (Cl 0.95).
Scatterplot was made using ggplot2. All processing was performed using custom R
scripts. For full details, see Data access.

Integration of mouse datasets

Top 20 marker genes from all myeloid cell clusters in the 4 mouse datasets®® were
converted to human symbols using the ENSEMBL biomaRt R package (v2.42.0) in an
R v3.5.3 environment. Subsequently, the overlap of genes in the mouse clusters with
significant (p.adj < 0.1) marker genes from My.0, My.1, and My.2 was determined and
significance calculated by hypergeometric test using standard R function phyper() with
parameters g-1 and lowertail = F. Finally, bar graphs were generated with ggplot2 and
circos plots of overlaps were generated on http://metascape.org by uploading lists of
marker genes per cluster, starting a custom analysis, and downloading the corresponding
‘gene circos.svg' file from the ‘ID conversion’ tab. For full details, see Data access.

Ligand-receptor interaction analysis

Ligand-receptor interactions were calculated using cellphonedb [v2.11 - database
version 2.0.0]%° with default settings. Heatmap was made with cellphonedb. Top
significant (p < 0.05) interactions were defined as > 3™ quartile and plotted using
ggplot2. For full details, see Data access.

Human plaque processing for scATAC-Seq

The tissue samples from cohort 3 (characterized as fibro-atheromatous) were minced
with a scalpel and enzymatically dissociated using Miltenyi Biotec Multi-Tissue
Dissociation Kit supplemented with 0.5% BSA and 20 mM HEPES buffer (pH 7.2-7.5)
for 60 min at 37 °C with end-over-end rotation. The suspension was passed through a
30 um strainer and viable cells were purified magnetically using the Dead Cell Removal
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Kit (Miltenyi Biotec). For the isolation of nuclei from cells, the lysis buffer formulation
recommended by 10x Genomics for scATAC-Seq nuclei preparation was used. The
nuclei were purified by iodixanol (OptiPrep; Sigma) density gradient centrifugation
at 3300q for 20 min at 4 °C. The nuclei were recovered at the interface of 29% and
35% iodixanol. The nuclei were resuspended in ice-cold 10x Genomics Nuclei Buffer
and counted using fluorescence staining (DAPI). Approximately 5000-6000 nuclei
per sample were processed on the 10x Genomics Chromium Controller instrument,
followed by scATAC-Seq library preparation according to the manufacturer’s protocol.
The libraries were sequenced on an lllumina NextSeq sequencer using the standard
protocol recommended by 10x Genomics for SCATAC-Seq libraries.

SCATAC-Seq data analysis

Sequencing data preprocessing, library quality control, cell calling and peak calling
were done with the Cell Ranger ATAC pipeline 10x Genomics, version 1.1). Integration
of sScCATAC-Seq samples, clustering of cells, and visualization of chromatin accessibility
and pseudobulk coverage tracks was performed with Seurat (version 3.0)"°° and its
extension Signac (version 0.15; https://github.com/timoast/signac). scATAC-Seq cells
were matched to scRNA-Seq cell types using the scRNA-Seq as the reference data
set in a cross-modal label transfer procedure, as described in Stuart et a/.(2019).1%°
Differential motif accessibility was calculated using chromVAR (version 1.5)" using
the human motifs from the JASPAR CORE motif collection (2018 release)™. First,
at the level of individual cells, the relative accessibility of each motif genome-wide
(‘motif activity') was computed as the deviation in motif occurrence in the accessible
peaks compared to a set of background peaks matched for GC content, using the
default parameters of the chromVAR method."® Subsequently, cell clusters were
tested for differences (both positive and negative direction) in motif activity using a
logistic regression test with the total peak count as a latent variable, as suggested
for differential motif analysis by the authors of the Signac packagel09. P < 0.05
after correction for multiple testing using the Benjamini-Hochberg procedure was
considered significant. Heatmaps were made using pheatmap (version 1.0.12), genome
plots were made using Signac. For full details, see Data access.

Differential gene expression analysis and mapping of GWAS loci

For the analysis and mapping of CAD associated gene to the single-cell RNAseq data,
we applied three steps: 1) we prioritized genes based on the CAD GWAS summary
statistics, 2) we determined the genes differentially expressed between cell type and
therefore specific to these cell types, and 3) we overlapped the GWAS-derived genes
and differentially expressed genes to identify genes associated to CAD and specific
to a cell type.
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Step 1: We used the summary statistics from the GWAS on CAD by Nelson et al. which
included CARDIoGRAMplusC4D and UK Biobank data™. This data was annotated with
a the Functional Mapping and Annotation of Genome-Wide Association Studies (FUMA
v1.3.3b, https://fuma.ctglab.nl) platform."? FUMA can be used to annotate, prioritize,
visualize and interpret GWAS results. In short, FUMA takes GWAS summary statistics
as an input, it will map and match the results to a reference (in this case the 1000G
EUR population, https://www.internationalgenome.org™), and provides extensive
functional annotation for all SNPs (present in the summary statistics and the reference
used) in genomic areas identified by lead SNPs. Various filters can be applied. Here,
we applied genome-wide significance (p = 5x10®), a linkage disequilibrium r? = 0.05
for clumping of independent loci within 1000 kb of the lead variant (PLINK version
1.9), and included only variants with minor allele frequency (MAF) > 1%. Annotation
and mapping of genes were based on 1) position (within 1000kb of the lead variant), 2)
limited to blood and vascular bed derived data from the Genotype-Tissue Expression
(GTEx version 7) Project only. This resulted in a list of 644 genes that mapped to CAD
loci. To further prioritize these 644 genes, we calculated per-gene p-values based
on the per-SNP p-values from the CAD GWAS summary statistics. To this end FUMA
uses MAGMA (https://ctg.cncr.nl/software/magma, v1.06™). MAGMA first analyses the
individual SNPs in a gene and combines the resulting SNP p-values into a gene test-
statistic while taking into account the underlying LD structure. Using permutations
based on a randomly generated test-statistic drawn from the standard normal
distribution, a per-gene empirical (permuted) p-value is derived. This results in a
per-gene p-value of association with CAD for all genes in a reference (here ENSEMBL
v92 was used and we only included protein-coding genes). We further prioritized the
644 genes mapped to CAD loci by selecting genes with a MAGMA p-value < 0.05. This
selection resulted in 317 CAD associated genes (mapped to CAD associated loci) which
were used for the downstream single-cell analysis and mapping.

Step 2: For the single-cell analysis and mapping, we have focused only on genes
that 1) are specific for the different cell types in plaque, and that 2) have a genetic
association with CAD. The purpose of the analysis is to find those genes in each cell
type to provide tangible starting points for functional testing. Genes that are highly
specific (i.e., highly expressed) are more likely to have a specific function within
the cells, making them interesting targets when these genes are also genetically
correlated with the disease. To this end we performed a differential gene expression
analysis, resulting in 3876 differentially expressed genes (DEG) listed in figure 7A, the
second pillar of this analysis. For better interpretation and visualization, we sorted
these genes into 15 gene expression patterns, which highlight the expression of genes
in specific (related) cell types. Differential expression was tested between clusters by
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Wilcoxon sum rank testing in both a “One cluster vs. One cluster” and “One cluster
vs. Remaining clusters” fashion. Genes were deemed differentially expressed if they
met 2 criteria: 1) >= 10% of cells within one cell cluster express the gene with log2
fold change of >= 0.6, and 2) the gene passes the Bonferroni adjusted significance
threshold of p.adjusted < 0.05 for this test. The 3876 differentially expressed genes
(DEG) were sorted into 15 gene expression patterns by K-means clustering based on
average expression per cell type (Online Table 3).

Step 3: After this, the 317 CAD associated genes derived from the GWAS summary
statistics and the 3876 DEGs derived from the scRNAseq data are overlapped. This
resulted in 74 genes that are both highly expressed in scRNAseq data (a DEG), and
are associated to CAD based on GWAS summary statistics. We calculated enrichment
of the 74 DEGs in the 15 gene expression patterns using permutation analysis. We
sampled 75000 random sets of 317 genes from 26180 genes that were possible to
map. We then calculated positive enrichment for each gene expression pattern for the
mapped GWAS genes compared to the random sets and determined the enrichment
of DEGs. Downstream processing was performed using custom R scripts. Heatmap
was made with Seurat (version 2.3.4) and bar graph with ggplot2. For full details, see
Data access.

Data access

In silico data analysis was performed using custom R scripts (R version 3.5.3) designed
especially for this research and/or based on the recommended pipelines from the pre-
existing packages listed in the individual segments above. R scripts are available on
GitHub [https://github.com/AtheroExpress/MicroanatomyHumanPlague scRNAseq]
Other data is available upon personal request to the corresponding authors
(m.mokry@umcutrecht.nl; j.kuiper@lacdr.leidenuniv.nl; m.dewinther@amsterdamumc.
nl; g.pasterkamp@umcutrecht.nl).

Supplemental Tables
For supplemental tables see https://doi.org/10.1161/CIRCRESAHA.120.316770
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Supplemental Figures
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Online Figure 1. CCA clustering and tSNE visualization revealed 14 distinct populations. A)

FACS plots showing gating directions for viable cells, positive for both Calcein AM and Hoechst

B) Single cell CEL-seqg?2 libraries showed good correlation with plaque bulk RNA-seq libraries.

Correlation 0.643 p < 2.2e-10. C) Clusters were not biased towards individual PCR plates or patients.

D) Relative cluster sizes were comparable between patients. E) Dotplot of marker genes confirmed

population identities and low inter-sex variance.
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Online Figure 6. Myeloid population marker genes and SMC related gene expression. A)
Heatmap of top marker genes per cluster. B) Split violin plot showing CASP1 and CASP4 expression
in IL1B (left side of violins) and IL1B* cells (right side of violins). C) Violin plot showing genes
associated with the transition of smooth muscle cell to macrophage. D) Correlation of ACTA2
expression with CD68 and LGALS3 levels in cluster My.2. E) Violin plots of ACTA2* cells in cluster
My.2 showing expression of myeloid lineage transcription factors SPIT and CEBPB and smooth
muscle cell lineage transcription factors MYOCD and MRTFA. F) Violin plots of class Il HLA subtypes
expressed by cluster My.O - My.4.
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<« Online Figure 7. Chromatin accessibility of T cells in human atherosclerotic plaques analyzed
using scATAC-seq. A) tSNE visualization of CD4* T cell subclusters. B) tSNE visualization of
CD8* T cell subclusters. C) Heatmap showing the top differential TF motifs based on chromVAR.
Pseudobulk genome browser visualization identifying the open chromatin regions of E) IL12, F) IL2,
G) IFNG, H) TNF, 1) FOXP3 and J) IL10.
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Online Figure 8. Projection of CAD GWAS associated genes: DEG selection process. Schematic
overview of differentially expressed gene (DEG) selection. Top: DEG were called comparing all
clusters against one another. Bottom: DEG were called comparing one cluster against all others
aggregated.
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