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Abstract

Atherosclerosis is initiated by the accumulation of lipids in the arterial wall that trigger a complex
and poorly understood network of inflammatory processes. At the same time, recent clinical
findings reveal that targeting specific immune alterations in patients with cardiovascular disease
(CVD) represents a promising approach to preventing recurrent cardiovascular events. In order

to achieve these tailored therapies, it is critical to resolve the heterogenous environment of the
atherosclerotic lesion and decipher the complex structural and functional changes which immune
cells undergo throughout disease progression. Recently, single-cell approaches including single
cell mass cytometry by time of flight (CyTOF), single cell RNA sequencing (SCRNA-seq) and
Cellular Indexing of Transcriptomes and Epitopes by Sequencing (CITE-seq) have emerged as
valuable tools in resolving cellular plasticity within atherosclerotic lesions. In this review, we will
discuss the most important insights that have been gleaned from the application of these single-cell
approaches to validated experimental models of atherosclerosis. Additionally, as clinical progress
in treatment of the disease depends on the translation of discoveries to human tissues, we will

also examine the challenges associated with the application of single-cell approaches to human
vascular tissue and the discoveries made by the initial efforts in this direction. Finally, we will
analyze the advantages and limitations of dissociative single-cell approaches and how novel in-situ
technologies could advance the field by allowing for the investigation of individual cells while
preserving the heterogenous architecture of the atherosclerotic lesion.
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Introduction

The destabilization of vulnerable atherosclerotic plaques is the primary mechanism behind
two of the most prevalent causes of cardiovascular death: heart attack and stroke [1].
Atherosclerosis is an inflammatory disease affecting focal regions of the arterial vasculature
and is principally characterized by the accumulation of low-density lipoprotein (LDL)
particles in the intima and migration of leukocytes across a dysfunctional endothelial
monolayer [2]. The atherosclerotic lesion site becomes a complex microenvironment
comprising heterogeneous immune cell populations and secreted products including
cytokines and collagenous extracellular matrix [3]. Specialized immune cells play intricate
roles in atherogenesis. Macrophages are a professional clean-up crew and ingest the
accumulated LDL particles to form foam cells that gradually expire, leading to the
development of a necrotic core [4-6]. Interestingly, these macrophages stem from multiple
sources including vascular tissue resident populations, infiltrating blood-borne monocytes,
and possibly from trans-differentiating vascular smooth muscle cells (VSMCs) [7-10].
Although most research has focused on this macrophage-driven process as the fundamental
mechanism underlying atherogenesis, the tremendous diversity and abundance of other
immune cells infiltrating the lesion site, including significant populations of T and B cells
[11, 12], suggests that a broader network of cells govern the atherosclerotic niche. The
impact of these cellular network on plaque growth and vulnerability and the molecular
mechanisms through which they affect human disease are not fully understood.

Targeting inflammation to treat atherosclerosis is now a viable option that was underscored
by results of the Canakinumab Anti-Inflammatory Thrombosis Outcomes Study (CANTOS)
and more recently confirmed by the Colchicine Cardiovascular Outcomes Trial (COLCOT)
[13, 14]. The CANTOS study demonstrated that inhibiting interleukin-1p (IL1B) reduced
cardiovascular (CV) events in high-risk post-myocardial infarction (MI) patients, and

the more recent COLCOT study confirmed a key role for inflammation in driving
cardiovascular events in high-risk patients. Collectively, these trials highlight the importance
of inflammation in triggering cardiovascular events like heart attack and stroke. However,
recent clinical trials also highlight the need for nuanced applications of anti-inflammatory
medications in CVD. First, the negative results of the Cardiovascular Inflammation
Reduction Trial (CIRT)[15], which broadly targeted inflammation using low dose of
methotrexate, demonstrated that not all immunotherapies are atheroprotective. Second,
results from the LoDoCo and LoDoCo2 trials show that low dose colchicine lowered the
risk of composite adverse cardiovascular events among the study population but increased
the risk of non-cardiovascular mortality [16, 17]. Finally, the Australian COPS Randomized
Clinical Trial showed a higher mortality rate and no benefits on cardiovascular outcomes at
12 months in patients with acute coronary syndrome treated with colchicine [18].
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Therefore, unravelling the complex immune environment within atherosclerotic lesions, and
detailed phenotypic and functional differences between cellular subpopulations that may
yield clinical relevance, is urgently needed. Indeed, recent studies have suggested complex
roles not only for macrophages but also for CD4*, CD8* T cells and VSMCs that may play
pro- or anti- atherogenic roles within atherosclerotic plaques. Collectively, these findings
suggest that understanding the functional diversity of subsets of distinct cell populations is
key to deciphering their specific role in the disease [9, 19, 20].

To phenotypically and functionally characterize the immune cell diversity of the
atherosclerotic niche, a need has emerged for high-dimensional analytical approaches
capable of resolving the cellular composition of complex, heterogenous tissues. While
traditional approaches such as immunohistochemistry [21] and flow cytometry [22-24]
played integral roles in uncovering distinct immune subsets in atherosclerotic plaques,

they are limited to the analysis of few markers and lack the resolution and throughput to
fully dissect the heterogeneous cellular composition of tissues and detect phenotypic and
functional differences between individual cells. Innovative single-cell approaches provide
this resolution and represent a new and complementary way to study atherosclerosis.
Technologies such as CyTOF [25], sScRNA-seq [26], and CITE-Seq [27] allow for
high-dimensional transcriptomics and proteomics with unprecedented sensitivity. These
technologies are readily used to illuminate the diversity of cellular functions in blood and in
specific tissue contexts and yield new insights into how cells communicate through cell-cell
interactions [28, 29], particularly in other research fields like cancer [30-32]. Importantly,
single-cell approaches are just beginning to surface in the context of atherosclerosis.

Although still at their infancy in the field of cardiovascular disease, single-cell analyses hold
the potential to transform the way we characterize immune processes within experimental
and human atherosclerotic lesions. These technologies promise to identify new cell targets
and signaling pathways and discover molecular mechanisms of cell-cell communication that
shape proatherogenic states. This knowledge has the potential to guide the development of
molecularly targeted immunotherapies to treat inflammation in atherosclerosis and reduce
the residual cardiovascular risk of optimally treated patients.

Single-cell technologies and analytical methodologies, which include preprocessing,
visualization, clustering, differential gene expression analysis and other computational tools
like trajectory and pseudotime analyses —which enable the study of dynamic changes

in gene expression during cell differentiation— have been comprehensively described
elsewhere [33-35], and an in-depth discussion of existing pipelines is beyond the scope

of this review. Here, we summarize recent advances in single-cell analyses that are directly
applicable to atherosclerosis. Furthermore, we describe findings from early efforts in this
area and highlight opportunities for these approaches to uncover novel immunological
processes underlying atherogenesis and plaque rupture.

2. Single-cell advances in proteomics and transcriptomics

The breakthrough of single-cell methods is now reinventing the way we define biological
states of cells and provides several advantages for understanding both the proteome and
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transcriptome. The high parametrization and throughput of these technologies allows for the
in-depth characterization of low-abundance cell populations and the unbiased identification
of pathways or targets previously masked using bulk methods. Furthermore, because these
single-cell technologies require relatively few cells to operate, they are ideal for working
with limited sample sizes, such as patient biopsies, and support direct bench-to-patient
personalized medicine. Here we will briefly discuss the most prevalent and modern
techniques (Table 1).

2.1 scProteomics

Flow cytometry and CyTOF are among the most popular single-cell approaches and
allow researchers to gather proteomic data from individual cells. Flow cytometry has
seen significant advances in recent years that have increased the number of parameters
that can be simultaneously analyzed up to 40 [36, 37]. Additionally, the simultaneous
development of antibodies tagged with transition metal isotopes allows CyTOF to detect
more than 40 parameters at single-cell resolution while dramatically reducing spectral
spillover between channels [25, 38]. The web-based platform Cytobank [39] incorporates
several computational methods used to analyze CyTOF data including traditional gating,
ViISNE, FlowSOM, SPADE, and CITRUS, providing a user-friendly platform for bench
scientists.

Despite robust advances in antibody-based approaches to single-cell proteomics, these
methods are nonetheless limited by the commercial availability of antibodies, epitope
accessibility, and permeability of target cells [40, 41]. Alternatively, Single Cell Proteomics
by Mass Spectrometry (SCoPE-MS) is a new method to detect proteomic heterogeneity of
single-cells and has the capacity to quantify thousands of proteins per cell. SCoPE-MS
achieves single-cell proteomics by introducing a “carrier” channel comprising protein

from roughly 200 cells, which allows for peptide sequence identification and subsequent
single-cell proteomic analyses of individual cells in 8 remaining channels [40]. Though this
technology is in early stages of development and is currently limited by high costs per cell,
early applications have produced promising results and resolved proteomic heterogeneity
among differentiating mouse embryonic stem cells [40]. Furthermore, the developers,
Budnik et a/,, report that the underlying technologies can be extended to detect most proteins
within mammalian cells [40]. Recently, improvements to this platform have been proposed
with novel SCoPE2 technology, which aims to reduce the operating costs and increase

the quantities of cells and proteins analyzed [42]. An early application of this approach
demonstrated that the macrophage proteome spans a continuous gradient between cellular
phenotypes [42].

2.2 scTranscriptomics

In addition to advances in proteomics, single-cell approaches are also increasing

the sensitivity and granularity with which researchers can investigate transcriptomic
physiological changes and dysregulations associated with disease. In traditional bulk RNA
sequencing (RNA-seq), tissue is homogenized, and the extracted RNA represents an average
of millions of cellular transcriptomes. Therefore, it is difficult to identify transcriptional
differences between individual cells, and transcripts of low abundance cells may be
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undetected through this approach [43]. In the last decade however, the development of
single-cell RNA-seq technologies has offered a solution to this issue allowing sequencing of
individual cells. These transcriptional data are not only able to reveal functional differences
within populations of heterogeneous cells based on canonical markers but also among cells
bearing homogenous proteomes [44].

Currently, numerous scRNA-seq techniques exist, many of which proceed through a
common methodology in which individual cells are isolated and lysed. This releases
cellular RNA which is converted to cDNA by reverse transcription. Finally, sequencing
libraries are created by amplifying this cDNA [45]. Despite these similarities, there are
important distinctions between different ScRNA-seq approaches. SMART-seq2 and MARS-
seq incorporate flow cytometry (FACS) to isolate cells prior to transcriptomic analysis

[46]. This upstream sorting allows researchers to precisely select cells based on viability,
size, shape, canonical surface markers and desired number; however, this process is

also mechanically strenuous on cells and has been shown to significantly impact their
metabolic states and impart transcriptomic stress response signatures [47, 48]. These issues
of upstream sorting are being resolved with the introduction of novel sorters based on
either microchip- or image-based droplets technologies that allow single-cell isolation with
reduced stress and high cell viability. Alternatively, the Fluidigm C1 HT microfluidics
system is capable of automatically placing up to 800 cells into microwells where they are
lysed and a template for sequencing analysis is made. More recently, Drop-seq and the 10x
Chromium technology have improved sequencing capabilities to many thousands of cells,
each one inserted into individual droplets [49]. Depending on the number of cells to be
analyzed, throughput requirements, cost, and the possibility for long-term storage of cells,
selecting the optimal scRNA-seq protocol is critical. Although a comprehensive review of
these methods is beyond the scope of this review, other publications exist to aid in pairing an
scRNA-seq protocol to experimental needs and provide useful framework for benchmarking
the most suitable technique to best answer different research questions [26, 46, 50].

In addition to the variety of SCRNA-seq protocols in use today, computational pipelines to
analyze the data remain in their early stages and gold-standard approaches for standardized
analyses of patient samples from distinct datasets will need to be implemented to advance
new clinically relevant discoveries [26]. Presently, data analysis techniques exist including
unsupervised clustering algorithms which group cells based on the similarity of their gene
expression profiles before assigning cell identities to distinct clusters [51]. In addition to
clustering algorithms, differential expression analyses may be used to identify genes with
different levels of expression across experimental conditions. Finally, trajectory inference
methods approach cellularity heterogeneity as a fluid and continuous process, incorporating
dynamic models of gene expression to illustrate transitions of cellular identities [51, 52].

In the future, standardization of these approaches and the development of solutions to
current impediments such as batch effects will simplify the use of scRNA-seq and facilitate
the sequencing of larger numbers of cells [53]. For an in-depth review of best practices

in sSCRNA-seq data analysis, we refer readers to extremely comprehensive publications by
Hwang et al. [26] and Luecken and Theis [51].
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The recent advances in single-cell proteomics and transcriptomics have also yielded novel
methods that combine the two. CITE-Seq is a single-cell phenotyping method in which
oligonucleotide-labeled antibodies, also known as antibody-derived tags (ADTS), bind to
proteins of interest. Upon cell lysis in droplets, ADTs and cellular mRNA are converted

to cDNA and sequenced, providing both proteomic and transcriptomic measurements
within a single-cell readout [27]. Because of this ADT system, CITE-seq is capable

of detecting a virtually unlimited number of cell surface markers and is constrained

only by the commercial availability of antibodies. Of note, RNA Expression and Protein
Sequencing Assay (REAP-Seq) proceeds through a similar methodology [54]. Both of
these technologies represent mergers of single-cell proteomics and transcriptomics and
thereby resolve distinct cell types with greater clarity than either method could individually.
While both CITE-seq and REAP-seq are limited to the analysis of extracellular protein,
novel technologies including INs-seq (intracellular staining and sequencing) demonstrate the
feasibility of merging single-cell transcriptomics and intracellular proteomics [55].

Collectively, these technologies provide researchers with the tools to detect cell-to-cell
variations in tissues that are otherwise masked in bulk analyses (Figure 1A). As described
by Altschuler and Wu[56], populations of “seemingly identical” cells based on canonical
surface marker expression may actually contain a heterogenous diversity of phenotypic and
transcriptional differences. Furthermore, these variations within populations can give rise to
subpopulations of cells with distinct and important functions. As the field of atherosclerosis
turns its attention to the diverse spectrum of leukocytes infiltrating plaque tissue, single-cell
approaches present critical tools to uncover the roles of distinct immune cell types in
atherogenesis and plaque destabilization.

3. Uncovering mechanisms of atherosclerosis using single-cell methods

Building on the evolving understanding of the staggering diversity of cell types which
comprise healthy vascular tissue [57], recent studies have employed CyTOF and single-cell
RNA-seq to characterize the landscape of immune cells in diseased tissue from ApoE'~
and Lalr~ mice. Collectively, the results from these studies generate a novel in-depth
profile of the immune landscape of experimental atherosclerosis (Figure 2A and Table 2).
Employing a 35-marker CyTOF panel to investigate CD45* cell populations from ApoE~
aortas, Cole et al. [58] identified 13 broad populations of leukocytes and found that mice
fed on a high-fat diet exhibited increases in monocyte, pDC, and CD11c* macrophages,
compared with ApoE£~'~ mice fed a standard chow diet. The proportions of CD206*CD169*
subsets of macrophages were significantly reduced, as were type 2 conventional dendritic
cells (cDC2) in the same mice fed a high-fat diet. This study is complemented by the
findings of Cochain et a/. [59], who employed single-cell RNA-seq to identify three
distinct macrophage populations in aortic tissue from ApoE~~ and Ld/lr'~ mice. One
cluster of resident-like macrophages was shared between diseased and healthy mice, while
two additional clusters of inflammatory and TREM2M macrophages appeared exclusively
in atherosclerotic tissue and presented a transcriptional profile similar to that of intimal
foamy macrophages described by Kim et a/. [60]. Winkels et al. [61] employed scRNA-seq
followed by an unsupervised clustering algorithm to reveal a greater diversity of leukocytes
in diseased aortic tissue from ApoE~'~ and Ldlr'~ mice compared to wild type mice.
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They subsequently employed CyTOF to validate the phenotypic diversity of these leukocyte
subsets, based on the expression of canonical surface protein markers, and found high
phenotypic overlap between the scRNA-seq and CyTOF clusters. Results from this study
demonstrate the compatibility of combined scRNA-seq and CyTOF approaches in resolving
diversity of cell types in tissue.

In addition to unveiling the diversity of cell types in diseased versus health vasculature, a
recent study by Lin ef al. [62] employed single-cell methods to characterize the dynamic
changes of plague immune cells in two distinct phases of disease: progression and regression
of atherosclerotic lesions (Figure 2B). Employing validated models of each phase, [63]

Lin et al. combined scRNA-seq with genetic fate mapping to resolve the origin and

diversity of macrophage transcriptional states in the murine aortic arch tissue. Providing
enhanced clarity to previous studies, which emphasize the importance of local macrophage
proliferation to overall macrophage accumulation in atherosclerotic lesions [64, 65], Lin

et al. revealed an increased number of distinct macrophage phenotypes in progressing
plaques than in regressing ones. Overall, the authors showed that both progressing and
regressing plaques exhibit a more complex spectrum of macrophage activation states

than is explained by the traditional M1/M2 definition. Their analysis also revealed the
presence of proliferating monocytes with a stem cell-like signature in atherosclerotic

tissue. Considered within the context of the prevailing model of atherosclerosis, in which
monocytes differentiate immediately upon entering the tissue, these results suggest that
cellular plasticity may be more complex than previously thought and propose a possible role
of self-renewing monocytes in atherosclerotic progression.

Results from Lin et al. [62] also complement findings from other groups by confirming

the presence of distinct immune cell populations and characterizing their role in disease
progression or regression. Specifically, Lin et al. identified populations of inflammatory
and TREM2M9" macrophages analogous to those observed in diseased tissue by Cochain
et al. [59]. Because Lin et al. detected these cells in both progressing and regressing
plaques, they concluded that these populations may represent general inflammatory features
of atherosclerosis, rather than specific drivers of pathogenesis or healing. Additionally, the
appearance of macrophages in the progression model which expressed M2 features, such
as an IL-4 signature, suggests that the previously proposed assignment of M1 macrophages
to plaque progression and M2 macrophages to plaque regression does not capture the full
dynamic complexity of macrophage plasticity within the lesion.

While discrete applications of sScCRNA-seq to atherosclerosis in murine models have
individually pried into the diversity of leukocytes within the lesion, there is a clear need
for analytical efforts to combine the collective resources compiled across these studies.
This was recently accomplished by Zernecke et a/. [66] in a meta-analysis of 9 sSCRNA-seq
and 2 CyTOF studies. Employing Harmony [67] to analyze a total of 15,288 cells from
various laboratories, the authors assigned proinflammatory roles to interferon-inducible
cell (IFINC) and inflammatory macrophages, while concluding that Trem2* macrophages
do not express a proinflammatory signature. Together with the findings from Lin et a/.
[62] that Trem2Mi macrophages are present in both progressing and regressing plaques,
these data suggest that these macrophages may have more complex roles in atherosclerosis
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than previously established. Zernecke et a/. also reported that half of all foam cells

present in the atherosclerotic mouse aorta are derived from smooth muscle cells. These

data support previous observations that a large portion of plaque foam cells derive from
smooth muscle cells [10, 68] but are in contrast with a recent sScRNA-seq analysis of

murine and human atherosclerotic plaques revealing that smooth muscle cells differentiate
into unique fibroblast-like cells rather than macrophages and foam cells. Overall, these
findings highlight that cell plasticity and adaptation to the atherosclerotic microenvironment
remain poorly understood, and that single-cell studies can contribute to resolve this complex
biology.

Interestingly, non-vascular applications of single-cell methods are yielding important
insights for atherosclerosis, notably the effects of obesity and hypercholesterolemia on other
tissues of the body. Recent studies have investigated the immune mechanisms governing
inflammation of visceral adipose tissue (VAT), a process which is associated with type 2
diabetes in obese subjects. Findings reveal that a dietary switch from high-fat diet to caloric
restriction impacts the relative frequencies of distinct macrophage populations in VAT [69].
Furthermore, the population, which is dominant throughout caloric restriction, demonstrates
upregulation of phagocytotic genes and may contribute to lipid clearance and the resolution
of inflammation. A complementary study implicates Netrin-1 in the governance of adipose
tissue macrophages and showed that the myeloid-specific deletion of the gene enhances
lipid handling and reduces adipose inflammation [70]. Additionally, Trem2 signaling, which
is implicated in atherosclerosis as discussed previously, has been shown to serve as a
mechanism by which macrophages respond to the loss of metabolic homeostasis in multiple
tissues [71].

The application of single-cell approaches to atherosclerosis in mice is an opportunity to
further explore and build on the known vascular biology of well validated experimental
models with unprecedented resolution. As these studies demonstrate, expanded antibody
panels and the ability to detect cell types using a combination of canonical markers

and transcriptional profiles allow researchers to resolve new cellular phenotypes and
functional states over spectrums and trajectories of differentiation that are undetectable
using traditional low-resolution approaches. Furthermore, genetic and dietary manipulation
of preclinical models reveal the functional specialization of cellular subpopulations and
their contributions to disease pathology. Despite these advantages, mouse models represent
incomplete recreations of human atherosclerosis and pathophysiology. Principally, mouse
models of atherosclerosis do not exhibit spontaneous plaque rupture [72-74], and the
atherosclerotic lesions that they develop bare intrinsic differences to the human immune
microenvironment [72, 73, 75]. The argument has been made that the extreme levels

of hypercholesterolemia exhibited by mouse models of atherosclerosis render them more
analogous to rare human diseases such as homozygous familial hypercholesterolemia than
to the more common and multifactorial clinical atherosclerosis [76, 77]. Other reasons
span from the lack of genetic diversity of most experimental models to species-specific
differences in non-conserved enhancers and long-non coding RNASs [78]. Recent studies
have also highlighted how the lack of microbial experience of laboratory mice may limit
adequate modelling of immunological events relevant to humans [79].
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Building on the insights gleaned from these models, the next step toward developing novel
immunotherapies necessitates complementary human studies in humans to facilitate the
successful transition of future treatments to patients.

4. Translating single-cell approaches to human disease

Presently, the use of single-cell approaches to dissect human atherosclerotic disease lags
behind other areas of biomedical research, including the groundbreaking and clinically
relevant insights into cancer. For example, Lavin et a/. [28] combined CyTOF and single-
cell transcriptomics to resolve the immune composition of early lung adenocarcinoma
lesions. By investigating cells from the tumor site, non-involved lung tissue, and blood,
this study identified tumor-specific alterations within the T cell, NK cell and myeloid
compartments that likely degrade anti-tumor T cell function and present promising
targets for immunotherapies to bolster immune responses to early lung adenocarcinoma.
Furthermore, the heightened cellular resolution provided by single-cell technologies has
allowed researchers to construct models of the tumor immune microenvironment which can
predict immunotherapeutic responses in patients [80].

As researchers strive to harness single-cell methods in atherosclerosis to advance new
treatments for atherosclerotic cardiovascular disease, analyses of blood samples from
patients with coronary artery disease (CAD) have yielded novel insights into the
composition of disease-associated leukocytes in circulation. Hamers et a/. [81] employed
CyTOF followed by the FlowSOM clustering algorithm to reveal heterogeneous populations
of nonclassical monocytes whose relative frequencies are altered in the setting of severe
CAD. These analyses uncovered new monocyte adaptations to disease state comprising 8
distinct clusters of circulating monocytes and suggest interesting clinical implications as

a particular subset of Slan*CXCR6™" nonclassical monocytes was expanded and correlated
with disease severity.

Although single-cell methods are highly suited to analyses of circulating leukocytes,
application of these techniques to human atherosclerotic vascular tissue has been
challenging. Researchers seeking to investigate the mechanisms of atherogenesis and plaque
rupture in humans have faced several difficulties including the limited availability of fresh
diseased samples and the significant challenges in tissue dissociation of such complex
tissue. Because prompt access to fresh vascular tissue from patients is rare, previous
histopathological studies of plague morphology have focused on atherosclerotic coronary
and carotid specimens from deceased patients or surgical samples [82]. These studies
revealed that atherosclerotic plaque represents a heterogenous environment, containing
cellular and acellular components including immune and non-immune cells, a necrotic
core, and fibrotic tissue [82, 83]. Although these studies vastly expanded our understanding
of end-stage disease in humans, significant knowledge gaps remain in the heterogeneous
cellular composition and morphology of healthy, control tissue and tissue in the developing
stages of disease.

Single-cell-driven investigations of human atherosclerotic tissue are in their infancy, and just
beginning to emerge (Figure 3). Fernandez et al. [84] employed a combination of single-cell
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approaches including scRNA-seq, CyTOF, and CITE-seq to identify immune dysregulations
associated with advanced atherosclerosis and clinical CV events. By performing paired
analyses of plaque and blood from the same patients, this study uncovered an immune
microenvironment at the lesion site containing specialized cellular subtypes and behaviors
not found in the circulation. Results showed that plaques of symptomatic patients who had
suffered a recent stroke were enriched in a specific population of CD4* effector memory T
cells. Furthermore, by employing CITE-seq to merge proteomic and transcriptomic analyses
of T cells in the blood and plaque, this study revealed that even subsets of cells that appear
homogenous based on marker analysis may in fact demonstrate heterogenous transcriptional
profiles likely reflecting a complex spectrum of functional differentiation at the plaque

site (Figure 1B-D). Interestingly, T cells in both symptomatic (stroke) and asymptomatic
(no stroke) patients exhibited transcriptional signatures associated with activation, but the
co-expression of markers of exhaustion and differentiation were found predominantly in

T cells of symptomatic patients. The presence of activated T cells in the plague was
confirmed in a subsequent study of human atherosclerosis by Depuydt ef 4/. [85]. In this
study, the authors applied scRNA-seq and scATAC-seq, a method to assess chromatin
accessibility in individual cells, to plaque-derived immune and non-immune cells. In T
cells, the appearance of open chromatin at cytokine gene loci, including /FNG, suggests
possible cell-cell interactions and classical activation of proinflammatory macrophages by
neighboring T cells in the lesion. Interestingly, these dynamic processes within the T cell
compartment also appear to cross boundaries within the field of vascular disease and have
been observed in diseased tissues of ascending aortic aneurysms [86].

In addition to dysregulations of the adaptive immune system, early applications of single-
cell approaches to human atheroscleraotic tissue have also revealed disease-associated
attributes of the innate immune system. Fernandez et a/. [84] identified macrophage
subsets in symptomatic patients with stroke that displayed transcriptional signatures
associated with both pro-inflammatory and reparative functions, which may contribute

to plaque healing post-rupture. Additionally, Depuydt et a/. [85] identified foam cell-like
macrophages expressing TREM2 and a profibrotic phenotype suggestive of a role in plaque
stabilization. Collectively, these studies provided cellular atlases of human atherosclerosis
and suggest new targets to be further mechanistically investigated that could contribute to
the development of precise immunotherapies and advance current treatment options.

As single-cell approaches probe with new depth into the complex immune environment of
atherosclerotic tissue, they are also providing new transcriptional insights into the plasticity
of other cell types in the vasculature. Interestingly, recent applications of sScRNA-seq have
uncovered new mechanisms governing the differentiation of vascular smooth muscle cells
(VSMCs) at the atherosclerotic site. It has previously been observed that VSMCs respond
to atherosclerotic risk factors and lesion development and subsequently differentiate into
distinct lineages that may be either atherogenic or atheroprotective. For example, Shankman
et al. [9] demonstrated that Kriippel-like factor 4 (KLF4), which has previously been shown
to drive VSMC transdifferentiation and promote aortic aneurysms [87], also promotes the
transition of VSMCs toward a macrophage-like phenotype which is believed to increase
atherosclerotic plaque size and risk of rupture. Conversely, VSMCs are also known to form
fibroblast-like cells which secret matrix proteins and cytokines, strengthening the fibrous

Atherosclerosis. Author manuscript; available in PMC 2022 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hill et al.

Page 11

cap and reducing the risk of plaque rupture [19, 88]. Complementing these discoveries,
Wirka et al. [89] identified the transcription factor 7CF21 as an important factor governing
the atheroprotective transition of VSMCs to fibroblast-like cells, termed “fibromyocytes.”
Employing scRNA-seq, they observed that the deletion of 7CF21in ApoE™'~ mice
significantly reduced the number of VSMC-derived fibromyocytes and resulted in a thinner,
fibrous cap. Furthermore, to determine whether the atheroprotective function of 7CF21

is present in humans, the authors employed a similar technique to identify analogous
populations of fibromyocytes in human tissues. To confirm these findings, they incorporated
large GWAS datasets and found that individuals with decreased 7CF21 expression resulting
from genetic variants (SNPs) were at increased risk of CVD events. Recently, this trans-
differentiation of VSMCs was further confirmed in human coronary arteries by Ma et al.
[90], who applied pseudotemporal ordering to an existing SCRNA dataset to reveal distinct
VVSMC-derived chondroblast-like and fibroblast-like lineages. Importantly, the clinical
implications of this phenomenon are underscored by a recent study by Pan et a/. [91] which
demonstrated that blocking the differentiation of VSMCs to an intermediate phenotype
(SEM) reduces atherosclerotic burden and enhances lesion stability.

The application of single-cell approaches to human tissue represents the next step in
discovering new mechanisms of human disease and in developing precise immunotherapies
and other strategies to achieve plaque regression or stabilization in atherosclerosis. Based
on these initial SCRNA-seq studies, it is evident that distinct but phenotypically similar

cell types may play opposing roles in the disease that may be dictated by both local
environmental cues and systemic cross-tissue influences due to underlying cardiometabolic
co-morbidities in patients. Furthermore, plasticity and inter-conversion between functional
phenotypes reinforces the need to resolve the atherosclerotic cellular environment with
exceptional granularity in different subtypes of patients and age groups. In order to bring
about the next era of clinical atherosclerotic treatment, larger datasets will help to reveal
functionally relevant cell types and cellular interactions whose contributions to disease can
be further studied and validated in experimental models.

5. On the horizon: non-dissociative methods and in-situ single-cell

analyses

Single-cell approaches are rapidly opening new fields of research and empowering
researchers to investigate cellular functions with exceptional resolution. Despite the potential
of these massive contributions to current research, significant limitations remain. Principally,
the enzymatic dissociation techniques required to convert whole tissues to single-cell
suspensions for high throughput single-cell analyses present potential drawbacks including
impacts on the viability of recovered cells, possible disproportionate recovery of different
cell types, and inadvertent effects on gene expression [92]. Fortunately, solutions to these
challenges appear to be on the horizon. Protocols are being developed to minimize the
effects of dissociation on gene expression [93]. Furthermore, as nuclei can often be

isolated from tissue more easily than whole cells, single-nucleus RNA-sequencing (SNnRNA-
seq) can be used discriminate between related cell types with minimal transcriptomic
alterations and sensitivity comparable to ScCRNA-seq [94]. Application of these approaches
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to atherosclerosis may be of particular benefit, because cells in plaque tissue are embedded
within a variety of calcific and fibrous microenvironments.

Novel technologies also expand the current capacity to study cells while preserving their
spatial contextualization in tissue (Table 3). Plaques represent extremely heterogenous
environments, and researchers have previously investigated the effect of cellular localization
on atherogenesis through gross anatomical separation of plaque regions. Single-cell
analysis of isolated adventitial tissue during early-stage atherosclerosis revealed novel
communications by resident macrophages leading to increased myeloid infiltration [95].
Additionally, another recent study separated atherosclerotic lesions into core and proximal
adjacent regions and revealed processes through which peripheral cells undergo cellular
transdifferentiation in response to inflammatory signaling to become matrix-secreting core
cells [96]. These studies highlight that spatial considerations are critical to understanding
atherosclerotic pathophysiology. Unfortunately, conventional dissociation approaches are
poorly suited to deeper investigations of the effect of localization on the role of

distinct leukocyte populations. Once again however, technologies that are currently being
implemented in other fields suggest solutions to this challenge.

Multiplexed ion beam imaging (MIBI) provides researchers with the unique opportunity to
study cells /n situ. Similar to CyTOF, MIBI involves the staining of samples with antibodies
bound to pure elemental metal reporters. Secondary ion mass spectrometry is then employed
to analyze samples, collecting proteomic data from individual cells as well as information
detailing cellular morphology and localization [97]. Additionally, conventional fluorescence
microscopes can now be converted into high dimensional imaging devices thanks to the
recent development of CODEX. With this method, a tissue is stained with antibodies
labeled with oligonucleotide duplexes [98]. Through iterative cycles, cells are presented
with a solution containing non-fluorescent “index” nucleotides and fluorescent nucleotides
which are repeatedly imaged and removed [98]. Importantly, analogous innovations are
also occurring in the field of spatial transcriptomics. Sequential Fluorescence in Situ
Hybridization (seqFISH) allows researchers to identify mRNA transcripts within their
spatial contexts by labeling transcripts directly in tissue sections using fluorescent probes
[99]. Another approach, Slide-seq, adapted the original Drop-seq technology to capture
mRNA on a lattice of barcoded beads [99]. This technology achieved detection of RNAs
with a spatial resolution of 10 um, and recent modifications to the protocol have yielded
improved RNA capture efficiency in the updated version, Slide-seqV2 [100]. Although
these technologies are currently limited in terms of their spatial resolution and the number
of transcripts that can be simultaneously analyzed, early applications of them in murine
brain tissue have demonstrated the capacity of these approaches to obtain spatially resolved
gene expression data [101, 102]. Undoubtedly, these technologies will break new ground

in atherosclerosis, where spatial proteomic and transcriptomic methods promise to expand
our understanding of plague morphology and resolve the spatial relationships of cells across
these complex and heterogenous tissues.

The application of single-cell approaches to vascular biology and atherosclerosis also
contributes to several large-scale projects aiming to definitively profile the cellular
composition of the human body. In particular, the Human Cell Atlas [103] and the NIH
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Human BioMolecular Atlas Program (HUBMAP) are employing single-cell methods to
construct comprehensive reference maps of healthy and diseased tissues. With focuses on
clinical care, these projects aim to establish references against which clinical specimens may
be compared and through which new diagnostic approaches can emerge.

6. Conclusion

Single-cell approaches are broadening our understanding of the complexity and diversity of
cell types that exist within all tissues. The morphological complexity of atherosclerotic
plaques and the vast diversity of cells involved in the atherogenesis and plaque
destabilization represent ripe opportunities for single-cell-driven discovery leading to
advances in clinical care. By deciphering the roles of distinct cell types, single-cell methods
have the potential of moving the field one step closer to the development of novel
immunotherapies to treat advanced atherosclerosis and reduce risk of clinical cardiovascular
events.
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Highlights

. Atherosclerosis is initiated by the accumulation of lipids in the arterial wall
that trigger a complex network of inflammatory processes.

. Recent clinical trials revealed that targeting inflammation in patients with
cardiovascular disease is a promising approach to preventing recurrent clinical
events.

. Single-cell technologies can resolve the heterogenous environment of the

atherosclerotic lesion and the functional changes of several immune cells
throughout disease progression and regression.
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Figure 1:
Single-cell approaches unveil disease-relevant heterogeneity among cellular populations

(A) Single cell approaches reveal heterogeneity between individual cells that is obscured by
bulk approaches. In this example experiment, distinct transcriptomic profiles are revealed
between subpopulations of cells in healthy versus diseased tissues. (C) tSNE plot displaying
cells derived from plaque and blood of patients with atherosclerosis (n = 5,362 cells). Cells
are clustered using a 21-marker antibody-derived tag (ADT) panel. This proteomic analysis
reveals major populations of cells including CD4+, CD8+, and double positive T cells. (C)
Heatmap of T cells from plaque and blood (n = 2,573 cells) hierarchically clustered based
on top 50 variable genes. The first banner denotes the 16 distinct clusters of T cells that
were uncovered. The second banner indicates the cells’ origins from plaque or blood, and
the bottom banner indicates the cluster’s identity as CD8+ or CD4+ T cells. The heat map
was made using the Fernandez et al. 2019 dataset.
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Figure 2:
Single-cell investigations reveal distinct immune profiles between (A) non-atherosclerotic

and atherosclerotic murine aortas and (B) models of progressing and regressing
atherosclerotic lesions, as reported by Lin ef al. [62]
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Figure 3:
Cellular processes in the human atherosclerotic lesion uncovered by single-cell approaches
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Dissociative single-cell approaches

Table 1:

Page 23

Method Type of data Parameters Flow rate References
Flow Cytometry  Proteomic 41018 <10,000 cells / sec [36]
Cytek Aurora Proteomic 40 parameters 35,000 events / sec [37]
CyTOF Proteomic 40+ parameters ~250-500 cells/sec [25]
SCoPE-MS Proteomic 1000+ [40]
Method Type of data Cell isolation Minimum cell requirement
SMART-seq2 Transcriptomic FACS None [46]
MARS-seq Transcriptomic FACS None [46]
10X Chromium  Transcriptomic 10X Controller [46, 49]
Method Type of data Parameters
CITE-seq Proteomic + Transcriptomic  Dependent on commercial availability of [27]
antibodies
REAP-seq Proteomic + Transcriptomic  Dependent on commercial availability of [54]

antibodies
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Table 2:

Applications of SC approaches to preclinical models of atherosclerosis

Page 24

ApoE™", Scal-GFP

Tissue Mouse model Cell type SC platform Key findings References

focus

Aorta (arch, ApoE - Macrophages CyTOF - High-fat diet triggered increases in [58]

thoracic, monocyte, pDC, and CD11c+ macrophages.

abdominal) - CD206+CD169+ subsets of macrophages
were significantly reduced, as were type 2
conventional dendritic cells (cDC2).

Aorta Ldlr'~ & ApoE'- Macrophages 10X Genomics - Inflammatory IL1b-enriched macrophages [59]

and TREM2Hi macrophages were specific to
the atherosclerotic aorta and presented lipid-
metabolism-related functions.

Whole aorta Lalr'- & Apoe!~ Macrophages 10x Genomics - Foamy macrophages were positively [60]

(arch, thoracic, +bulk RNA seq | correlated with severity of atherosclerosis,

abdominal) and Lipid expressing few inflammatory genes, but many

Staining—Based | lipid-processing gene.
Flow
Cytometric
Whole aorta Ldlr-I- & Apoe-I- 10X Genomics - Greater leukocyte diversity in disease vs. [61]
+ CyTOF healthy aortas
- CyTOF revealed rare /6 T-cells, (~1%
of leukocytes) - 3 subsets of B-cells were
detected.

Aortic arch Models of Macrophages FACS sorting - Increased macrophage phenotypes in [62]
progression / followed by progressing plaques compared to regressing.
regression using BL6 10X Genomics - Both stages revealed greater macrophage
mice injected with diversity than is explained by the classic
AAVMPCSK9 and M1/M2 definition.
fed WD for 18 weeks - Identified inflammatory and TREM2-high
before branching into macrophages in both stages.
chow vs WD.

Aortic root ApoE - VSMCs 10x Genomics - SMC phenotypic modulation occurs along a [89]

and ascending + CITE-Seq continuous trajectory from a contractile SMC

aorta towards a fibroblast-like cell.

- TCF21 influences the atheroprotective
transition of VSMCs to fibroblast-like cells.

- Deletion of TCF21 reduced the number of
VSMC-derived fibromyocytes and resulted in
a thinner, fibrous cap.

Medial layer Myh11-CreERt2, VSMCs Fluidigm C1, - Identified distinct transcriptional profiles [104]

of mouse aorta | Rosa26-Confetti Smart-seq2, between VSCMs in the disease-prone aortic

and whole (Confetti), Rosa26- 10X Chromium | arch and those of the relatively protected

aorta. EYFP (EYFP), descending aorta.

- Propose that Scal expression during plaque
development could mark an intermediate
VSMCs state and indicates phenotypic
switching.

VSMCs: Vascular smooth muscle cells
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In-situ single-cell approaches

Table 3:

Method Type of data Simultaneous parameters  Max parameters per specimen  Resolution  References
IMC Proteomic 40 40 ~1000 nm [105]

MIBI Proteomic 40 40 ~260 nm [105]
CODEX Proteomic 1-5 ~60 (via serial staining) Subcellular  [98]
Method Type of data Genes per cell Resolution

seqFISH+  Transcriptomic ~ >10000 [106]
Slide-seq  Transcriptomic ~ 100s ~10um [101]
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