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a b s t r a c t 

Cardiovascular disease is the leading cause of death worldwide. The societal health burden it represents 

can be reduced by taking preventive measures and developing more effective therapies. Reaching these 

goals, however, requires a better understanding of the pathophysiological processes leading to and occur- 

ring in the diseased heart. In the last 5 years, several biological advances applying single-cell technologies 

have enabled researchers to study cardiovascular diseases with unprecedented resolution. This has pro- 

duced many new insights into how specific cell types change their gene expression level, activation status 

and potential cellular interactions with the development of cardiovascular disease, but a comprehensive 

overview of the clinical implications of these findings is lacking. In this review, we summarize and dis- 

cuss these recent advances and the promise of single-cell technologies from a translational perspective 

across the cardiovascular disease continuum, covering both animal and human studies, and explore the 

future directions of the field. 

© 2021 The Authors. Published by Elsevier Inc. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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onstandard abbreviations and acronyms 

ApoE −/ −, apolipoprotein E knockout; ANP, atrial natriuretic pep- 

ide; BNP, brain natriuretic peptide; CAD, coronary artery dis- 

ase; CANTOS, Canakinumab Anti-Inflammatory Thrombosis Out- 

ome Study; CCR2, C-C chemokine receptor 2; CF, cardiac fibrob- 

asts; CKAP4, cytoskeleton-associated protein 4; CM, cardiomy- 

cyte; CVD, cardiovascular disease; CyTOF, cytometry by time-of- 

ight; EC3, endothelial cells cluster 3; eQTL, expression quanti- 

ative trait loci; FACS, fluorescence-activated cell sorting; F-Trans, 

broblast-transitory; F-Wnt-X, fibroblast-Wnt expressing; HF, heart 

ailure; IL-1 β , interleukin 1 β; iPSCs, induced pluripotent stem- 

ells; iPSC-CFs, iPSC-cardiac fibroblasts; LAD, left anterior descend- 

ng; Ldlr −/ −, low-density lipoprotein receptor knockout; MI, my- 

cardial infarction; NPR1, natriuretic peptide receptor-1; RUNX1, 
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unt-related transcription factor 1; Sca1, Stem Cell Antigen 1; 

c/snRNA-seq, single-cell/single-nucleus RNA sequencing; scATAC- 

eq, single-cell Assay for Transposase-Accessible Chromatin se- 

uencing; TREM2 hi , Triggering Receptor Expressed on Myeloid cells 

; VSC, vascular stem cells; VSMCs, vascular smooth muscle cells; 

if1, WNT inhibitory factor 1 

ntroduction 

Cardiovascular disease (CVD) is the leading cause of morbid- 

ty and mortality in Western society [1] . CVD has a wide spec- 

rum of severity, ranging from coronary artery disease (CAD) and 

yocardial infarction (MI) all the way to ischemic heart fail- 

re (ischemic HF) [2] . Across this spectrum, various cell types 

lay important roles in the disease, and these include not only 

ells located in and around the heart (cardiomyocytes, fibroblasts 

nd adipose cells) but also circulatory immune cells or vascular 

mooth muscle cells (VSMCs) [3,4] . Understanding the contribu- 

ions of these cells across the CVD spectrum can help improve 

reatment and even prevent CVD in the future. For example, the re- 

ent Canakinumab Anti-Inflammatory Thrombosis Outcome Study 

CANTOS) trial highlighted the importance of targeting non-cardiac 
nder the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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Fig. 1. Timeline of single-cell technology milestones that have helped increase our understanding the CVD continuum. TREM2 : Triggering Receptor Expressed on Myeloid 

cells 2, MI : Myocardial infarction, ECs : Endothelial cells, wt : Wild type, CVPs : Cardiovascular progenitor cells, HF : Heart failure. 
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ells as an effective route to reducing morbidity; inhibiting im- 

une cell interleukin-1 β (IL-1 β) signaling in patients with previ- 

us MI using the monoclonal antibody Canakinumab led to a sig- 

ificantly lower cardiovascular re-event rate [5] . 

Over the past five years, researchers have gained a new ex- 

erimental toolbox to dissect the role and interactions of individ- 

al cell types in health and disease. Single-cell techniques such as 

ingle-cell RNA sequencing and single-cell assay for transposase- 

ccessible chromatin sequencing (scATAC-seq) now enable system- 

tic and unbiased mapping of potentially every single cell in the 

ody [6,7] . Previously, the characterization of cell types and cell 

ubtypes was either limited in resolution or biased by previous 

nowledge (i.e. limited to a small set of marker proteins used in 

echniques as fluorescence-activated cell sorting (FACS) or cytome- 

ry by time-of-flight (CyTOF) [8–10] ). Single-cell technologies have 

ince the emergence in 2009 become more widely adopted as their 

cale and cost have improved tremendously [11] . Methodological 

mprovements like combinatorial indexing [12,13] in combination 

ith sample multiplexing using natural genetic barcodes [14] or 

trategies like hashtagging [15] now allow cost-efficient processing 

f up to 10 0,0 0 0 s of cells in a single experimental run. 

Single-cell technologies can be used to address a variety of 

uestions, from uncovering the involvement of cell types in CVD to 

etermining how gene expression and its regulation become dys- 

egulated in disease [11,16,17] . However, to study CVD at the sin- 

le cell–level, we first need to understand the healthy heart and 

ts normal variation within the population (i.e. due to genetics, 

nvironment, aging). In the last 5 years, various consortia have 

een established that focus on creating such reference maps in 

ealthy mice (Tabula Muris) [18–20] and humans (Human Cell At- 

as [7,17] ( Box 1 , Fig. 1 , Table 1 ). With the aid of these healthy ref-

rence maps, it is now becoming easier to define disease states of, 

or example, the heart or the immune system, and we discuss sev- 

ral ongoing efforts that are relevant for CVD in more detail in this 

eview [19–35] . 

Here, we summarize how the application of single-cell tech- 

ologies has led to new disease insights across the CVD continuum 

n both the cellular- and transcriptional-level. More specifically, we 

iscuss the literature in three sections that cover the entire disease 

pectrum with increasing severity, from CAD to MI to ischemic HF. 

inally, we discuss the advances and promise of single-cell work 

rom a translational perspective. 
128 
oronary artery disease 

The most common form of CAD is atherosclerosis, where plaque 

ormation in the coronary artery eventually limits blood flow and 

hereby the supply of nutrients and oxygen to cardiomyocytes. 

oronary atherosclerosis is considered to be an inflammatory dis- 

ase, involving a plethora of inflammatory processes in the artery 

all, and is associated with both pro- and anti-inflammatory cy- 

okines and leukocytes [36,37] . Single-cell technologies provide 

aluable tools to identify which cell types drive plaque formation 

nd progression, which facilitate the development of novel thera- 

eutic strategies to halt or even reverse plaque formation [38,39] . 

The most important mouse models to study atherosclerosis are 

ingle- or double-knockouts of the apolipoprotein E ( ApoE-/- ) gene 

nd the low-density lipoprotein receptor ( Ldlr-/- ) gene ( Fig. 1 ) 

34,37,39–44] . Winkels et al. used ApoE −/ − and Ldlr −/ − mice to 

tudy atherosclerosis by harvesting cells from the whole thoracic 

nd abdominal aorta ( Fig. 1 ). The cellular fraction consisted of cells 

rom the atherosclerotic lesion, aortic adventitia and media. They 

sed scRNA-seq analysis to trace cells belonging to the atheroscle- 

otic plaques and identified macrophages, T-cells and monocytes 

s the main constituents [37] . To translate their observations to 

uman pathophysiology, Winkels et al. applied CyTOF to leuko- 

ytes from human carotid endarterectomy tissue specimens, which 

evealed that the cellular composition of human atherosclerotic 

laques is similar to that of mice. Finally, to provide evidence 

or the clinical relevance of their findings, they associated im- 

une cell type frequencies with the rate of ischemic events post- 

ndarterectomy. Interestingly, this showed that macrophages were 

ssociated with a higher risk of ischemic events, whereas memory 

-cells were associated with a lower risk. Altogether, the Winkels 

t al. study showed that combining data from surface markers and 

he expression of genes can be a powerful tool to further under- 

tand atherosclerosis and might provide information for risk strat- 

fication [37] . 

Subsequent scRNA-seq data from Cochain et al., who pro- 

led leukocytes during different stages of atherosclerosis using 

he same mouse models as Winkels et al., identified mono- 

ytes and dendritic cells in intermediate to advanced lesions 

nd a novel set of TREM2 hi (expressing triggering receptor ex- 

ressed on myeloid cells 2) macrophages that was only present 

n advanced atherosclerosis ( Figs. 1 , 2 ) [34] . Using immuno- 
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Table 1 

Summary of main studies applying single-cell RNA sequencing to cardiovascular disease. 

Study 

Study 

design Study population/tissue Outcome measure Main findings 

Bajpai et al. (2019) Animal 

research 

Cardiomyocytes of mouse 

strains Rosa26-td, Rosa26-YFP, 

Flt3-Cre,CX3CR1 ertCre , CCR2 GFP , 

CD169-DTR, CCR2-DTR, 

Myd88 flox , LysM-Cre, Zbtb46 GFP 

and Tnnt2-DTR 

Infarct expansion, LV 

systolic dysfunction, LV 

dilatation and 

atherosclerotic plaque 

progression 

Identification of one monocyte cluster and 7 clusters 

of macrophages of which a set of cardiac-resident 

CCR2 + macrophages that are responsible for 

recruitment of monocytes to injured myocardium 

which can serve as a therapeutic target post-MI. 

Tissue-resident CCR2 − macrophages oppose the 

recruitment. 

Cochain et al. 

(2018) 

Animal 

research 

Mouse aortas of chow and 

western diet fed (11 w) Ldr −/ −

mice and western diet (12 w) 

of Apoe −/ − mice 

Aortic macrophage 

heterogeneity in 

atherosclerosis 

Identification of arterial leukocytes in atherosclerosis 

revealing three macrophage populations of which one 

previously unrecognized atherosclerosis-associated 

subset expressing TREM2 . 

Depuydt et al. , 

(2020) 

Human 

research 

Advanced human 

atherosclerotic plaques 

Cell type classification Full cellular composition of human carotid plaques 

with atherosclerotic plaque cell type classification 

and cell communication. 

Dobnikar et al. 

(2018) 

Animal 

research 

Mouse aortas of 

Myh11-CreERt2/Confetti/Apoe −/- 

mice 

Molecular differences 

underlying clonal 

expansion in disease 

Characterization of Sca1 as hallmark of phenotypic 

switching of VSMCs towards an inflammatory 

phenotype in atherosclerosis. 

Farbehi et al. 

(2019) 

Animal 

research 

Cardiac interstitial cells of 

Pdgfra trm11(EGFP)Sor PDGFRa GFP/ + 

mouse models 

Understanding of non-CM 

fraction in response to 

injury 

Identification of 9 cellular lineages and 24 cellular 

populations of which the novel cellular fibroblast 

subset (F-Wnt-X) expressing the gene Wif1. 

Flores et al. (2020) Animal 

research 

Mouse aortas of Apoe −/ − mice 

on a C57BL/6 background 

Expression of 

inflammatory genes 

The use of nanoparticles to promote the clearance of 

apoptotic cells in atherosclerosis and decrease 

inflammation. 

Forte et al. (2020) Animal 

research 

Interstitial cardiac cells of 

mice of nine different inbred 

strains 

Cardiac interstitial gene 

expression response to 

acute and chronic phase 

after MI 

Characterization of cardiac interstitial cells over time 

post-MI, with identification of cardiac fibroblasts that 

transition early on in response to injury which serve 

as a critical risk for cardiac rupture and pathological 

remodeling post-MI. 

Gladka et al. 

(2018) 

Animal 

research 

CMs of mice on a C57BL/6J 

background having undergone 

ischemia reperfusion or 

control 

Novel insights in fibroblast 

activation 

Identification of cardiac subpopulations and the 

previously undescribed CKAP4 marker for activated 

fibroblasts in the injured heart. 

Kuppe et al., 

(2020) 

Human 

research 

Transplanted adult hearts 

2–5d, 3 months and 12years 

post-MI and non-transplanted 

donor control heart 

Gene-regulatory programs 

involved post-MI 

Characterization and visualization of cellular zones of 

injury, repair and remodeling post-MI. Identification 

of RUNX1 as driver of cardiac fibrosis post-MI in the 

differentiation of cardiac fibroblasts to myofibroblasts. 

Skelly et al. (2018) Animal 

research 

Cardiac non-myocyte cells of 

C57BL/6J mice 

Intercellular 

communication 

Profiling of non-myocyte cells in the adult murine 

heart and characterization of intercellular 

communication networks by ligand–receptor analysis. 

Tang et al. (2020) Animal 

research 

Mouse femoral arteries of 

lines Sca1-CreER, 

Sca1-CreER;R26-tdTomato, 

CD45- Dre and Pdgfrb-LSL-Dre 

mice 

Artery repair Identification of Sca1 + VSCs in the adventitial layer of 

artery walls that produce new smooth muscle cells 

after vessel injury. 

Wang et al. (2020) Human 

tissue 

analysis 

Primary human CMs isolated 

from the ventricles and atria 

of HF patients with dilated 

cardiomyopathy and coronary 

heart disease and healthy 

controls 

Cardiac function Recognition of five major groups of cells and 35 

subclusters, of which endothelial cell cluster 3 is an 

important mediator in the pathophysiology of 

coronary heart failure. 

Wang and Cui 

et al. (2020) 

Animal 

research 

Pups from timed-pregnant 

ICR/CD-1 mice (Charles River 

Laboratories) 

Injury response Identification of gene regulatory networks and 

crosstalk of cell populations during regeneration and 

identification of CLCF1 as promoter of cardiomyocyte 

proliferation in neonatal murine hearts. 

Winkels et al. 

(2018) 

Animal 

research 

Mouse aortas of chow and 

western diet fed Apoe −/ − and 

Ldr −/ − mice 

Immune cell 

characterization in 

atherosclerosis 

Identification of arterial leukocytes in atherosclerosis, 

with the main components being macrophages, 

T-cells and monocytes. Also identified heterogenous 

clusters of arterial leukocytes behaving differentially 

in healthy and atherosclerotic arteries. 

Zhang et al. (2019) Human 

stem cell 

research 

iPSC-CFs and iPSC-CMs Cardiac fibrosis and drug 

screening 

Generation of iPSC-CFs through knowledge gained on 

scRNA-seq data of mouse models, supports the 

possibility of generating patient-specific iPSC-CFs to 

test effectiveness of drugs in vitro . Identification of 

the anti-fibrotic ANP/BNP-NPR1 pathway that can 

serve useful in anti-fibrotic therapy. 

AECs : arterial endothelial cells, CCR2 : C-C chemokine receptor 2, cHF : coronary HF, CMs : cardiomyocytes, CKAP4 : cytoskeleton-associated protein, CVPs : cardiovascular 

progenitor cells, dHF : dilated HF, ECs : endothelial cells, hESCs : human embryonic stem cells, hPSCs : human pluripotent stem cells, LV : left ventricle, iPSC-CF : human 

induced pluripotent stem cell-derived cardiac fibroblasts, iPSC-CMs : human induced pluripotent stem cell-derived cardiac myocytes, TREM2 : Triggering Receptor Ex- 

pressed on Myeloid cells 2, VSMCs : vascular smooth muscle cells. 

129 
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Box 1 

Resources for single-cell and spatial transcriptomic atlases in healthy tissue and CVD. 

Healthy Diseased 

Mouse Adult Fetal 

- Tabula Muris (Schaum et al.) 

- Tabula Muris Senis (Almanzar et al.) 

- Mouse cell atlas by microcell-sequencing (Han et al.) 

- Chromatin accessibility single-cell atlas (Cusanovich 

et al.) 

- Atlas of regenerative hearts after injury (Wang and 

Cui et al.) 

Adult 

- Atlas of immune cell repertoire in atherosclerosis 

(Winkels et al., Cochain et al.) 

- Atlas of non-CM cells post-MI (Farbehi et al.) 

- Atlas of cardiac interstitial cells post-MI (Forte et al.) 

- Atlas of cardiac cells post-injury (Gladka et al.) 

Human Fetal Adult 

- Transcriptional landscape of the human fetal heart 

(Cui et al.) 

- DESCARTES: A human cell atlas of fetal gene 

expression (Cao et al.) 

- Spatiotemporal atlas of the developing human heart 

(Asp et al.) 

- Atherosclerotic plaque transcriptome atlas (Depuydt 

et al.) 

- Spatial multi-omic map of MI (Kuppe et al.) 

- Transcriptome atlas of ischemic HF (Wang et al., Nat 

Cell Biol 2020) 

Adult 

- Single-nuclear transcriptome atlas of the human 

heart (Tucker et al.) 

- Adult human cardiac cell atlas (Litvi ̌nuková et al.) 

Fig. 2. Overview of novel insights in the pathophysiology across the CVD continuum, identified through the use of single-cell technologies. In CAD, a Sca1 expressing 

SMC population gives rise to VSMCs facilitating repair, inflammatory monocytes show upregulation of CD47 which diminishes their ability to phagocyte apoptotic cells 

and the presence of TREM2 macrophages in advanced atherosclerotic lesions led to more plaque instability. In MI, tissue resident CCR2 + macrophages mediate neutrophil 

recruitment and depletion of CCR2 − led to higher levels of CCR2 + macrophages post-MI and cardiac fibroblasts show involvement in the WNT pathway. In ischemic HF, 

the fibroblast population expressing CKAP4 is thought to inhibit the WNT pathway and the ANP/BNP-NPR1 stimulates fibrosis. ANP/BNP-NPR1 pathway : Atrial natriuretic 

peptide/brain natriuretic peptide and natriuretic peptide receptor-1, CAD : coronary artery disease, CCR2 : C –C chemokine receptor 2, CKAP4 : cytoskeleton-associated protein 

4, ECs : endothelial cells, iHF : ischemic heart failure, MI : myocardial infarction, Sca1 : multipotent progenitor marker, TREM2 : Triggering Receptor Expressed on Myeloid cells 

2, VSMCs : vascular smooth muscle cells, Wif1 : WNT inhibitory factor 1. 
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istochemistry on human endarterectomy carotid artery tissue 

amples of high-grade ( > 70%) carotid artery stenosis, they con- 

rmed the presence of TREM2 hi macrophages in human sam- 

les [34] . Reassuringly, a recent study in advanced human carotid 

therosclerotic plaques showed that mouse TREM2 hi macrophages 

esemble foamy TREM2 + macrophages in humans [22] , indicat- 

ng that the pathophysiology mimicked in mice captures im- 

ortant biological processes of human atherosclerosis [22] . The 

REM2 hi macrophages are of interest in the pathophysiology be- 

ause they generate micro-calcifications in plaques and are as- 

ociated with plaque instability in mice [45,46] . The level of 

REM2 hi macrophages could therefore be a potential biomarker 

o predict the stage of atherosclerosis and the risk of clinical 
vents. t

130 
Another hallmark of the pathophysiology occurring during 

therosclerosis is the recruitment of inflammatory monocytes. 

hese inflammatory monocytes show upregulation of the an- 

iphagocytic signaling molecule CD47 [47] . When macrophages 

ind to CD47 on inflammatory monocytes, their ability to phago- 

ytose apoptotic cells is suppressed [48] . This could be the un- 

erlying mechanism for the TREM2 hi macrophages recently recog- 

ized by Cochain et al., which exhibited suppressed the phago- 

ytotic function associated with monocyte infiltration [34] . As a 

esult of the inability to phagocyte, monocytes and macrophages 

ccumulate in the plaque core, become apoptotic and can cause 

laque rupture and thrombus formation [49] . Clearing dead cells 

rom the necrotic atherosclerotic core could therefore be a strategy 

o reduce the risk of plaque rupture. Flores et al. successfully intro- 
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uced such a strategy, using nanoparticles to target an antiphago- 

ytic pathway and thereby restoring phagocytosis of apoptotic cells 

n the atherosclerotic lesions of ApoE −/ − mice ( Fig. 2 ) [48] . ScRNA-

eq analysis of aortic cells treated with the nanoparticles showed 

educed cytokine-dependent vascular inflammation. The advantage 

f this more localized approach to suppressing lesional inflamma- 

ion, as compared to the systemic anti-inflammatory inhibition us- 

ng interleukin 1 β (IL-1 β) applied in the CANTOS trial [5] , is that

t minimizes severe side effects such as the immunosuppression 

eading to fatal infections seen in the CANTOS trial [5,48] . Although 

t is still early days for this approach, restoring phagocytosis of 

poptotic cells could be the first step towards a targeted therapy 

hat effectively clears out those cells that contribute to the inflam- 

ation and instability of atherosclerotic lesions. 

Along with specific immune cells, specific VSMCs also accumu- 

ate during the early stages of plaque progression [50–53] . ScRNA- 

eq analysis of VSMCs harvested from the medial aortic layer 

f ApoE −/ − and healthy mice revealed a new subset of VSMCs 

hat express the multipotent progenitor marker Stem Cell Anti- 

en 1 (Sca1), which was upregulated in atherosclerotic plaques 

 Fig. 2 ) [51] . This upregulation initiated the phenotypic switching 

f VSMCs towards a macrophage-like phenotype [54] and stimu- 

ated expression of genes associated with wound healing and the 

igration of more VSMCs through recruitment [51] . To find the 

rigin of the VSMC recruitment, Tan g et al. applied scRNA-seq to 

ells from the femoral artery of mouse models. This revealed that 

ca1 was mainly expressed by adventitial cells and upregulation 

f pathways regulating differentiation, prolif eration and migration 

f smooth muscle cells (SMCs) [55] . To investigate whether Sca1 + 

ells give rise to SMCs, the authors used a fluorescent-labeled arte- 

ial anastomosis model exposed to severe vessel injury to confirm 

hat adventitial stromal Sca1 + cells initiate a repair response upon 

njury, giving rise to VSMCs in the medial layer [55] . Interestingly, 

his study further revealed that Sca1 + cells do not contribute to 

SMCs upon homeostasis and wire injury. Pre-existing SMCs may 

acilitate repair under normal conditions and wire injury, while ad- 

erse injury that disrupts the lamina of the adventitia may facil- 

tate migration of Sca1 + stem cells, giving rise to VSMCs in the 

edial layer [55] . The phenotypic switching of VSMCs could be an 

mportant contributing factor in the progression of the atheroscle- 

otic plaque. The extent of Sca1 upregulation may thus serve as a 

iomarker of disease progression. Further study on the clinical im- 

act of Sca1 in CVD will determine whether it is a suitable drug 

arget. 

yocardial infarction 

When CAD progresses, the occlusion of the coronary lumen 

ill reach a state in which insufficient oxygen and nutrients reach 

he heart muscle. Eventually, occlusion can be complete when a 

hrombus is formed at the damaged endothelium, resulting in an 

cute MI. In this stage, a cascade of inflammatory pathways is ac- 

ivated that trigger cardiac repair and remodeling [56] . The size of 

he MI depends on the location of the occlusion and probably also 

n the severity of the inflammatory response. This excessive re- 

odeling may lead to non-contracting scar tissue that reduces the 

eart ́s pump function and can lead to clinical signs and symptoms 

f HF [5,56–59] . Studying the immune system in MI is therefore 

mportant for understand how best to balance the inflammatory 

rocesses in order to induce repair while preventing excessive re- 

odeling, thereby potentially identifying targets for therapy that 

eter MI progression to ischemic HF. 

Post-MI, leukocytes are recruited from circulation and ex- 

end ischemia in the heart [56,60–62] . Based on previous knowl- 

dge, several potential drug targets have already been identi- 

ed that may alleviate morbidity post-MI. For example, the pro- 
131 
nflammatory cytokines IL-1 β and IL-6 have been recognized as 

otential targets because they are upregulated post-MI and block- 

ng of IL-1 β leads to a lower re-event rate of cardiovascular 

vents [5,56] . Moreover, the excessive inflammation, which can 

ead to scar tissue formation, can be reduced by inhibiting the C- 

 chemokine receptor 2 (CCR2) on macrophages [63–66] . Tissue- 

esident CCR2 + macrophages mediate neutrophil recruitment into 

he myocardium, so inhibiting CCR2 could reduce this process [67] . 

espite this growing body of knowledge, it remains unclear how 

ndividual cell types are involved in a MI. Below, we discuss how 

ew insights into the inflammatory and fibrotic response post-MI 

re obtained using various single-cell analysis techniques ( Fig. 1 ). 

To study the differentiation and recruitment of cells, Bajpai 

t al. recently performed scRNA-seq analysis on isolated mono- 

ytes and macrophages in mouse models 4 days post an MI in- 

uced through occlusion of the left anterior descending coronary 

rtery (LAD) ( Fig. 1 , 2 ) [65] . Cell clustering based on expres-

ion markers revealed one group of monocytes and seven differ- 

nt groups of macrophages [65] . Interestingly, depletion of CCR2 + 

acrophages prior to induction of MI led to lower numbers of 

onocytes being recruited to the heart [65] . In contrast, deple- 

ion of the CCR2 − macrophages resulted in increased numbers of 

CR2 + macrophages in the heart. This work confirmed the het- 

rogeneity of macrophages in the heart post-MI and specifically 

ow CCR2 + and CCR2 − macrophages mediate the inflammatory re- 

ponse. By combining the single-cell expression levels of ligands 

nd receptors of these cell types, future work could help to further 

lucidate the cellular interactions that underlie the inflammatory 

rocess following an MI [68] . This may lead to the development of 

rugs that target specific post-MI ligand–receptor interactions be- 

ween cells, moving towards the field of precision medicine. 

As a main component of the heart, cardiac interstitial cells are 

n important cell type to study when looking at the impact of 

he fibrotic and inflammatory response after MI. Farbehi et al. re- 

ently applied scRNA-seq analysis to cardiac interstitial cells of the 

entricles and interventricular septum of mice 3 and 7 days af- 

er induction of a MI through ligation of the LAD and of healthy 

ontrol mice [35] . They identified nine major cell types and 24 

ubtypes consisting of fibroblasts/ myofibroblasts, endothelial cells, 

ural cells, macrophages, dendritic cells, glial cells, B-cells, T-cells 

nd natural killer cells [35] . Within the fibroblast subset, they fur- 

her identified two novel populations, Fibroblast-Wnt expressing 

F-Wnt-X) and Fibroblast-transitory (F-Trans), present in both MI- 

nduced and control mice [35] . Differential gene expression analy- 

is on F-Wnt-X cells showed upregulation of WNT inhibitory fac- 

or 1 ( Wif1 ), which has been suggested to inhibit cardiac fibro- 

is while being essential in cardiac repair post-MI, whereas the F- 

rans population appeared to be an intermediate fibroblast state 

roliferating towards F-Wnt-X fibroblasts [35,69,70] . To visualize 

he location of these F-Wnt-X cells, they performed immunoflu- 

rescence on the WIF1 protein in mouse hearts. This revealed ex- 

ression in the infarct border zone 3 days post-MI but not 1 or 

 days post-MI. These results contrast with those from an earlier 

tudy on WIF1 expression post-MI using FACS sorting and bulk 

NA-seq, in which elevated levels were already observed 1 day af- 

er a MI [71] . This difference may be explained by the immuno- 

hemistry method underestimating the number of cells expressing 

IF1. Whether WIF1 expression occurs in the acute phase post-MI 

n response to myocardial injury remains to be further elucidated. 

ecently, Forte et al. generated a longitudinal single-cell dataset 

f cardiac interstitial cells in response to cardiac injury [21] and 

dentified that the WNT-X fibroblasts originate from endocardial- 

erived fibroblasts and are present at homeostasis throughout in- 

ury. Using longitudinal single-cell data, they revealed that cardiac 

njury induces phenotypic switching of epicardial-derived fibrob- 

asts to myofibroblasts, a population that does not express Wif1 , 
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hich serves as a critical risk for cardiac rupture and pathologi- 

al remodeling [21] . The additional resolution gained by this study 

ighlights how longitudinal single-cell data is a valuable tool to 

ain new insights into CVD pathophysiology [21] . 

schemic heart failure 

Ischemic HF has been suggested to result from the inflamma- 

ory response after a MI and is characterized by systolic dysfunc- 

ion and reduced cardiac output [26,56,58,72,73] . Ischemic HF oc- 

urs due to an imbalance in oxygen supply and demand in the 

ardiac muscle, where cardiac repair and remodeling are ongoing 

rocesses [26,56,58,72,73] . Although the prognosis for ischemic HF 

as improved in the past few years, additional therapies are still 

eeded [74] . Animal and human studies using single-cell technolo- 

ies are now advancing our understanding of ischemic HF ( Fig. 1 ). 

Fibrotic remodeling is a major component leading to the de- 

elopment of ischemic HF. The activated fibroblasts involved in 

his remodeling can generate scar tissue, which reduces myocar- 

ial contractility [56] . Gladka et al. performed scRNA-seq analysis 

n ischemic myocardial cells from mouse models of ischemic HF 

fter ligation of the LAD and identified a novel fibroblast popula- 

ion that is activated after ischemic injury and actively expresses 

ytoskeleton-associated protein 4 (CKAP4) ( Fig. 1 , 2 ) [26] . Earlier 

tudies had suggested that CKAP4 may act through inhibition of 

NT signaling, as was previously shown in pancreatic and lung 

ancers. Notably, this is the same pathway through which the Wif1 

ene inhibited monocyte activation and initiation of repair by acti- 

ated fibroblasts after ischemic injury [71,75] . These studies hint at 

 more general role for WNT signaling in tissue repair post cardiac 

vent and provide interesting leads for the development of novel 

rug targets. 

To make this next step towards clinical translation, we need 

o study cardiac fibroblasts (CFs) in response to various conditions 

nd drugs. However, this advance is currently hampered by the un- 

nown translatability of study outcomes from murine models to 

uman pathophysiology. Furthermore, the availability of primary 

uman CFs is limited because they require isolation from ventricles 

f the human adult heart. Alternatively, stem cells could be differ- 

ntiated to CFs as an in vitro model, but this has been challenging 

o date. Using the knowledge gained from the scRNA-seq mouse 

tlas Tabula Muris ( Box 1 – resources ), Zhang et al. characterized 

broblast-specific genes that were potentially also specific for hu- 

an fibroblasts ( Fig. 1 ) [20,76] . These were then successfully used 

o develop a protocol to differentiate human induced pluripotent 

tem-cells (iPSCs) towards iPSC-cardiac fibroblasts (iPSC-CFs). Hav- 

ng generated iPSC-CFs that closely resemble primary CFs, the au- 

hors could study cardiac fibrosis in human cells. Further analysis 

f Tabula Muris allowed them to study intercellular communica- 

ion between CFs and other cardiac cells, revealing the previously 

ndescribed expression of natriuretic peptide receptor-1 (NPR1) on 

Fs and its interaction with two hypertrophic cardiomyocyte pro- 

eins: atrial natriuretic peptide (ANP) and brain natriuretic pep- 

ide (BNP) ( Fig. 2 ). Interaction of these proteins with cardiomy- 

cytes and CFs led to suppressed CF activation and fibrosis. Zhang 

t al. used this knowledge to inhibit fibrosis by treating the iPSC- 

Ms and iPSC-CFs with the anti-fibrotic drug sacubitril, which in- 

ibits the ANP/BNP-degrading enzyme neprilysin [77] . This result 

upports earlier studies that demonstrated the potential of the 

NP/BNP-NPR1 pathway as a target in anti-fibrotic treatment in is- 

hemic HF [76] . Furthermore, the iPSC-CF protocol enables the gen- 

ration of patient-specific iPSC-CFs in vitro which can be useful for 

ersonalized drug testing. Testing anti-fibrotic drugs on patient- 

pecific iPSC-CFs would allow us to test their effectiveness for pa- 

ients with ischemic HF [76] . 
132 
Application of scRNA-seq to ischemic HF in human subjects has 

nly just begun because it is challenging to isolate adult CMs. 

hese cells are large and fragile, which makes it difficult to per- 

orm scRNA-seq analysis on them [24] . To overcome the challenges 

ssociated with cell dissociation, or cells being too large for mi- 

rofluidic scRNA-seq technologies, single-nuclear RNA-sequencing 

snRNA-seq) has been developed. With snRNA-seq the gene ex- 

ression of single nuclei instead of cells is being analyzed [78] . Re- 

ently, Wang et al. successfully isolated CMs and performed scRNA- 

eq analysis on primary human CMs isolated from the ventricles 

nd atria of HF patients with dilated cardiomyopathy and coronary 

eart disease and of healthy controls [24,79] . The authors identi- 

ed five major groups of cells, consisting of cardiomyocytes, en- 

othelial cells, fibroblasts, macrophages and smooth muscle cells, 

nd 36 minor cellular groups. Nine of the minor cellular groups 

ere upregulated in coronary HF, and six were downregulated, 

ompared to healthy controls. Correlation of ligands known to be 

eleased by the minor cellular groups revealed that the endothelial 

ell cluster 3 (EC3, ACKR1 + ) was downregulated in coronary HF. 

ell–cell interaction maps generated by correlating ligands to re- 

eptors further revealed EC3 to interact with most other cell types, 

nd this high number of cell–cell interactions indicates that these 

ells are likely an important mediator in the pathophysiology of 

schemic HF [24] . 

To expand the knowledge on ischemic HF and identify new 

otential therapeutic targets, Wang and Cui et al. approached is- 

hemic HF from a different perspective [33] . Combining scRNA- 

eq and single-cell open chromatin (scATAC-seq) data of murine 

eonatal regenerative and non-regenerative hearts, they gained a 

omprehensive overview of the regenerative properties of murine 

earts [33] . Up to post-natal day 7, the murine neonatal heart is 

nown to have regenerative properties following injury that are 

ost in adult hearts [80] . Furthermore, a snRNA-seq cell transcrip- 

ome atlas of the human developmental heart was recently pub- 

ished ( Box 1 ) [28] . Combining the single-cell techniques, Wang 

nd Cui et al. unraveled pathways involved in regeneration of 

eonatal murine hearts that could potentially be targeted in is- 

hemic HF to induce cardiac repair formation. Furthermore, they 

dentified cardiotrophin-like cytokine factor 1 (CLCF1) secreted 

y neonatal macrophages as a potential activator of cardiomy- 

cyte proliferation in vitro , thereby highlighting that further stud- 

es should be done in vivo and in adulthood to study the therapeu- 

ic potential of this protein in ischemic HF [33] . The work by Wang

nd Cui et al. has given us new insights in ischemic HF and shows 

hat we are currently just beginning to understand the pathophys- 

ology of ischemic HF on single-cell gene expression level and to 

dentify potential therapeutic targets. 

iscussion 

In this review, we have summarized the advances and promises 

f recent applications of single-cell techniques in various diseases 

cross the CVD continuum, from a clinical perspective. Across the 

VD continuum, cardiac and immune cells play a key role, with 

ifferent cellular subsets being involved at different stages ( Fig. 2 ). 

arious subsets of macrophages play important roles in the patho- 

hysiology of the CVD continuum, where the phagocytotic ability 

f macrophages is reduced in advanced atherosclerotic lesions, and 

poptotic cells are insufficiently cleared as a result. This leads to 

laque progression and a higher risk of clinical events. After MI, ac- 

ivated CCR2 + macrophages are major mediators of the inflamma- 

ory response, where depletion of this group leads to a decrease in 

he number of type I IFN macrophages, which have been associated 

ith excessive left ventricular remodeling [81] . CCR2 + macrophages 

ould therefore be an interesting target group to minimize neg- 

tive clinical outcomes after MI. At the end of the CVD contin- 
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um, application of single-cell technologies in ischemic HF have 

ed to the identification of the ANP/BNP-NPR1 pathway as a po- 

ential target in anti-fibrotic treatment. Furthermore, a subset of 

ndothelial cells has been recognized to exhibit a cardioprotective 

ole by maintaining cardiac contractility, and this subset could also 

erve as a potential target. Altogether, single-cell technologies have 

hown that we can study the CVD continuum at a higher reso- 

ution than before, which yields new insights into ways to target 

nflammation across the CVD continuum. 

To extend our knowledge of cardiac cells across the CVD contin- 

um, future studies on the full cardiac cellular composition should 

e performed on single-cell transcriptomic level. To date, it has 

emained challenging to isolate living cardiac cells for scRNA-seq 

nalysis because cardiomyocytes are highly prone to damage when 

ollected [24,82,83] . Gladka et al. resolved this by enzymatically 

ispersing cardiac tissue and separating the cells using FACS to 

apture 10 0 0 heart cells for use in scRNA-seq analysis [26] . This

echnique appeared promising, but the cellular viability remained 

ow [26,82] . By combining retrograde perfusion of the heart via 

he aorta, known as Langendorff perfusion, with dissociation of the 

entricles and manual micro-pipetting of viable cardiomyocytes, 

omura et al. obtained living cells from mouse models and hu- 

an samples [82,84] . This technique yielded high levels of living 

ardiomyocytes and was recently successfully applied to scRNA-seq 

nalysis of fetal hearts (19–22 weeks of gestation) [85] . A challenge 

ncountered when studying diseased hearts is that, upon ischemic 

njury and in heart failure, cardiomyocytes have often undergone 

ultinucleation stages [86,87] . Using snRNA-seq, one could con- 

ider every nucleus as an individual observation and compare 

hese instead of cells [82,88] . See et al. applied this approach us- 

ng snRNA-seq to both human and mouse hearts and successfully 

ncovered sub-populations of cardiomyocytes and key nodal regu- 

atory long intergenic non-coding RNAs that could be targeted for 

ardiac repair [88] . Altogether, these advances reveal novel targets 

or treatment of the CVD continuum, from MI to ischemic HF, that 

ould not have been found using conventional bulk analysis. 

hallenges in translation between animal and human scRNA-seq 

tudies 

In this review, we have seen that the majority of single-cell 

tudies on the CVD continuum have used mouse models. Although 

nimal models can be useful in mimicking disease across the CVD 

pectrum and in obtaining single cells for analysis, it remains chal- 

enging to recapitulate human pathophysiological complexity and 

iversity in mouse models [56] . Importantly, the human contexts 

f genetic profile, age, sex, ethnicity and comorbidities such as dia- 

etes are lost (at least to a certain extent). Gene expression profiles 

n mice could therefore identify genes involved in CVD, but the 

nteractions of these genes with other genes in the human body 

emain obscure. For single-cell studies across the CVD continuum 

o progress, future studies should focus on making the translation 

o humans, for example by studying the replicability of findings in 

ice in humans. 

uture directions 

CVD are caused by a multitude of genetic and environmental 

isk factors. In this review, we have highlighted CVD-associated 

ell types, genes and proteins, but many more players remain 

o be discovered. The complex interplay between each of these 

actors causes disease, but it remains difficult to distinguish the 

hanges that are the cause versus the consequence of the dis- 

ase. Single-cell data can provide additional insights here by map- 

ing the downstream expression effects (expression quantitative 

rait loci, eQTL) of genetic variants that are associated with CVD 
133 
16,17] . By providing the cellular contexts in which the down- 

tream effects of genetic variants take place, single-cell data could 

ield new insights into pathways activated specifically in CVD, 

hich could then serve as potential therapeutic targets [16,17] . 

urthermore, mapping cell–cell communication using knowledge 

rom known receptor–ligand interaction databases is an impor- 

ant step in gaining a comprehensive understanding of cellular 

hysiology and pathophysiology [89,90] . Skelly et al. recently per- 

ormed such ligand–receptor pair analysis on scRNA-seq data of 

on-cardiomyocyte cells in healthy mouse hearts, which revealed 

ardiac intercellular communication networks for the first time 

91] . Even though the addition of such intercellular communication 

dds a valuable layer of information to our current understand- 

ng of cellular functioning, none of the single-cell CVD studies to 

ate have taken into account the spatial component. With the re- 

ent availability of spatial transcriptomics, it is now possible to ex- 

lore this missing link between spatial and transcriptomic data at 

he single-cell level [30,92] . A helpful online resource of 3D spa- 

iotemporal information about the developing healthy heart, based 

n spatial and scRNA-seq data, recently became available as an on- 

ine tool and can be used as a starting point for exploring this 

patiotemporal link in the context of CVD ( https://hdca-sweden. 

cilifelab.se/a- study- on- human- heart- development/ ) ( Box 1 ) [30] . 

So far, studies have characterized cell types and provided in- 

ights into the inflammatory process post-MI, but spatial informa- 

ion concerning the location and interaction between cell types re- 

ained to be elucidated. Kuppe et al. ( Preprint ) combined three 

echniques (snRNA-seq, scATAC-seq and spatial transcriptomics) to 

enerate a comprehensive, spatially resolved map of MI that char- 

cterizes and visualizes distinct zones of injury, repair and remod- 

ling post-MI [23] . They also identified post-MI cardiac fibrosis to 

e driven by differentiation of fibroblasts to myofibroblasts, in line 

ith the findings by Forte et al., and to be regulated by the tran- 

cription factor runt-related transcription factor 1 (RUNX1) [21,23] . 

n integrative analysis of snRNA-seq with scATAC-seq data re- 

ealed myofibroblast differentiation to be driven by the TGF β sig- 

aling pathway, which is regulated through interaction of RUNX1 

ith the downstream transcription factor SMAD1. The transcrip- 

ion factor RUNX1 activates the TGF β pathway driving cardiac fi- 

rosis and could aid as potential therapeutic target post-MI [23] . 

he Kuppe et al. study exemplifies how integration of single-cell 

nd spatial transcriptomics data increases the resolution of our un- 

erstanding of MI. With this extra dimension, we expect to gain 

ore detailed insights into the role of cell–cell communication be- 

ween diseased and nearby healthy tissue that could open up new 

pproaches for treatment strategies across the CVD continuum. 

onclusion 

We have discussed the advances and promises of recent appli- 

ations of single-cell technologies across the CVD continuum from 

 translational perspective. We find that single-cell analysis has led 

o the development of cellular atlases and the identification of sub- 

ets of cells involved in CVD. Furthermore, we have discussed new 

nsights into the role of immunological cells in CVD and the di- 

ection of future research in the field. In sum, we present recently 

merged tools and discuss new insights that can be used in de- 

eloping therapeutic strategies to minimize progression across the 

VD continuum. 
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