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BACKGROUND: Myocardial infarction (MI) is characterized by the emergence of dead or dying cardiomyocytes and excessive 
immune cell infiltration after coronary vessel occlusion. However, the complex transcriptional profile, pathways, cellular inter-
actome, and transcriptional regulators of immune subpopulations after MI remain elusive.

METHODS AND RESULTS: Here, male C57BL/6 mice were subjected to MI surgery and monitored for 1 day and 7 days, or 
sham surgery for 7 days, then cardiac CD45- positive immune cells were collected for single- cell RNA sequencing to de-
termine immune heterogeneity. A total of 30 135 CD45+ immune cells were partitioned into macrophages, monocytes, 
neutrophils, dendritic cells, and T or B cells for further analysis. We showed that macrophages enriched for Olr1 and dif-
ferentially expressed Gpnmb represented 2 crucial ischemia- associated macrophages with distinct proinflammatory and 
prophagocytic capabilities. In contrast to the proinflammatory subset of macrophages enriched for Olr1, Gpnmb- positive 
macrophages exhibited higher phagocytosis and fatty acid oxidation preference, which could be abolished by etomoxir 
treatment. In addition to macrophages, MI triggered prompt recruitment of neutrophils into murine hearts, which constituted 
the sequential cell- fate from naïve S100a4- positive, to activated Sell- high, to aging Icam1- high neutrophils. In silico tools 
predicted that the excessively expanded neutrophils at 1 day were attributed to chemokine C- C motif ligand/chemokine 
C- X- C motif ligand pathways, whereas CD80/inducible T- cell costimulator (ICOS) signaling was responsible for the immu-
nosuppressive response at day 7 after MI. Finally, the Fos/AP- 1 (activator protein 1) regulon was identified as the critical 
regulator of proinflammatory responses, which was significantly activated in patients with dilated cardiomyopathy and 
ischemic cardiomyopathy. We showed the enriched Fos/AP- 1 target gene loci in genome- wide association study signals 
for coronary artery diseases and MI. Targeting Fos/AP- 1 with the selective inhibitor T5224 blunted leukocyte infiltration and 
alleviated cardiac dysfunction in the preclinical murine MI model.

CONCLUSIONS: Taken together, this single- cell RNA sequencing data lay the groundwork for the understanding of immune cell 
heterogeneity and dynamics in murine ischemic hearts. Moreover, Fos/AP- 1 inhibition mitigates inflammatory responses and 
cardiac dysfunction, which might provide potential therapeutic benefits for heart failure intervention after MI.
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Myocardial infarction (MI), initiated by sudden 
and severe occlusion of coronary vessels, is 
the leading cause of mortality worldwide.1 After 

ischemia, dynamic cell cascades ensue to limit tissue 
injury and promote healing.2 Immune cells coordinate 
cardiomyocyte responses by scavenging dead mate-
rials3 or non- cardiomyocyte responses by activating 
fibroblasts and endothelial cells to promote scar for-
mation and angiogenesis,4 highlighting the critical role 
of immune cells in the pathology of MI.

Acute ischemic injury triggers the dynamic in-
flux of innate immune cells, including mast cells, 

macrophages, neutrophils, and natural killer (NK) cells 
in the inflammatory phase (1– 3 days post MI), and 
adaptive immune cells (T and B cells) in the reparative 
phase (3– 7 days post MI).5 However, rather than occur-
ring as a homogenous population, these immune cells 
exhibit diverse ontogeny and pathological functions. 
Using genetic fate mapping, heart transplantation, and 
single- cell RNA sequencing (scRNA- seq), it is reported 
that CCR2− macrophages originate from the yolk sac, 
replenish via self- proliferation, and take priority over 
antigen presentation and efferocytosis under ischemic 
conditions. In contrast, CCR2+ macrophages originate 
from circulating monocytes and are maintained via 
monocyte recruitment.6– 9 In line with macrophages, 
neutrophils are promptly recruited into the infarcted 
sites after MI and exhibit heterogeneous functional pat-
terns. Horckmans et al revealed that neutrophils help 
modulate macrophage function toward a reparative 
phenotype.10 The plasticity of neutrophils is evidenced 
by the prominent proinflammatory N1- neutrophils 
1 day post MI, along with increased anti- inflammatory 
N2- neutrophils 5 days post MI.11 These findings sug-
gest that immune cells exhibit diverse dynamics and 
functional patterns after MI, and discriminating specific 
immune clusters with marker genes can provide clues 
for precise targeting and yield therapeutic benefits in 
the treatment of MI.

Immune responses after ischemic injuries consist 
of early proinflammatory and late reparative phases, 
which are complex and highly coordinated processes. 
Consecutive proinflammatory responses can exac-
erbate ischemic injuries, leading to the progression of 
cardiac remodeling and heart failure.12 In this regard, 
the underlying mechanisms of immune transition from 
proinflammatory to immunosuppressive responses 
after MI have become a topic of interest. It is reported 
that macrophages downregulate the expression of 
proinflammatory genes, such as interleukin- 6 (IL- 6), 
TNF (tumor necrosis factor), and MMP9 (matrix metal-
loproteinase 9), while upregulating TGF- β (transforming 
growth factor- beta) and VEGF (vascular endothelial 
growth factor) expression to foster angiogenesis and 
wound healing.13,14 In addition, γδT cells may suppress 
the production and mobilization of neutrophils into the 
infarcted heart by secreting IL- 17A, which is responsi-
ble for the resolution of inflammation and improvement 
of cardiac remodeling.15,16 Considering the prominent 
value of orchestrated inflammatory and immunosup-
pressive responses in cardiac remodeling and heart 
failure after MI, it is critical to understand the mecha-
nisms of immune transition from activation to resolution. 
Using scRNA- seq technology, researchers have identi-
fied novel immune cell clusters and regulatory networks 
among a series of cardiac diseases, including MI,17,18 
cardiac hypertrophy,19 atherosclerosis,20 and heart fail-
ure.21 However, several issues remain unexplored: (1) 

CLINICAL PERSPECTIVE

What Is New?
• Using single- cell RNA sequencing of CD45+ 

leukocytes after myocardial infarction (MI), we 
demonstrated the dynamic influx of immune 
cells under ischemia and showed 2 ischemia- 
associated macrophage subsets that were 
infiltrated at 1 and 7 days after myocardial in-
farctionwith discrete inflammatory effects and 
fuel preference.

• The Fos/AP- 1 (activator protein 1) regulon was 
identified as the critical regulator of proinflam-
matory responses, which was significantly ac-
tivated in patients with dilated cardiomyopathy 
and ischemic cardiomyopathy. Moreover, Fos/
AP- 1 inhibition attenuated cardiac leukocyte in-
filtration and cardiac adverse remodeling.

What Are the Clinical Implications?
• Immune cells coordinate cardiac healing pro-

cesses after MI and play critical role in the pa-
thology of MI; therefore, deciphering the diverse 
dynamics and functional patterns of specific 
immune clusters provides clues for precise 
targeting and yields therapeutic benefits in the 
treatment of MI.

• Fos/AP- 1 acted as a key regulator of cardiac 
proinflammatory responses and inactivated 
Fos/AP- 1 signaling provide potential strategic 
insights for clinical MI intervention and heart fail-
ure prevention.

Nonstandard Abbreviations and Acronyms

CCL chemokine C- C motif ligand
CXCL chemokine C- X- C motif ligand
FAO fatty acid oxidation
PB peripheral blood
SASP senescence- associated secretory 

phenotype
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Does ischemia induce specific immune dynamics and 
functional patterns during the early and late healing 
process? (2) Is any factor or cell- to- cell communica-
tion responsible for the initiation and suppression of 
inflammation responses? (3) Does any transcriptional 
regulon govern the proinflammatory responses and fur-
ther cardiac dysfunction, and is any therapeutic benefit 
achieved by targeting these key regulons?

To address these questions, we performed scRNA- 
seq analysis to explore the heterogeneities of CD45+ 
immune cells at 7 days post sham surgery and at 1 day 
and 7 days post MI. This analysis identified 2 ischemia- 
associated macrophage subsets that were shared at 
1 day and 7 days after MI with discrete inflammatory 
effects and fuel preference. Neutrophils emerged as 
an early responsive element of MI, displaying differ-
ential developmental states from mature to aging. We 
also confirmed that the chemokine C- C motif ligand/
chemokineC- X- C motif ligand (CCL/CXCL) pathways 
were responsible for the recruitment of myeloid cells 
1 days after MI, whereas the CD80/inducible T- cell co-
stimulator (ICOS) interactome derived from dendritic 
cells (DCs) and Ly6c- low monocytes contributed to the 
resolution of immune responses. Finally, we showed 
that Fos/AP- 1 (activator protein 1) acted as a key regu-
lator of cardiac proinflammatory responses, inactivated 
Fos/AP- 1 signaling with its specific inhibitor, T5224, at-
tenuated cardiac leukocyte recruitment, and mitigated 
cardiac dysfunction after MI, providing strategic in-
sights for MI intervention and heart failure prevention.

METHODS
The data that support the findings of this study are 
available from the corresponding author upon reason-
able request. All other supporting data are available in 
the article and supplemental material.

Availability of Data and Materials
All relevant data are available in the figures and supple-
mental material. Raw and analyzed RNA- sequencing 
data generated during this study will be available in the 
Gene Expression Omnibus repository once this study 
is accepted.

Animal Studies
Eight- week- old male C57BL/6 mice used in this study 
were purchased from the Shanghai Laboratory Animal 
Center (Shanghai, China) and maintained under a 
12:12 hour light– dark cycle. All animal experimen-
tal procedures were approved by the Animal Care 
Committee of Shanghai Jiao Tong University School 
of Medicine and were conducted according to the in-
stitutional guidelines. Further details can be found in 
Data S1.

Human Subjects
Peripheral blood (PB) used in this study was collected 
from controls and patients with acute coronary syn-
drome (ACS) before coronary angiography surgery. All 
enrolled patients gave written informed consent. This 
study was reviewed and approved by the Institutional 
Review Board of Ruijin Hospital, Shanghai Jiao Tong 
University School of Medicine (Ref. no: 2018- 183) 
and conformed to the ethical guidelines of the 1975 
Declaration of Helsinki.

Detailed descriptions of experimental design and 
methods, including the MI model, single cell isola-
tion and fluorescence- activated cell sorting assay, 
RNA- seq library preparation and scRNA- seq, quality 
control of scRNA- seq data, cell clustering and an-
notation, differentially expressed genes (DEGs) and 
pathway enrichment analyses, single- cell regulatory 
network inference and clustering analysis, functional 
score calculation, cellular interactome analysis, flow 
cytometry assay, mouse bone marrow- derived mac-
rophage isolation and treatment, quantitative reverse 
transcription- polymerase chain reaction, western blot-
ting, fluorometric phagocytosis assay, and echocardi-
ography are provided in Data S1.

Statistical Analysis
Data are presented as mean±SEM for preclinical data 
or mean ± SD for the clinical characteristics of enrolled 
patients and were statistically analyzed using SPSS 
software (version 23; SPSS Inc., Chicago, IL, USA) or 
Rstudio (version 1.4.1106) software. The Shapiro– Wilk 
test or the Kolmogorov– Smirnov test was conducted 
to assess the distribution of data normality. For data 
that passed the normality test, differences between 
2 groups were compared using 2- tailed unpaired 
Student’s t- tests, data with more than 2 groups were 
compared using 1- way (1 variable) or 2- way (more than 
2 variables) ANOVA followed by least significant differ-
ence or Bonferroni’s post hoc test. For data that did 
not meet the normality distribution, the Mann– Whitney 
test (2 groups) and the Kruskal- Wallis test followed by 
Dunn post hoc test (more than 2 groups) were used. 
Ns referred to not significant. Statistical significance 
was considered at *P<0.05, **P<0.01, and ***P<0.001.

RESULTS
scRNA- Seq Identified Immune Cells of 
Myocardial Infarction
To delineate the immune repertoire of MI in the early 
inflammatory and late reparative phases, we per-
formed fluorescence- activated cell sorting exper-
iments to collect live cardiac CD45+ leukocytes at 
7 days post sham or 1 day or 7 days post MI surgery 
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(Figure S1A) and subjected them to scRNA- seq using 
the 10× Genomics Chromium platform and reagents 
(Figure  1A). Doublets in each sample were detected 
and removed using the scrublet package (Figure S1B). 
After passing a quality- control filter, the resulting cell 
library consisting of sham (n=9591), MI- 1D (n=10 943), 
and MI- 7D (n=9601) immune cells was merged for fur-
ther analysis using the Seurat package (Figure S1C). 
Cell subpopulations were clustered according to their 
differentially expressed marker genes and annotated 
by matching their marker genes with the CellMarker 
website and previously published scRNA- seq data 
sets.19,20 Most immune cell types were identified, in-
cluding macrophages, monocytes, neutrophils, NK 
cells, DCs, B cells, and T cells, with matched transcrip-
tional profiles and putative biological roles (Figure 1B 
through 1E, Data  S2, and Figure  S1D). For example, 
macrophages with the highest expression of Mrc1, 
Arg1, Adgre1, Csf1r, Cx3cr1, and Ms4a7 (Figure  1D) 
were enriched in phagosome and lysosome path-
ways (Figure 1E). Neutrophils with high expression of 
S100a9, S100a8, Retnlg, and Mmp9 were enriched in 
TNF-  and NF- kappa B (nuclear factor- kappa B) signal-
ing pathways (Figure 1E). The T cells (highly expressed 
Cd3g, Cd3d, Cd28) exhibited effects of Th17, Th1, 
and Th2 cell differentiation and T- cell receptor signal-
ing pathways (Figure 1E). To exclude confounding cell 
clusters evoked by tissue dissociation or fluorescence- 
activated cell sorting procedures as described previ-
ously,22 we checked the expression of immediate early 
genes and did not observe significantly upregulated 
immediate early gene scores in identified cell clusters 
(Figure S1E). To gain further insight into the dynamics of 
immune subpopulations, we showed that the distribu-
tion of cell lineages was shared between sham and MI 
conditions while exhibiting differential cell proportion. 
Specifically, a remarkable infiltration of neutrophils was 
observed at 1 day after MI surgery, and macrophages 
expanded at 7 days post operation compared with the 
sham sample (Figure 1F), which was consistent with 
our previous reports using flow cytometry.23 Taken 
together, these results revealed that murine hearts 
shared immune lineages under sham and ischemic 
conditions and that MI triggered dynamic immune flux 
in early inflammatory and late reparative phases.

Two Ischemia- Associated Macrophages 
Exhibited Differential Biological Functions 
and Energetic States
We further investigated the dynamics and functional 
discrepancy of monocytes and macrophages under 
ischemic conditions. Nine distinct monocyte/mac-
rophage subclusters were identified in this scRNA- 
seq data, including 3 tissue- resident macrophages 
(MAC_TRs), 2 monocytes, and 4 ischemia- associated 

macrophage subclusters with differentially expressed 
marker genes (Figure 2A and Figure S2A). Except for 
3 MAC_TR subsets, the proportion of monocytes and 
ischemia- associated macrophages was increased 
after MI surgery (Figure S2B). MAC_Olr1 (macrophages 
enriched for Olr1) were the largest subset at 1 day post 
MI (15% of all CD45+ immune cells), whereas the num-
bers of MAC_Gpnmb (differentially expressed Gpnmb) 
sharply increased at 7 days post MI (Figure  2B and 
Figure  S2B). In line with their distinct dynamics, we 
observed consistently upregulated MAC_Olr1 expres-
sion at 1 day and MAC_Gpnmb level at 7 days post MI 
in scRNA- seq and RNA- seq data24 (Figure 2C), sug-
gesting their disparate functional patterns during MI 
progression.

To decipher the functional differences between 
MAC_Olr1 and MAC_Gpnmb, pathway enrichment 
analysis revealed that the MAC_Olr1 subcluster was 
associated with the NF- kappaB signaling pathway; 
however, enrichment of lysosome and cholesterol 
metabolism pathway was found in the MAC_Gpnmb 
cluster (Figure  2D). Macrophages were previously 
classified into M1 or M2 groups; however, it has been 
reported that the heterogeneities of macrophages 
are too complex to fit in the simple M1/M2 model.18 
To further determine their functional states, we exam-
ined the gene signatures related to myeloid- derived 
suppressor cells,25 senescence- associated secretory 
phenotype (SASP),26 M2 and M1 macrophages, and 
phagocytosis in macrophage subsets. High SASP and 
myeloid- derived suppressor cell scores were found in 
MAC_Olr1, whereas MAC_Gpnmb exhibited higher 
phagocytosis scores than the MAC_Olr1 clusters 
(Figure 2E). Compared with MAC_Gpnmb, MAC_Olr1 
was associated with activated leukocyte migration and 
cytokine production driven by upregulated Cxcl2, Ccl9, 
Ccl24, Il1b, and Trem1 (Figure 2F and Figure S2C). In 
contrast, MAC_Gpnmb was enriched for lipid me-
tabolism and endocytosis pathways, with increased 
levels of Gpnmb, Fabp5, and Trem2 (Figure  2F and 
Figure  S2C). Previous publications have demon-
strated that metabolic reprogramming contributed to 
macrophage plasticity and functional changes, high-
lighted the positive relationship between glycolysis and 
proinflammatory macrophages.27 Indeed, we found 
MAC_Olr1 displayed higher SASP scores and gly-
colysis scores than MAC_Gpnmb clusters displayed 
(Figure  2G and 2H). By contrast, the phagocytosis 
and fatty acid oxidation (FAO) scores were consistently 
increased in MAC_Gpnmb clusters, indicating a pos-
itive link between phagocytosis and FAO (Figure  2G 
and 2H). To determine whether similar MAC_Olr1 and 
MAC_Gpnmb subsets, especially the functional pat-
terns, occur in public scRNA- seq data, we jointly an-
alyzed the data sets of Farbehi et al18 and King et al,28 
which included total non- cardiomyocytes and CD45+ 
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Figure 1. scRNA- seq identifying CD45+ immune cells under homeostatic and infarcted conditions.
A, Schematic diagram of scRNA- seq analysis to detect cardiac immune cells at 7 days post sham surgery, MI- 1D, and MI- 7D. B, UMAP plot 
showing included immune cells at 7 days post sham surgery, MI- 1D, MI- 7D. Cell lineages are denoted according to the expression of marker 
genes and colored accordingly. C, UMAP plot represented cells from sham, MI- 1D, and MI- 7D samples. D, Feature plots showing scaled 
expression of marker genes for macrophages, monocytes, neutrophils, NK, DCs, B and T cells, and proliferation- like cells (Prol cell). E, Kyoto 
Encyclopedia of Genes and Genomes pathway analysis (KEGG) based on differentially expressed marker genes determined the biological 
function of different cell lineages. F, Proportion of immune cells at 7 days post sham surgery, MI- 1D, and MI- 7D. DC indicates dendritic 
cells; FACS, fluorescence- activated cell sorting; MI, myocardial infarction; MI- 1D, 1 day after MI surgery; MI- 7D, 7 days after MI surgery; 
NF, nuclear factor; NK, natural killer; scRNA- seq, single- cell RNA sequencing; and UMAP, uniform manifold approximation and projection.
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leukocytes after MI. Integrated analysis revealed that 
a distinct macrophage subset overlapped with the 
MAC_Gpnmb cluster identified in our scRNA- seq data 
(Figure  S3A). Notably, we also observed the uniform 
enrichment of phagocytosis and FAO signaling within 
Gpnmb- positive macrophages in public scRNA- seq 
data sets (Figure S3B).

Considering the concomitant activation of phagocy-
tosis and FAO in Gpnmb- expressed macrophages, we 
investigated whether Gpnmb modulated phagocytotic 
capacity dependent on FAO activity. To address this 
hypothesis, we first examined the mRNA expression 
of phagocytosis- related genes in bone marrow- derived 
macrophages with or without the FAO inhibitor, etomoxir, 
and found markedly downregulated Marcks, Marco, and 
Vav1 expression after FAO inhibition (Figure S4A). The 
bone marrow- derived macrophages were then trans-
fected with Gpnmb adenovirus or the empty control 
(Figure S4B through S4D) and treated with etomoxir for 
24 hours. Using fluorometric red latex beads, we showed 
that macrophages overexpressing Gpnmb were more 
efficient at phagocytosis than the control group; however, 
the inhibition of FAO abolished Gpnmb- induced phago-
cytic potential (Figure 2I through 2L, Figure S4E). Taken 
together, these results suggest that 2 distinct macro-
phage subsets emerge after MI with distinctive functions 
and energetic states. The MAC_Olr1 cluster populated 
at 1 day post MI is characterized by upregulated SASP 
and glycolysis, whereas MAC_Gpnmb exhibits stronger 
phagocytosis and FAO preference.

Two Distinct Monocyte Subsets Exhibited 
Proangiogenesis or Immune Regulatory 
Capacities
We further determined the heterogeneity of 2 mono-
cyte clusters, Mo_Ly6c and Mo_Ear2, with differentially 

expressed Ly6c2 and Ear2 (Figure S2A). Monocytes 
have been previously classified into classical pro-
inflammatory (Ly6Chi monocytes) and nonclassical 
prohealing (Ly6Clo monocytes) groups.29 Classical 
monocytes are recruited to the infarcted hearts 1 day 
post MI and play dominant roles in inflammation, tis-
sue vascularization, and angiogenesis.30,31 In contrast, 
Ly6Clo monocytes peak at 7 days after MI and play 
crucial roles in inflammatory resolution, angiogen-
esis, and adaptive immune response.32– 34 To clarify 
the effects of monocyte subsets, we performed DEG 
pathway enrichment analyses between Mo_Ly6c and 
Mo_Ear2 at 1 day and 7 days post- MI, respectively. 
Compared with Mo_Ear2, Mo_Ly6c at 1 day post MI 
exhibited upregulated neutrophil migration and granu-
locyte chemotaxis genes, including Ly6c2, Ccl2, Ccr2, 
Lgals3, and Ccl9 (Figure S5A and S5B). Comparing 
the DEGs of 2 monocyte subsets at 7 days after MI, 
Mo_Ear2 exhibited distinctive functions in the immune 
effector process, whereas the upregulated genes 
in Mo_Ly6c mapped to VEGF production signaling 
(Figure  S5C and S5D). These observations suggest 
that monocytes possess heterogeneous functions 
in the inflammatory and reparative phases. Mo_Ly6c 
was related to proinflammatory response and angio-
genesis, and the Mo_Ear2 cluster likely participated in 
adaptive immune modulation after MI.

Identifying a Unique Folr2+ Tissue 
Resident Macrophage Cluster
Among 3 clusters of MAC_TRs, MAC_TR_c2 exclu-
sively expressed Folr2, Timd4, and Lyve1 (Figure S2A; 
Figure 3B and 3C), similar to the previously described 
Timd4- cluster.8 Timd4+ macrophages were reported 
as the most conserved tissue resident macrophage 
subset among multiple organs in mice and humans, 

Figure 2. Two ischemia- associated macrophage subpopulations contributed to inflammation and phagocytosis.
A, UMAP plot showing 9 monocyte/macrophage subpopulations at 7 days post sham surgery, MI- 1D, and MI- 7D. B, MAC_Olr1 and 
MAC_Gpnmb is distinguished by the differential expression of Olr1 and Gpnmb, as visualized by the feature plot. C, Top: Violin plots 
showing the scaled expression of macrophage Olr1 and Gpnmb in scRNA- seq (n=6554, 5361, 7468 in sham, MI- 1D, and MI- 7D, 
respectively; Kruskal– Wallis followed by Dunn test). Bottom: Determining the transcriptional expression of macrophage Olr1 and 
Gpnmb in public RNA- seq data sets after MI (n=4 for each group; 1- way ANOVA followed by Bonferroni test). D, Gene ontology (GO) 
analysis with differentially expressed marker genes of monocytes (Mo_Ear2, Mo_Ly6c) and macrophages (IFNIC, MAC_Olr1, MAC_
Gpnmb). E, Dot plot exhibiting scores of SASP, MDSC, phagocytosis, M2 and M1 macrophages in monocyte and macrophage subsets. 
F, GO pathway analysis of differentially upregulated genes in MAC_Olr1 and MAC_Gpnmb subsets. G, UMAP plots showing the 
scaled level of SASP, glycolysis, phagocytosis, and FAO in monocyte/macrophage subsets. H, Quantitative results of SASP, glycolysis, 
phagocytosis, and FAO in MAC_Olr1 and MAC_Gpnmb subclusters (n=5004, 3855 in MAC_Olr1 and MAC_Gpnmb; Mann– Whitney 
test). I, BMDMs with or without Gpnmb overexpression treated with etomoxir or PBS and subjected to fluorometric phagocytosis assay. 
Scale bar: 20 μm. J, Phagocytotic index referring to panel I, quantified by the ratio of macrophages with fluorometric red- Latex beads 
among all CytoTrace Green- positive cells (n=10, 14, 9, 11, respectively, 2- way ANOVA followed by least significant difference test). K, 
Ability of macrophage phagocytosis, as determined by flow cytometry analysis. L, Quantification of panel K (n=4 for each group; 2- way 
ANOVA followed by least significant differencetest). Ad indicates adenovirus; BMDM, bone marrow- derived macrophage; FAO, fatty 
acid oxidation; IFNIC, macrophages with a type I interferon signature; MAC_Gpnmb, macrophage with differentially expressed Gpnmb; 
MAC_Olr1, macrophage enriched for Olr1; MDSC, myeloid- derived suppressor cell; NF, nuclear factor; NOD, nucleotide- binding and 
oligomerization domain; SASP, senescence- associated secretory phenotype; scRNA- seq, single- cell RNA sequencing; and UMAP, 
uniform manifold approximation and projection.
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and were maintained solely by self- proliferation without 
monocyte contribution.35 Deciphering the functional 
diversity of this MAC_TR cluster with other mac-
rophages would help elucidate its pathophysiological 

roles and optimize targeting strategies. Therefore, 
we assigned all macrophages as either Folr2+ and 
Folr2− macrophages (Figure 3A). Folr2− macrophages 
were defined by upregulated Ccr2 and Lgals3 
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expression and were positively related to proinflam-
matory NF- kappa B signaling, apoptosis, and IL- 17 
signaling pathways (Figure  3B through 3D). On the 
contrary, the hematopoietic cell lineage, lysosome, 

and endocytosis signaling was enriched in Folr2+ 
macrophages (Figure 3D). Furthermore, RNA velocity 
analysis was used to identify the developmental tra-
jectory of macrophages and showed that monocytes 
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contributed to ischemia- associated macrophages; 
however, Folr2+ macrophages were self- renewing with 
minimal monocyte input (Figure 3E), which was con-
sistent with Dick et al’s research.8 To determine the 
transcriptional basis for its unique clonal expansion 
capacity, we interrogated their differences in prolifera-
tive gene expression and transcriptional regulons (TFs) 
activities. Multiple proliferation- related genes and TFs 
controlled cell differentiation and proliferation (such 
as Jund, Tcf4, and Maf) were activated at Folr2+ mac-
rophages rather than the Folr2− macrophages (Fosl1, 
Jdp2, Cebpb) (Figure 3F and 3G), suggesting distinct 
transcriptional patterns and TF networks endowed the 
self- renewing property of Folr2+ MAC.

Based on the exclusive expression of Ccr2, Folr2, 
and MHC II (major histocompatibility complex II), we 
sought to identify the existence and dynamics of Folr2− 
macrophages (CD45+ CD11b+ F4/80+ FOLR2− MHC 
IIhi) and Folr2+ macrophages (CD45+ CD11b+ F4/80+ 
CCR2− FOLR2+ MHC IIint- low) under homeostatic or 
ischemic conditions using flow cytometry (Figure S6). 
Using this gating strategy, we showed a clear Folr2+ 
macrophages subset at 7 days post sham surgery, the 
relative proportions of Folr2+ macrophages decreased 
at 1 day and restored at 7 days after MI (Figure 3H and 
3I). Altogether, these findings suggest that hearts con-
tain distinct Folr2+ tissue resident macrophages that 
exhibit differential biological functions, developmental 
trajectory, and TF activities. We also constructed a 
sorting strategy to isolate and identify this macrophage 
subset.

Neutrophils Exhibited Sequential 
Developmental State After MI
Three neutrophil clusters were identified in the scRNA- 
seq data with differentially expressed marker genes 
and dynamic influx after MI: Neu_Sell with upregulated 
Sell, Retnlg, Cxcr2, and interferon- stimulated genes 
(ISGs, including Ifit1, Ifit3, and Isg15); Neu_Icam1 
with differentially expressed Icam1, Siglecf, Tnf, Il1b, 
and Gpr84; and Neu_S100a4, identified by S100a4, 
S100a10, and Gdf15 (Figure  4A and 4B; Figure  S7A 
and S7B). Previous studies have identified various 

neutrophil subclusters in infection and MI. Xie et al 
performed scRNA- seq analysis of mouse bone mar-
row, blood, and spleen neutrophils and described 3 
circulating neutrophil clusters in the blood and spleen 
(G5a, G5b, and G5c).36 By comparing our neutrophil 
subclusters with those of Xie et al, we found that Neu_
Icam1 matched the G5c subcluster (highly expressed 
Il1b, Cxcr4), and Neu_Sell was related to G5b with up-
regulated ISGs. Vafadarnejad et al comprehensively 
analyzed cardiac LY6G positive neutrophils after MI 
and identified 6 neutrophil subpopulations (Neutro 1– 
6).17 Neutro 1 highly expressed Tnf, Icam1, and Gpr84 
and was similar to our Neu_Icam1 cluster; Neutro 4 
(characterized by Retnlg and Sell expression) and 
Neutro 6 (high level of Gdf15) was related to Neu_Sell 
and Neu_S100a4 clusters in our data set. These stud-
ies confirmed the heterogeneity of neutrophil subclus-
ters in circulating and hearts during infection or MI.

The ontogeny of neutrophils involved granulo-
poiesis, maturation and tissue migration, and ubse-
quent aging and clearing processes.37 In this regard, 
immature neutrophils were classified by the emer-
gence of neutrophil granules (azurophil, specific, and 
gelatinase granules) and secretory vesicles, whereas 
mature neutrophils were characterized by elevated 
Cxcr2 expression, which contributed to their mobili-
zation into blood and inflamed sites. After activation, 
upregulated Icam1 and Cxcr4 mediated homing or 
cleaning of aged neutrophils.38 To discriminate mat-
uration and developmental trajectory of 3 neutrophil 
subclusters, we first compared the transcriptional dif-
ferences of granules, neutrophil activation, and aging 
genes, as previously described.36 Neu_S100a4, with 
low expression of Cxcr2 and Cxcr4, had the highest 
expressed granule genes compared with the other 
neutrophil clusters (Figure 4C; Figure S7C, Data S3). 
In contrast, Neu_Sell had the highest neutrophil che-
motaxis and activation score, and Neu_Icam1 repre-
sented the most aging neutrophil clusters, suggesting 
that the hearts consisted of 3 distinct neutrophil clus-
ters with differential ontogenetic states (Figure 4C). To 
verify these results, we further examined cell fate by 
ordering the direction of cell lineages or by placing all 
neutrophil clusters along the continuous trajectory in 

Figure 3. Isolation and validation of Folr2+ tissue- resident macrophages.
A, UMAP plot showing the reassigned Folr2+ and Folr2− MAC. B, Feature plot showing the differentially expressed marker genes in 
Folr2+ and Folr2− MAC. C, Quantification results of B (n=17 698, 1685 for Folr2− and Folr2+ MAC, respectively; Mann– Whitney test). D, 
KEGG analysis based on differentially expressed marker genes of Folr2+ and Folr2− MAC subsets. E, RNA velocity analysis derived from 
monocyte and macrophage subsets was projected into a UMAP- based plot and visualized as streamlines. F, Heatmap showing the 
expression of proliferation- related genes in Folr2+ and Folr2− MAC at 7 days post sham surgery, MI- 1D, and MI- 7D. G, The differential 
transcriptional regulons in Folr2+ and Folr2− MAC (n=17 698, 1685 for Folr2− and Folr2+ MAC, respectively; Mann– Whitney test). H, Flow 
cytometry analysis determined the Folr2+ and Folr2− MACs with CCR2, MHC II, and FOLR2 antibodies at 1 days and 7 days post MI, 
or 7 days post sham surgery. I, The frequency of Folr2+ and Folr2− MAC subsets under sham or ischemic conditions (n=4, 4, 5, 5, 4, 4, 
respectively; 2- way ANOVA followed by Bonferroni test). KEGG indicates Kyoto Encyclopedia of Genes and Genomes pathway analysis; 
MAC, macrophage; MAPK, mitogen-activated protein kinase; MHC II, major histocompatibility complex II; TNF, tumor necrosis factor; 
and UMAP, uniform manifold approximation and projection.
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Figure 4. Three neutrophil subsets with differential ontogeny from mature, activation, to aging.
A, UMAP plot of 3 neutrophil subpopulations from sham, MI- 1D, and MI- 7D samples. B, Scaled expression of neutrophil marker genes. C, 
Scores of azurophil granules, neutrophil chemotaxis, activation, and aging in 3 neutrophil clusters (n=473, 1689, 2460 in Neu_S100a4, Neu_
Sell, Neu_Icam1, respectively; 1- way ANOVA followed by Bonferroni test). D, Analyzing developmental trajectories of 3 neutrophil clusters 
with monocle method, cells are reordered and colored by pseudotime or by cell type. E, RNA velocity analysis including all neutrophils were 
visualized as streamlines to determine potential differentiation directions. F, Selected top GO terms of Neu_Sell at 7 days post sham surgery, 
MI- 1D, and MI- 7D by comparing uniquely upregulated genes at 1 time point with those of the others. G, The enriched GO categories of 
Neu_Icam1 at sham, MI- 1D, and MI- 7D. H, The activities of transcriptional regulons among 3 neutrophil subsets at sham, MI- 1D, and MI- 
7D. GO indicates gene ontology; MHC II, major histocompatibility complex II; and UMAP, uniform manifold approximation and projection.
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pseudo- time. Combining the results of monocle and 
RNA velocity analysis, we showed that neutrophil mat-
uration started from the Neu_S100a4 clusters without 
obvious division, directed toward Neu_Sell, and ended 
at Neu_Icam1 (Figure 4D and 4E), along with upregu-
lated chemokine (Ccl3, Ccl4, Cxcl2, and Cxcl10) and 
Mmp9 expression (Figure S7D and S7E).

We further investigated the transcriptional dif-
ferences and regulons of neutrophils during MI. 
Compared with the sham group, all neutrophil clusters 
at 1 day exhibited activated immune pathways (such 
as leukocyte cell– cell adhesion, leukocyte migration, 
chemotaxis, and cytokine production), which were rel-
atively resolved in MI- 7D (Figure 4F and 4G; Figure S8A 
and S8B). Notably, the activated immune responses in 
MI- 1D were associated with high Fosl1 and Rara TF ac-
tivities (Figure 4H; Figure S8C). Taken together, these 
findings identified 3 neutrophil subsets with different 
ontogenetic states under homeostatic and ischemic 
conditions.

Verifying scRNA- Seq Results in Murine 
Hearts and Human Peripheral Blood

The scRNA- seq results suggested that ischemic 
heart consisted of 3 neutrophil subclusters; therefore, 
we validated the results of scRNA- seq in murine hearts 
and PB using flow cytometry. The presence of Neu_
Icam1 and Neu_Sell clusters was identified as CD45+ 
CD11b+ LY6G+ ICAM1+ or CD62L+ (Figure  S9A and 
S9B). We found that Neu_Sell represented the largest 
neutrophil subcluster under homeostatic conditions 
(7 days post sham surgery), which was consistent with 
the scRNA- seq results (Figure S7A; Figure 5A and 5B). 
MI led to striking infiltration of neutrophils, involving 
CD62L- high neutrophils (10% versus 16%, sham versus 
MI- 1D, respectively) and ICAM1- positive neutrophils 
(from 7.9% to 22.6% in sham and MI- 1D, respectively; 
Figure 5A and 5B). Furthermore, increased proportion 
of ICAM1- high neutrophils after MI was also observed 
in murine PB (Figure 5C and 5D). To further determine 
the increased Icam1- high neutrophils present in the PB 
of patients with ACS (basic clinical characteristics of 
patients were listed as Table S1), we identified different 
neutrophil subsets in the PB of controls and patients 
with ACS (Figure S9C) and revealed that the propor-
tion of Neu_Icam1 was significantly higher in the PB of 
patients with ACS than in control patients (Figure 5E 
and 5F).

Heterogeneous DCs Were Associated 
With Activation and Resolution of 
Inflammation
DCs are a small subset of hematopoietic cells with 
crucial roles in antigen processing and initiation of 

adaptive immune responses.39 Classical DCs in non-
lymphoid tissues consisting of Cd103+ DCs excel in 
priming CD8+ T cells, whereas Cd11b+ DCs may par-
ticipate in the activation of CD4+ T cells. In addition, 
plasmacytoid DCs display a superior ability to produce 
cytokines, such as interferon- α for innate or adaptive 
immunity.40 To decipher the heterogeneities of DCs in 
ischemic responses, we analyzed DCs in the scRNA- 
seq data and identified 4 DC clusters (DC_Cd11b, 
DC_Cd209, DC_Cd103, and DC_Ccr7) with differen-
tially expressed marker genes (Figure S10A and S10B). 
DC_Cd11b was the largest DC subset under sham 
conditions, whereas the proportion of DC_Cd209 was 
remarkably expanded in MI- 1D with highly expressed 
activation marker Cd69, and the frequency of DC_Ccr7 
cells increased in MI- 7D compared with that in MI- 1D 
(Figure S10C and S10D). To understand the intrinsic het-
erogeneity of DC subpopulations, Kyoto Encyclopedia 
of Genes and Genomes pathway analysis showed that 
the DC_Cd209 and DC_Ccr7 were prominently associ-
ated with IgA production and T- cell differentiation com-
pared with DC_Cd11b and DC_Cd103 (Figure S10E). 
Therefore, we focused on the functional differences 
of DC_Cd209 and DC_Ccr7 subsets. Compared with 
DC_Cd209, a series of immunomodulatory genes 
were increased in DC_Ccr7, including Cd274/PD- L1, 
Icosl, Socs2, and Cd200 (Figure  S10F), which were 
upregulated in MI- 7D compared with sham and MI- 
1D (Figure S10G). In contrast to DC_Ccr7, DC_Cd209 
differentially expressed interferon- induced trans-
membrane proteins (IFITMs, Ifitm1, and Ifitm6) and 
cytotoxicity- associated genes (Klrd1) (Figure S10F and 
S10G). This indicated the proinflammatory effect of 
DC_Cd209 and immunosuppressive role of DC_Ccr7 
in ischemic responses. Furthermore, by analyzing 
the transcriptional regulons responsible for their dis-
tinctive immune phenotypes, we found that DC_Ccr7 
had higher Foxp3 and Sox4 TF activities, whereas the 
activity of Fos and Fosb was markedly increased in 
DC_Cd209 subsets (Figure  S10H). Altogether, these 
findings reveal that 2 distinctive DC subsets exhibit 
varied roles in activating or suppressing immune re-
sponses via Fos/Fosb or Foxp3/Sox4 TF activities.

Different T- Cell and B- Cell Subclusters 
Emerged After MI
A total of 1463 T/NK cells (highly expressing Cd3d, 
Cd4, Cd8, or Gzma) were further partitioned into 7 
subpopulations based on uniquely expressed CD4 
or CD8 genes (Figure  S11A and S11B; Figure  6A). 
The genes related to NK cell- mediated cytotoxicity, 
such as interferon gamma (Ifng), Gzma, and Klrb1c, 
were highly expressed in NK and γδT cells (Figure 6B; 
Figure S11C). CD4_C3_IL17A had the highest level of 
Th17 cytokine (Il17a) among all T- cell clusters. Two 
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naïve T- cell subpopulations were identified with high 
Ccr7 and Lef1 expression (CD4_C1_CCR7 and CD8_
C1_CCR7, Figure S11C). In addition, CD4_C2_CXCR3 
and CD8_C2_Gzmk represented the effector T cells 

and were positively correlated with Th17, Th1, and Th2 
cell differentiation, as well as PD- L1 signaling pathways 
(Figure  S11C and S11D). Consistent with their effec-
tor functions, the frequency of CD4_C2_CXCR3 and 
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CD8_C2_Gzmk was expanded in MI- 7D (Figure  6C). 
To gain a deeper understanding of the transcriptional 
differences of T- cell subclusters under ischemic condi-
tions, we compared the DEGs and enriched pathways 
of CD4_C2_CXCR3 or CD8_C2_Gzmk between MI- 
7D and sham groups. Compared with homeostasis, 
ischemia downregulated T- cell mitochondrial oxidative 
phosphorylation levels, whereas T- cell activation and 
Il- 2 production pathways were significantly activated at 
7 days after MI (Figure 6D and 6E, and Figure S11E and 
S11F). Transcriptional regulon analysis revealed that is-
chemia induced CD4_C2_CXCR3 and CD8_C2_Gzmk 
activation were associated with decreased Jund, Junb, 
and Spib regulon activities, whereas increased Fos, 
Fosb, and Mef2c activities compared with the sham 
group (Figure 6F). Herein, we reported that the Cxcr3+ 
CD4 T cells and the Gzmk+ CD8 T cells represented 
the major adaptive immune cells with activated Fos 
and Fosb activities at 7 days post MI.

A series of studies have described the functional 
diversity of B cells in immune homeostasis. In addi-
tion to their roles in antibody production, B cells can 
secrete cytokines for immune modulation or pre-
sentation to T cells for adaptive immune response.41 
Here, we identified 2 B- cell clusters with differentially 
expressed Cd20 (Ms4a1) and Cd23 (Fcer1g) and de-
noted them B cell_Cd20 and B cell_Cd23 (Figure 6G 
and 6H). Cd20, a nonglycosylated protein, is closely 
related to B- cell maturation, differentiation, and B- cell 
receptor signaling pathways. Preclinical experiments 
have demonstrated that specific deletion of CD20+ B 
cells with anti- CD20 antibody diminishes B- cell mobili-
zation and further limits infarct size and cardiac remod-
eling.42 Moreover, a recent clinical study showed that 
deletion of B cells with a single infusion of rituximab in 
patients with ST- segment– elevation MI decreases their 
circulating B- cell count.43 These studies confirmed the 
deleterious role of CD20+ B cells in cardiac remodel-
ing. Consistent with the results of previous studies, 
we identified CD20+ B cells in our scRNA- seq data, 
which exhibited slight expansion at 1 day (Figure  6I). 
Compared with B cell_Cd23, B cell_Cd20 highly ex-
pressed the B- cell activation marker Cd69 (Figure 6H). 
Taken together, these observations suggest that CD4_
C2_CXCR3, CD8_C2_Gzmk, and B cell_Cd20 cells 

represent activated adaptive immune subpopulations 
after MI.

Identifying Key Immune Interactome on 
Early Innate Immunity and Latter Adaptive 
Immunity Responses
Compared with homeostatic conditions, infarction 
leads to the extensive recruitment of innate or adap-
tive immune cells via redistributed (ligand– receptor) 
expression. Therefore, we investigated cell– cell com-
munication under sham and ischemic conditions to 
understand the potential mechanisms of immune ini-
tiation and resolution in early inflammatory and latter 
reparative phases. First, we analyzed the interactions 
under homeostatic conditions (Figure  S12A). Then, 
by calculating the number of ligand- receptor pairs of 
all cell subclusters in sham, MI- 1D, and MI- 7D using 
the CellChat package,44 we showed that the cell– cell 
communications were significantly enhanced after MI 
(Figure S12B). Specifically, CCL and CXCL chemokine 
signaling, which is critical for circulating myeloid and 
granulocyte recruitment, was remarkably enhanced in 
MI- 1D hearts compared with sham operated hearts. 
By investigating the differentially expressed ligand– 
receptor pairs between MI- 1D and MI- 7D, we found 
that regulatory (such as the CD80 and ICOS) and pro-
healing pathways (such as IL- 10 and insulin- like growth 
factor signaling) were dramatically increased in MI- 7D 
(Figure S12C). These observations suggested that the 
CCL/CXCL pathways were responsible for the initia-
tion of early proinflammatory responses, whereas the 
CD80/ICOS pathways were linked to immune reso-
lution. Computational analysis identified neutrophils 
(Neu_Sell, Neu_Icam1, and Neu_S100a4) as the cen-
tral communication hubs of inbound connections at 
1 day (Figure S13A). Further analysis of the key interac-
tomes of neutrophils showed that myeloid cell- derived 
Cxcl1, Cxcl2, Cxcl3, Ccl6, Ccl7, and Ccl9, along with 
lymphocyte- derived Ccl5, contributed to the early infil-
tration of neutrophils by interacting with their Cxcr2 and 
Ccr1 receptors (Figure S13B and S13C). By focusing 
on the differential interactomes between MI- 1D and MI- 
7D, we revealed that DC_Ccr7 and CD4_C2_CXCR3 
were the central outbound and inbound connections, 

Figure 5. Validating the existence of discrete neutrophil subsets in murine hearts and human peripheral blood with flow 
cytometry.
A, Wild- type mice were subjected to MI surgery for 1 and 7 days, or sham surgery for 7 days. The neutrophil subsets were identified 
by the expression of ICAM1 and Sell/Cd62L using flow cytometry. B, Quantification of A (n=4, 4, 4, 5, 5, 5, 5, 5, 5, respectively; 2- way 
ANOVA followed by Bonferroni test). C, Neutrophils of PB were collected from sham, MI- 1D, and MI- 7D mice, and the frequency of 
ICAM+ or CD62L+ neutrophils among CD45+ cells were calculated. D, Quantification results of panel C (n=3, 3, 4, 4, 3, 3, respectively; 2- 
way ANOVA followed by Bonferroni test). E, PB neutrophils from patients of control subjects and ACS were collected for flow cytometry 
analysis. F, The proportions of Neu_Icam1 and Neu_Sell in patient PB (n=4 for each group, 2- way ANOVA followed by least significant 
difference test). ACS indicates acute coronary syndrome; MI, myocardial infarction; PB, peripheral blood; and PBMC, peripheral blood 
mononuclear cell.
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respectively (Figure  S13D). DC_Ccr7 and Mo_Ear2 
monocytes mediated immune resolution by upregulat-
ing Cd80, Icosl, or Cd274 (PD- L1) expression, which 
acted on CD4 or CD8 cells via Icos, Cd28, and Ctla4 

receptors (Figure  S13E and S13F), suggesting DC_
Ccr7 and Mo_Ear2 played critical roles on late immune 
resolution after MI. Together, these findings suggested 
that the shift of proinflammatory to immunosuppressive 



J Am Heart Assoc. 2022;11:e027228. DOI: 10.1161/JAHA.122.027228 15

Zhuang et al scRNA- seq and Myocardial Infarction

responses was mediated by an orchestrated CCL/
CXCL to CD80/ICOS pathways.

Inhibition of Fos/AP- 1 TF Activity Showed 
Potential Benefits for Cardiac Function 
Improvement After MI
Our scRNA- seq data suggested that the abnormal 
activation of Fos/AP- 1 transcriptional activities was as-
sociated with proinflammatory responses. Specifically, 
the inflammatory Folr2−macrophage clusters dis-
played higher Fosl1/AP- 1 activities than the Folr2+ mac-
rophage subset (Figure 3G). The extensive expansion 
of neutrophils in MI- 1D involved in cytokine produc-
tion and leukocyte migration was positively related to 
higher AP- 1 transcriptional activities than those of the 
sham or MI- 7D groups (Figure 4H). Compared with the 
proresolutive DC_Ccr7 subset, the proinflammatory 
DC_Cd209 subclusters activated immune response 
accompanied by increased Fos/AP- 1 TF signaling 
(Figure S10H). Finally, we confirmed that 2 T- cell sub-
clusters were activated in MI- 7D with increased Fos 
and Fosb TF activities (Figure 6F).

To further determine the roles of Fos/AP- 1 signaling 
in human MI and heart failure, we curated a list of Fos/
AP- 1 target genes, which were differentially expressed 
in this scRNA- seq or reported on the cistrome web-
site (http://cistr ome.org/). We interrogated the activity 
of Fos/AP- 1 by checking the single nucleotide poly-
morphisms in CARDIOGRAMPLUSC4D genome- wide 
association meta- analysis study, which identified risk 
loci for coronary atherosclerotic diseases and MI.45 
The genes and gene- set based analysis revealed that 
Fos/AP- 1 signaling target genes were significantly as-
sociated with the incidence of coronary atherosclerotic 
diseases or MI (Figure  7A, Multi- marker Analysis of 
GenoMic Annotation competitive P=3.6×10−32). Multiple 
Fos/AP- 1 target genes contained MI- associated risk 
loci, such as FAM117B and BBOX1 (Figure 7B, C, and 
Data S4). Furthermore, we analyzed the RNA- seq data 
of patients with dilated cardiomyopathy (n=50) and 
normal patients (n=51, Figure  S14),46 and observed 
the Fos/AP- 1 target genes were extensively dysreg-
ulated in dilated cardiomyopathy hearts (Figure  7D). 
Computational analysis indicated that, compared with 

normal patients, the activity of Fos/AP- 1 signaling was 
markedly increased in patients with dilated cardiomy-
opathy and ischemic cardiomyopathy46,47 (Figure  7E 
and 7F). Additionally, we observed that Fos/AP- 1 sig-
naling was slightly increased in the hearts of patients 
with ischemic cardiomyopathy, meanwhile subjected 
with left ventricular assist devices partially repressed 
the activity of Fos/AP- 1 signaling48 (Figure 7G). These 
RNA- seq data highlighted the positive relationship be-
tween Fos/AP- 1 signaling with the progression of heart 
failure. Together, these data indicated that Fos/AP- 1 
acted as a critical factor of MI and heart failure, and 
we hypothesized that selective Fos/AP- 1 inhibition may 
confer potential benefits for MI treatment.

To address this hypothesis, mice after MI surgeries 
were randomly treated with the selective Fos/AP- 1 in-
hibitor T5224, or its vehicle, orally for 7 consecutive days 
(Figure S15A). Echocardiographic analysis revealed that, 
compared with the vehicle group, T5224 treatment im-
proved cardiac function at 1 and 4 weeks post MI, with 
increased left ventricular ejection fraction and left ventric-
ular fraction shortening, as well as rescued left ventricular 
end- diastolic volume and left ventricular end- systolic vol-
ume (Figure 8A and 8B). Consistent with the echocardio-
graphic results, scar size was significantly decreased in 
T5224- treated mice 4 weeks post MI compared with that 
of the vehicle group (Figure 8C and 8D, and Figure S15B). 
Intriguingly, T5224 supplementation attenuated cardiac 
leukocyte infiltration (CD45+ cells) compared with that 
of vehicle treated mice using flow cytometry analysis. 
Moreover, the abundance of neutrophils (CD45+ Cd11b+ 
LY6G+) and macrophages (CD45+ Cd11b+ LY6G− F4/80+) 
was reduced in T5224- treated hearts, in contrast to that 
seen in the hearts of vehicle mice (Figure 8E and 8F). 
Altogether, these observations revealed that the specific 
inhibition of Fos/AP- 1 TF activities with T5224 effectively 
diminished ischemia- induced immune responses and 
yielded therapeutic benefits by mitigating adverse car-
diac remodeling and heart failure.

DISCUSSION
In this study, we used scRNA- seq technology to in-
vestigate cardiac CD45+ immune cell subsets under 
the early inflammatory and late reparative phases to 

Figure 6. Single- cell RNA sequencing identified the heterogeneity of cardiac T and B cells.
A, Cardiac T/natural killer (NK) cells were separated into 7 subsets and visualized as UMAP plots. Cell types are denoted as different 
colors. B, Feature plots exhibiting the scaled expression of T- cell marker genes (Cd4, Cd8a), IL- 17 cytokines (Il17a), and cytotoxic genes 
(Ifng, Gzma, Klrb1c). C, Dynamic proportion of T/NK subpopulation at 7 days post sham surgery, MI- 1D, and MI- 7D in scRNA- seq data. 
D, Volcano plot showing the transcriptional differences of CD4_C2_CXCR3 between MI- 7D and sham group. E, Top GO terms of CD4_
C2_CXCR3 in sham (Blue) and MI- 7D (Red). F, Boxplots exhibiting the transcriptional regulons of CD8_C2_Gzmk and CD4_C2_CXCR3 
in sham surgery, MI- 1D, and MI- 7D. G, Two B cell subsets were identified in scRNA- seq data and projected into UMAP plot. H, Violin 
plots (top) and feature plots (bottom) showing the scaled expression of Fcer1g, Ms4a1, and B cell activation marker, Cd69 (n=167 and 
1315 in B cell_Cd23, B cell_Cd20, respectively; Mann– Whitney test). I, Frequency of B- cell subsets in sham surgery, MI- 1D, and MI- 7D. 
GO indicates gene ontology; IL- 17, interleukin- 17; scRNA- seq, single- cell RNA sequencing; and UMAP, uniform manifold approximation 
and projection.

http://cistrome.org/
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understand the underlying mechanisms of immune 
initiation and resolution after MI. We showed that 2 
ischemia- associated macrophage groups (MAC_Olr1 
and MAC_Gpnmb) were extensively expanded after 

MI, with distinct immune phenotypes and energy pref-
erences. Proinflammatory MAC_Olr1 clusters with high 
myeloid- derived suppressor cell and SASP scores 
were related to high cellular glycolysis activity. On the 
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other hand, MAC_Gpnmb clusters exhibited increased 
phagocytic capacity and FAO properties. We further 
revealed the requirement of FAO for Gpnmb- mediated 
phagocytosis. Additionally, 3 neutrophil subsets were 
identified in the scRNA- seq data with differential on-
togenetic states, which were validated in murine hearts 
and in the PB of patients with ACS.

We also comprehensively analyzed the transcrip-
tional profiles and regulons of DC, T/NK cells, and B 
cells in the scRNA- seq data to elucidate their specific 
cellular responses after MI. Cardiac healing after MI is 
an orchestrated process that requires timely leukocyte 
recruitment and immunosuppressive responses for 
immune resolution. By focusing on cellular crosstalk, 
we revealed that CCL/CXCL pathways were critical for 
myeloid cell infiltration, while DC_Ccr7 and Mo_Ear2 
subgroups were responsible for the resolution of car-
diac immunity via CD80/ICOS signaling. Finally, we 
revealed that Fos/AP- 1 governed the cardiac inflam-
matory responses and was responsible for the pro-
gression of cardiac dysfunction after MI. Targeting Fos/
AP- 1 with its specific inhibitor, T5224, produced thera-
peutic benefits for MI treatment.

Compared with the MAC_Olr1 subcluster, MAC_
Gpnmb represented the restorative subset with higher 
phagocytic capacity and FAO. Macrophages have 
been described as key factors limiting cardiac inflam-
mation via their phagocytic capacity. After engulfing 
apoptotic cardiomyocytes or debris, macrophages 
show a proresolutive phenotype by upregulating IL- 10 
and TGFβ expression, while downregulating IL- 1β and 
TNF expression.14 In addition, a series of publications 
have linked Gpnmb with macrophage phagocytosis, 
indicating that Gpnmb is a biomarker of lysosome 
and phagocytosis dysfunction.49 Li et al reported that 
Gpnmb expression was markedly upregulated in mac-
rophages during kidney ischemia and was critical for 
phagosome formation and LC3 recruitment.50 By ex-
amining macrophage heterogeneity in a CCL4- induced 
hepatic fibrosis model, researchers have pointed out 
that abundant proreparative macrophages emerged 
during immune resolutive phases with upregulated 
Gpnmb, Igf1, and phagocytosis- related genes,51 which 

confirmed the linkage of Gpnmb with phagocytosis 
and the restorative macrophage phenotype. Beyond 
being an intrinsic trigger of phagocytosis, Gpnmb is 
associated with lipid metabolism and metabolic disor-
ders. In a preclinical high- cholesterol diet model52 and 
human obesity diseases,53 Gpnmb expression was 
significantly elevated. Importantly, Gpnmb contributes 
to lipogenesis of white adipose tissue, suggesting a 
relationship between Gpnmb and lipid metabolism.54 
Here, we observed that MAC_Gpnmb was expanded 
in MI- 7D and was positively correlated with phagocy-
tosis and cellular FAO levels. Overexpressing Gpnmb 
using adenovirus transfection increased macrophage 
phagocytic capacities, while inhibiting FAO with eto-
moxir impaired Gpnmb- induced phagocytosis. 
Considering the intriguing effects of phagocytosis and 
FAO on the switching of macrophage to the prorepar-
ative phenotype, targeting Gpnmb might be a novel 
therapeutic approach for the treatment of MI.

Furthermore, through single- cell regulatory network 
inference and clustering regulon analysis, we identified 
the Fos/AP- 1 TF as the key regulator of proinflammatory 
responses. Increased Fos/AP- 1 activities were observed 
in Folr2− negative inflammatory macrophage, neutrophil, 
DC_Cd209, and T- cell subclusters (CD4_C2_CXCR3 
and CD8_C2_Gzmk) under ischemic conditions. The 
AP- 1 transcriptional regulon comprises the JUN (c- Jun, 
JunB, JunD), FOS (c- Fos, Fosb, Fosl1), ATF (activating 
transcription factor, ATF2, ATF3), and MAF (musculoapo-
neurotic fibrosarcoma, c- Maf, MafB, MafA) families, and 
each member can form homodimers or heterodimers 
with other members to modulate the transcriptional 
events of different genes. The AP- 1 complex controls 
a broad range of cellular processes, including cell pro-
liferation, inflammation, differentiation, and tumorigene-
sis.55,56 A series of published works have reported that 
Fos/AP- 1 contributes to the activation and maintaining of 
inflammatory responses in DCs57 and macrophages.58 
Consistently, our studies reported that the specific 
transactivation of c- Fos, Fosl1, and Fosb resulted in a 
broad- spectrum upregulation of proinflammatory gene 
expression and the increase in local inflammatory mac-
rophage recruitment after MI.59 Palomer et al showed 

Figure 7. Fos/AP- 1 signaling activation was associated with clinical CAD/MI risk and heart failure.
A, Gene- set based analysis of CAD/MI risk signaling in CARDIOGRAMPLUSC4D genome- wide association meta- analysis study 
(GWAS). Fos/AP- 1 target genes (222 genes), and Fos/AP- 1 target genes that were differentially expressed in patients with heart failure 
in RNA- seq data set (56 genes/222 genes, GSE165303) were used as queried gene lists for magma analysis. B and C, Regional 
association plots showing CAD/MI risk- loci. Fos/AP- 1 target genes, FAM177B (B) and BBOX1 (C) were identified as potential risk 
loci. Linkage disequilibrium (r2) was calculated based on the combined 1000 genomes. D, Reanalyzing RNA- seq data (GSE165303) 
of dilated cardiomyopathy (DCM) and control patients (CTL) to determine the dysregulated expression of Fos/AP- 1 signaling in heart 
failure. E through G, Using 222 Fos/AP- 1 target genes, the Fos/AP- 1 activity was determined in RNA- seq data sets of control and DCM 
patients (E, GSE165303, n=51, 50 in CTL and DCM, respectively; Student’s t tests), or control, DCM, and ischemic cardiomyopathy 
(ICM) patients (F, GSE116250, n=14, 37, 13, respectively; 1- way ANOVA followed by Bonferroni test), or the normal, patients with ICM 
before and after left ventricular assist device (LVAD) treatment (G, GSE46224, n=8 for each group; 1- way ANOVA followed by Bonferroni 
test). AP- 1 indicates activator protein 1; CAD, coronary atherosclerosis diseases; MI, myocardial infarction; SNP, single nucleotide 
polymorphism; and TF, transcriptional regulon.
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that Fos protein deficit attenuated cardiac inflammatory 
responses by downregulating IL- 6 and MCP1 (mono-
cyte chemoattractant protein- 1) expression.60 These 
studies suggest inhibiting Fos/AP- 1 activity as a potential 

anti- inflammatory therapeutic treatment for attenuating 
cardiac remodeling and dysfunction after MI. To further 
determine the effects of Fos/AP- 1 signaling in MI, we 
used the Fos/AP- 1 inhibitor T5224 in this study. T5224 
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was first designed for arthritis treatment by Aikawa et al, 
who described that T5224 administration significantly 
suppressed the levels of inflammatory cytokines (IL- 1b, 
IL- 6, and COMP) and MMP3 in vivo and in vitro, indicat-
ing its intriguing role in immune supression.61 Similarly, 
Fos/AP- 1 inhibition with T5224 played anti- inflammatory 
roles in endotoxin- induced acute kidney injury62 and in 
lipopolysaccharide- induced liver injury models.63 For the 
first time, our study explored the effects and underlying 
mechanisms of Fos/AP- 1 inhibition during MI and demon-
strated that T5224 administration effectively suppressed 
cardiac inflammatory responses, reduced infarct size, 
and mitigated cardiac remodeling and heart failure.

Although our study comprehensively explored the 
transcriptional profile, functional changes, and regu-
lons of cardiac immune cells under early inflammatory 
and late reparative phases, there are some limitations 
that should be acknowledged. First, this study was 
designed to explore the heterogeneity of immune cells 
after MI; therefore, our scRNA- seq data only included 
CD45+ immune cells. Nonimmune cells, including fibro-
blasts, endothelial cells, and cardiomyocytes, were not 
detected in this data set. Therefore, we could not com-
pare the DEGs of nonimmune cells under homeostatic 
or ischemic conditions, or determine the cellular cross-
talk between nonimmune and immune cells. Second, 
our scRNA- seq data detected only a minor proportion 
of adaptive immune cells under sham or ischemic con-
ditions, which impeded the efficiency to dissect and 
explore the heterogeneity of T/B cells and their T- cell 
receptor or B- cell receptor changes. Comprehensive 
scRNA- seq studies with enriched T/B cells are needed 
in the future. Finally, in this study, we used male mice 
for all preclinical experiments, which are widely used as 
an ideal research tool for cardiac diseases. However, 
potential sexual dimorphism can exist in specific cell lin-
eages or novel cell subclusters, and further scRNA- seq 
studies that include female mice should be conducted 
to survey any sexual dimorphism of immune cells under 
homeostatic or ischemic conditions.

CONCLUSIONS
In conclusion, this study provides a potential re-
source for the understanding of cardiac immune 
responses in early inflammatory and late reparative 

phases of MI. We also identified Fos/AP- 1 as the 
central regulator of cardiac immune responses. 
Insights involving their regulatory effects and func-
tional results after inhibitor administration provide 
preclinical data for MI treatment.
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SUPPLEMENTAL MATERIAL 

 



Data S1. Supplemental Methods 

 

Myocardial infarction model 

To create a myocardial infarction (MI) model, cardiac ischemia was induced via permanent left 

anterior descending artery ligation. Briefly, 8-week-old male C57BL/6 mice were anesthetized 

with 1.5% isoflurane. After incubation and mechanical ventilation with isoflurane gas (1.0%), 

the mice were laid out on a 37°C temperature-controlled plate, and the heart was exposed by 

opening the chest at the 3-4 intercostal. After removing the pericardium, the left anterior 

descending artery was ligated with an 8-0 silk suture and the chest and skin were subsequently 

closed with 5-0 and 3-0 silk sutures, respectively. In the sham group, all mice underwent an 

identical procedure, except for artery ligation. 

 

Human subjects 

To determine the neutrophil subsets, peripheral blood of control and patients with acute 

coronary syndrome (ACS) were collected from patients who underwent coronary angiography 

(CAG) surgery in 2021 at the cardiovascular center of Ruijin Hospital. ACS patients who had 

acute chest pain, electrocardiograph evidences (e.g., ST segment alteration, new T wave 

inversion, and new-onset left bundle block), increased myocardial injury markers, and CAG 

showed more than 50% stenosis of an epicardial coronary artery were enrolled and blood 

samples were obtained before CAG surgery. The control patients who had no acute systemic 

diseases and CAG showed intact coronary arteries or with < 50% coronary stenosis were 

included in this study. The basic characteristics of ACS and control subjects are summarized in 

Table S1. 

This study conformed to the ethical guidelines of the 1975 Declaration of Helsinki. All patients 

gave written informed consent. This study was registered in https://www.clinicaltrials.gov; 

Unique identifier: NCT05450757 (Shanghai ST-segment Elevation Myocardial Infarction 

Cohort) and was approved by Institutional Review Board of Ruijin Hospital, Shanghai Jiao 

Tong University School of Medicine (Ref. no: 2018-183). Additionally, we re-analyzed three 

published RNA-seq data of human heart failure, their institutional review board (IRB) approval 

and basic clinical information of enrolled patients were collected from corresponding articles 

and summarized in Figure S14. 

 

Single cell isolation and fluorescence-activated cell sorting (FACS) assay 

After MI or sham surgery, the mice were euthanized and sacrificed for flow cytometry or FACS 

analysis. After transcardial perfusion with 10 mL phosphate-buffered saline (PBS), the hearts 

were immediately collected and immersed in tissue storage solution (#130-100-008, Miltenyi 

Biotec, Bergisch Gladbac, Germany) for further processing. The heart samples were then cut 

into small pieces (1-3 mm3), transferred into 50 mL centrifuge tubes with 5 mL digestive 

enzyme (1 mg/mL collagenase II, 0.2 mg/mL DNase I), and digested on a rotating shaker at 

220 rpm at 37°C for 30 min. A single-cell suspension was obtained and mixed with Roswell 

Park Memorial Institute (RPMI) 1640 medium containing 10 % fetal bovine serum (FBS). A 

second-round digestion was conducted by adding fresh enzyme buffer until the tissue mass 

disappeared. The single-cell suspension was filtered through a 70 μm filter, centrifuged at 500 

× g for 5 min, and resuspended in stain buffer (FBS; #554656, BD Biosciences, San Jose, CA, 



USA).  

To sort CD45+ immune cells, the live cells were first identified using an Aqua fixable viability 

kit (#423101, BioLegend, San Diego, CA, USA) for 30 min in the dark according to the 

manufacturer’s instructions. The cells were then stained with anti-mouse CD45 antibody 

(#103133, BioLegend) for 45 min and sorted using a MoFlo Astrios EQ cell sorter (Beckman 

Coulter, Brea, CA, USA). The sorted CD45+ immune cells were collected and stained with 

trypan blue to determine cell viability for single cell RNA sequencing (scRNA-seq) analysis.  

 

RNA-seq library preparation and scRNA-seq 

The scRNA-seq libraries were prepared using the Chromium Single Cell 3 v.3 assay (10× 

Genomics) with the following steps: cells were loaded onto the microwell chip at a 

concentration of 106 cells / mL, RNA was extracted, reverse transcription for cDNA, and qPCR 

was performed to identify cell information and labeling barcodes. The cDNA library was 

sequenced on a NovaSeq 6,000 platform (Ilumina, San Diego, CA, USA), following the 

manufacturer’s instructions.  

The detected raw reads were mapped to the mouse genome (mm10) based on the number of 

barcodes and unique molecular identifiers (UMI) using the Cell Ranger pipeline (v3.0.1, 10× 

Genomics). For each sample, Cell Ranger generated a merged expression matrix with gene-

barcode-UMI counts for further processing. 

 

Quality control of scRNA-seq data, cell clustering, and annotation 

The sample from 7 d after sham, 1 d (MI-1D), and 7 d after (MI-7D) MI surgery was passed 

for scRNA-seq to generate raw data. The merged digital matrix of sham, MI-1D, and MI-7D 

was first passed through quality control to remove low-quality cells according to the following 

criteria: sham, percentage of mitochondrial genes > 10%, cells expressing less than 200 genes 

or more than 3,500 genes; MI-1D: percentage of mitochondrial genes > 7.5%, expressing less 

than 200 genes or more than 3,500 genes; MI-7D, percentage of mitochondrial genes > 12%, 

expressing less than 200 genes or more than 3,500 genes. This resulted in a total of 30,135 

CD45+ immune cells for further normalization, dimensional reduction, and clustering analysis 

using the Seurat package with default parameters.  

The integrated scRNA-seq data from sham, MI-1D, MI-7D samples were scaled and centered 

using the “ScaleDate” function in Seurat, and variable genes were identified with the 

“FindVariableFeatures” function. Furthermore, principal component analysis was conducted 

based on variable genes, and the first 30 principal components were transferred for cell-

clustering analysis using the “FindNeighbors” and “FindClusters” functions. In this dataset, the 

cell subpopulations were identified using a resolution setting of 0.9 and visualized as uniform 

manifold approximation and projection (UMAP) plots. The identity of different cell subsets 

was investigated with the “FindAllMarkers” function, which enabled identification of highly 

expressed marker genes in each cell cluster. Cell types were manually annotated by comparing 

the expression of marker genes with that of well-known cell type-specific genes, by searching 

the CellMarker website (http://biocc.hrbmu.edu.cn/CellMarker/index.jsp), or by matching with 

previous publications. The function of cell lineages was also confirmed by Kyoto Encyclopedia 

of Genes and Genomes (KEGG) or Gene Ontology (GO) pathway enrichment analysis to reveal 

their biological functions.  



 

Differentially expressed genes (DEGs) and pathway enrichment analysis 

The DEGs between cell clusters were identified using the standard area under curve (AUC) 

classifier in the Seurat package. DEGs were identified with a log2-fold change threshold of 0.2 

and Bonferroni-adjusted p-values < 0.01 using the “FindMarkers” function. The DEGs of 

subsets were visualized as heatmaps or volcano plots and used as the input dataset for further 

GO or KEGG pathway analyses.  

DEGs of different cell clusters were subjected to further pathway enrichment analysis using the 

ClusterProfiler package. GO analysis was conducted using the “enrichGO” function with the 

biological process category; differential GO terms were identified by Bonferroni adjusted p-

values < 0.05.  

 

Single-cell regulatory network inference and clustering (SCENIC) analysis 

The transcriptional regulators of different immune cell subsets in sham, MI-1D, and MI-7D 

were identified using the SCENIC package. The expression matrix, including gene names, cell 

barcodes, and normalized expression data, was generated for further investigation using the 

Seurat package. First, transcriptional regulatory networks were constructed to identify the 

potential regulons based on the co-expression matrix using the GENIE3 package. Then, by 

inferring the “mm9-tss-centered-10kb” database, we determined the directed transcription 

factor-binding motifs using RcisTarget analysis. Finally, we calculated activity of the regulatory 

networks in the full dataset using AUCell scoring. 

 

Functional score calculation 

To investigate the functional score of cell subpopulations, we calculated the scaled expression 

of gene signatures related to cell biological functions. The gene lists related to glycolysis, 

OXPHOS, senescence-associated secretory phenotype (SASP), fatty acid oxidation (FAO), 

phagocytosis, myeloid-derived suppressor cells (MDSCs), M1-and M2-macrophages, 

neutrophil azurophil granules, neutrophil chemotaxis, neutrophil activation, neutrophil aging, 

specific granules, gelatinase granules, and secretory vesicles were derived from previous 

publications and were provided in Data S3. The functional scores were defined by the Z-score 

weighted expression of specific gene signatures using the Caret package. Specifically, gene 

expression was set from 0 to 1 among all cells, and the functional scores were obtained by 

summarizing all scaled gene signatures. The results are displayed as boxplots or feature plots, 

as indicated. 

 

Cellular interactome analysis 

Cell-cell communication networks were assessed based on differentially expressed ligands and 

receptors among sub-clusters using the CellChat package. After adjusting the p-value using the 

Benjamini-Hochberg method, significant connections between ligands and receptors were 

included for other analyses at a p-value < 0.05. Cell-cell communications, including specific 

ligand and receptor interaction under sham conditions were visualized as dot plots to reveal the 

potential interactome using the “netAnalysis_dot” function.  

The altered cellular interactomes between MI-1D with sham conditions, between MI-7D with 

MI-1D were further investigated. The changes in interactome strength under different 



conditions were determined using the “compareInteractions” function, and the stimuli-related 

signaling pathways were identified using the “rankNet” function. The differential interactomes 

among the inflammatory or reparative phases were selected for further analysis using default 

parameters.  

 

Flow cytometry assay 

The hearts were collected and digested for flow cytometry assay as described in Single cell 

isolation and fluorescence-activated cell sorting (FACS) assay. Here, we focused on specific 

staining procedures for scRNA-seq validation in murine hearts and in human peripheral blood 

(PB). 

For macrophage identification, a single-cell suspension was stained with a live/dead kit 

(#423101, BioLegend) for 30 min in the dark. BV421-conjugated anti-mouse CD45, PE-

conjugated anti-mouse F4/80, APC/CY7-conjugated anti-mouse CD11b, PE/CY7-conjugated 

Ccr2, Percp/CY5.5-conjugated anti-mouse MHC II, and AF647-conjugated anti-mouse FOLR2 

antibodies were mixed and incubated with the cell suspension for 45 min in dark. The cells 

were washed and resuspended in FACS buffer for further analysis. 

For PB neutrophil staining, blood samples from mice and patients were collected and stored in 

EDTA (Ethylenediaminetetraacetic acid)-containing tubes. To remove the extra red blood cells 

(RBCs), an RBC lysis solution was added to the blood sample, then rested at 4°C for 10 min 

and centrifuged at 500 × g for 5 min. Cell pellets were collected and stained with BV421-

conjugated anti-mouse CD45, BV605-conjugated anti-mouse LY6G, APC/CY7-conjugated 

anti-mouse CD11b, APC-conjugated anti-mouse CD62L or APC-conjugated anti-human CD66, 

FITC-conjugated anti-human CD16, and PE-conjugated anti-human CD62L (BioLegend, San 

Diego, CA, USA) at 4°C for 45 min in dark. The cell suspension was fixed and permeabilized 

with Fix/Perm Buffer at 4°C for 30 min and stained with PE-conjugated anti-mouse ICAM1 or 

PE/CY7-conjugated anti-human ICAM1 (BioLegend, San Diego, CA, USA) at 4°C for 30 min 

in the dark.  

 

Mouse bone marrow-derived macrophage isolation and treatment 

Eight-week-old C57BL/6 male mice were sacrificed via cervical dislocation and disinfected 

with 75% ethanol. Two femur bones were dissected, their surrounding muscles were carefully 

removed, and the clear bones were immersed in 75% ethanol for disinfection. The bones were 

washed twice with PBS containing penicillin (100 units/mL) and streptomycin (0.1 mg/mL) 

and cut along the joints to expose the bone marrow. After flushing with RPMI 1640 using a 10 

mL sterile syringe, the collected bone marrow was disassociated using a plastic pipette and 

passed through a 70 μm cell strainer. The cells were cultured using RPMI 1640 medium 

containing penicillin (100 units/mL), streptomycin (0.1 mg/mL), 10% FBS, and 30 ng/mL 

recombinant mouse macrophage colony-stimulating factor (M-CSF, #416-ML-010, R&D 

Systems, Minneapolis, MN, USA) for 3 d, then the RPMI 1640 medium with penicillin (100 

units/mL), streptomycin (0.1 mg/mL), 10% FBS, 10 ng/mL M-CSF changed and cultured for a 

further 4 d.  

To determine phagocytic capacity, bone marrow-derived macrophages (BMDMs) were first 

transfected with adenovirus encoding GPNMB or an empty control virus with a multiplicity of 

infection of 10 for 24 h. The cells were then treated with lipopolysaccharide (LPS, 300 ng/mL, 



Sigma-Aldrich, St Louis, MO, USA) and IFNγ (100 ng/mL, Peprotech, Rocky Hill, NJ, USA) 

supplemented with or without the FAO inhibitor etomoxir (10 μM, MedChemExpress, 

Princeton, NJ, USA) for 24 h. 

 

Reverse transcription-polymerase chain reaction (RT-PCR) 

Total RNA was extracted from BMDMs using the TRIzol reagent (Invitrogen, C determine 

arlsbad, CA, USA), and 1 μg of total RNA was reverse-transcribed into cDNA using the 

TAKARA PrimeScript RT reagent kit with gDNA eraser (#RR047A; TaKaRa Bio Inc., Shiga, 

Japan). cDNA (0.5 μL) was then mixed with qPCR SYBR Green Master Mix (Vazyme Biotech, 

Nanjing, China) and 0.25 μM primers to obtain a final volume of 10 μL, which was subjected 

to quantitative real-time PCR using a QuantStudioTM 6 Flex Realtime PCR System (Applied 

Biosystems, Foster City, CA, USA). The relative mRNA expression levels were quantified 

using the comparative 2-∆∆CT method and normalized to Gapdh expression. The primers used to 

determine the expression of specific genes are listed below:  

Mouse - Marcks (Forward: 5’-CTGAGCGGCTTCTCCTTCAA-3’ 

Reverse: 5’-TCTTGAATTGCGTGAGGGCT-3’), 

Mouse - Marco (Forward: 5’-GCACAGAAGACAGAGCCGAT-3’ 

Reverse: 5’-AGTGATCCATTGCCACAGCA-3’), 

Mouse - Trem2 (Forward: 5’-ACAGCACCTCCAGGAATCAAG-3’ 

Reverse: 5’-CCTGGCTGGACTTAAGCTGT-3’), 

Mouse - Vamp7 (Forward: 5’-ATTCTTTTTGCTGTTGTTGCCAGG-3’ 

Reverse: 5’-CCAGAATCTGCTCTGTCACCT-3’), 

Mouse - Vav1 (Forward: 5’-TTAACAACCTGCTTCCCCAGG-3’ 

Reverse: 5’-AATCGCTGCAGAGGCTTCAT-3’), 

Mouse - Gpnmb (Forward: 5’-ACACTGGCCTGTTTGTCTCC-3’ 

Reverse: 5’-GCTTGTCCTGGAGCAATGGA-3’), 

Mouse - Gapdh (Forward: 5’-GCCTTCCGTGTTCCTACC-3’ 

           Reverse: 5’-CCTCAGTGTAGCCCAAGATG-3’). 

 

Western blotting 

The level of GPNMB was measured using western blotting. Briefly, cultured cells were 

homogenized with sodium dodecyl sulfate (SDS) lysis buffer (50 mM Tris, pH 8.1, SDS, 

sodium pyrophosphate, β-glycerophosphate, sodium orthovanadate, sodium fluoride, EDTA, 

and leupeptin) containing phenylmethanesulfonyl fluoride and phosphatase inhibitor cocktail 

(Roche). The samples were then denatured by mixing with the loading buffer and boiled at 

100 °C for 10 min. Next, 10 μg of cleared lysate was subjected to sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto polyvinylidene fluoride 

(PVDF) membranes (Millipore, Billerica, MA, USA). The membranes were blocked with 5% 

milk at room temperature for 1 h and incubated with primary antibodies overnight at 4°C, 

followed by incubation with horseradish peroxidase-conjugated secondary antibodies (1:5000 

in 5% milk) at room temperature for 1 h. Specific protein bands were detected using the ECL 

detection reagent (Tanon, Shanghai, China). The antibodies and dilutions used are listed as 

follows: GPNMB (#20338-1-AP; Proteintech, Wuhan, China; 1:1,000) and GAPDH (#97166, 

Cell Signaling Technology, Danvers, MA, USA; 1:1,000).  



 

Fluorometric phagocytosis assay 

To determine macrophage phagocytosis, BMDMs were washed with PBS after adenovirus 

transfection and prepared for Cell MeterTM Fluorimetric Phagocytosis Assay (AAT Bioquest, 

Sunnyvale, CA, USA) according to the manufacturer’s instructions. Briefly, 12.5 μL of 

ProtonexTM 600 Red-Latex Beads Conjugate solution was diluted with 150 µL RPMI 1640 

medium and added to the BMDM for 8 h of incubation. Then, 12.5 µL CytoTraceTM Green 

working solution was added, and the samples were incubated for a further 30 min. At the end 

of the experiments, the cells were washed twice with PBS and immediately analyzed using 

microscopy or flow cytometry. 

 

Echocardiography 

Mice were subjected to echocardiography at one and four weeks after MI surgery to determine 

cardiac function. Echocardiographic analysis was performed using a Vevo 2100 high-resolution 

digital-imaging system (Visual Sonics, Toronto, Canada) equipped with an MS400 transducer. 

Briefly, mice were anesthetized using isoflurane (1.5% mixed with oxygen) in a box, and then 

were gently restrained on a temperature-controlled plate at 37°C without isoflurane to maintain 

desirable heart rate during echocardiograph data acquisition. Ventricular M-mode ultrasound 

was performed at the papillary muscle level to assess the left ventricular function.



Data S2. Perfect marker genes of cell subpopulations in scRNA-seq data 

Data S3. Full gene list for functional scores 

Data S4. Statistical summary of Fos/AP-1 target genes in GWAS and RNA-seq analysis 

 

       

               

                 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table S1. Baseline characteristics of acute coronary syndrome (ACS) and control 

subjects 

 
Control 

n = 4 

ACS 

n = 4 
p value 

Age (y), mean ± SD 67.25 ± 5.38 69.00 ± 3.65 0.610 

Male, n (%) 2 (50.00) 3 (75.00) 1.000 

BMI (kg/m2), mean ± SD 24.07 ± 3.30 24.00 ± 2.70 0.975 

Smoking, n (%) 0 (0.00) 3 (75.00) 0.143 

Drinking, n (%) 0 (0.00) 2 (50.00) 0.429 

Medical history 

Hypertension, n (%) 3 (75.00) 1 (25.00) 0.486 

Diabetes, n (%) 1 (25.00) 1 (25.00) 1.000 

Hypercholesterolemia, n (%) 1 (25.00) 2 (50.00) 1.000 

Physiological Parameters, mean ± SD 

Systolic BP (mmHg) 137.00 ± 26.09 148.25 ± 26.22 0.565 

Diastolic BP (mmHg) 74.00 ± 18.76 90.25 ± 15.73 0.233 

Heart rate (BPM) 71.25 ± 2.63 77.25 ± 20.69 0.586 

LVID; d (mm) 53.25 ± 6.45 51.75 ± 5.56 0.737 

LVID; s (mm) 35.50 ± 7.55 36.50 ± 5.92 0.842 

LVEF (%) 63.00 ± 12.91 56.00 ± 6.32 0.368 

LVFS (%) 34.75 ± 9.18 29.25 ± 4.11 0.316 

Laboratory Examinations, mean ± SD 

WBC (x10^9/L) 4.63 ± 1.45 12.38 ± 3.65 0.008 

NE (%) 52.30 ± 11.67 82.53 ± 6.69 0.004 

LY (%) 35.05 ± 12.44 10.80 ± 4.82 0.011 

RBC (x10^12/L) 4.02 ± 0.56 4.63 ± 0.55 0.166 

Hemoglobin (g/L) 120.00 ± 9.76 146.75 ± 22.68 0.073 

Glucose (mmol/L)  5.13 ± 0.29 8.35 ± 4.50 0.394 

HbA1c (%) 6.05 ± 0.42 6.73 ± 1.19 0.326 

Triglycerides (mmol/L) 1.28 ± 0.26 1.10 ± 0.43 0.490 

Total cholesterol (mmol/L) 4.79 ± 1.21 4.78 ± 1.70 0.998 

HDL (mmol/L) 1.20 ± 0.23 1.06 ± 0.09 0.295 

LDL (mmol/L) 3.01 ± 1.02 3.29 ± 1.70 0.783 

AST (IU/L) 19.50 ± 2.08 182.25 ± 118.51 0.033 

ALP (IU/L) 66.50 ± 16.66 79.50 ± 11.00 0.241 

BUN (mmol/L) 5.83 ± 1.29 5.13 ± 1.30 0.474 

Creatinine (μmol/L) 67.50 ± 13.23 90.25 ± 28.61 0.199 

Uric acid (μmol/L) 336.25 ± 81.69 335.00 ± 122.22 0.987 

Albumin (g/L) 38.25 ± 0.96 40.00 ± 6.98 0.637 

NT-proBNP (pg/mL) 254.33 ± 264.57 599.35 ± 680.54 0.381 

cTnI (ng/mL) 1.433 ± 1.08 74281.85 ± 71089.1 0.138 

CK-MB (ng/L) 1.30 ± 0.10 191.20 ± 179.96 0.135 

hsCRP (mg/L) 1.92 ± 1.59 50.75 ± 84.91 0.376 



INR 0.98 ± 0.07 1.31 ± 0.16 0.009 

D-Dimer (mg/L) 0.49 ± 0.21 0.91 ± 0.36 0.092 

Medication, n (%) 

ACEI/ARB 2 (50.00) 3 (75.00) 1.000 

β-Blocker 4 (100.00) 4 (100.00) 1.000 

CCB 1 (25.00) 0 (0.00) 1.000 

Statin 3 (75.00) 3 (75.00) 1.000 

anti-platelet drugs 3 (75.00) 4 (100.00) 1.000 

Continuous data were presented as mean ± SD (Standard Deviation); Category data were presented 
as number (percentage, %). Significances between ACS group and control subjects were obtained 
using Chi-squared Test (for category data), or Student-t test (for continuous data). 

ACS = acute coronary syndrome; BMI = body mass index; BP = blood pressure;  
LVID; d = left ventricular end-diastolic internal diameter;  
LVID; s = left ventricular end-systolic internal diameter; 
LVEF = left ventricular ejection fraction; 
LVFS = left ventricular fraction shortening; 
WBC = white blood cell; NE = neutrophil; LY = lymphocyte;  
RBC = red blood cell; HbA1c = Hemoglobin A1c;  
HDL = high density lipoprotein; LDL = low density lipoprotein;  
AST = aspartate transaminase; ALP = alkaline phosphatase;  
BUN = blood urea nitrogen; NT-proBNP = N-terminal pro brain natriuretic peptide;  
cTnI = cardiac troponin I; CK-MB = creatine kinase-MB; 
hsCRP = high sensitivity C reactive protein; INR = international normalized ratio; 
CCB = calcium channel blocker. 
 
 
 



Figure S1. Sample information and quality control of single-cell RNA sequencing (scRNA-

seq) data. 

 
(A) Gating strategy of fluorescence-activated cell sorting (FACS) experiments to collect single 

CD45+ immune cells under sham or ischemic conditions. (B) Doublets were identified using 

scrublet package in each sample and removed for further analysis. UMAP plots showing the 

predicted doublets and doublet score. (C) Violin plots showing the parameters including 



number of genes, number of unique molecular identifiers (UMIs), and percentage of 

mitochondrial UMIs in three scRNA-seq samples. (D) Scaled expression of marker genes in 

identified cell lineages. Relative expression of each gene is colored across all cell lineages. (E) 

Violin plot showing the expression of immediate early genes across all cell lineages. UMAP, 

uniform manifold approximation and projection.



Figure S2. Cell identity of monocyte/macrophage subpopulations under homeostatic and 

ischemic conditions.  

 

(A) Violin plot showing the scaled expression of marker genes in nine monocyte/macrophage 

subpopulations. (B) Proportion of macrophage subpopulations in sham, MI-1D, and MI-7D. 

(C) Volcano plot showing differentially upregulated genes in MAC_Olr1 (red dots) and 

MAC_Gpnmb subsets (blue dots). MI-1D, and MI-7D. MI, myocardial infarction; MI-1D, 1 d 

after MI surgery; MI-7D, 7 d after MI surgery.



Figure S3. The MAC_Gpnmb and MAC_Olr1 subset was identified in other published 

single cell RNA sequencing data. 

 
(A) Reference based analysis of our scRNA-seq data with non-cardiomyocytes scRNA-seq at 

0-, 3-, and 7-days after MI (Farbehi et al., 2019), with CD45+ leukocytes at 0 and 4-days after 

MI (King et al., 2017). Feature plots showing scaled Olr1 and Gpnmb expression in three 

scRNA-seq datasets. (B) Feature plots determining the levels of SASP, glycolysis, phagocytosis, 



and FAO in three scRNA-seq datasets. Correlated expression of SASP and glycolysis, 

phagocytosis and FAO were observed in public scRNA-seq datasets. SASP, senescence-

associated secretory phenotype; FAO, fatty acid oxidation. 



Figure S4. Gpnmb was associated with macrophage phagocytosis.  

 
(A) BMDMs were treated with FAO inhibitor etomoxir (Eto) or PBS for 24 h, and the mRNA 

expression of phagocytosis-related genes were determined by real-time quantitative 

polymerase chain reaction (RT-qPCR) assay (n = 3~4 for each group; Student’s t-tests). (B) 

BMDMs were transfected with Gpnmb adenovirus (Ad-Gpnmb) or the control virus (Ad-ctl), 

and the mRNA level of Gpnmb were determined using RT-qPCR (n = 5 for each group; 

Student’s t-tests). (C) Western blot assay determining GPNMB protein levels after adenovirus 

transfection. (D) Quantification results of panel C (n = 3 for each group; Student’s t-tests). (E) 

Microscopy analysis of macrophage phagocytosis with or without Gpnmb overexpression, data 

corresponding to Figure 2I. Scale bar: 50 μm (top) and 20 μm (bottom). BMDM, bone marrow-

derived macrophage. 

 

 

 

 

 

 

 



Figure S5. Single cell RNA sequencing identified heterogeneous Ly6chi and Ly6clo 

monocyte subsets. 

 

(A) Volcano plots showing DEGs between Mo_Ly6c and Mo_Ear2 in MI-1D. (B) Enriched GO 

categories showing differential biological pathways between Mo_Ly6c and Mo_Ear2 in MI-

1D. (C) Volcano plots showing DEGs of Mo_Ly6c and Mo_Ear2 in MI-7D. (D) Cnetplot of 

differentially enriched GO pathways of Mo_Ly6c and Mo_Ear2 in MI-7D. DEG, differentially 

expressed genes. GO, gene ontology. 



Figure S6. Validation of cardiac Folr2+ tissue resident macrophages. 

 

Gating strategy used to separate cardiac Folr2+ MAC and Folr2- MAC subsets with Ccr2, MHC 

II, and Folr2 antibodies using flow cytometry. Fluorescence minus one (FMO) control (bottom) 

of Ccr2, MHC II, and Folr2 was included for precise gating.  



Figure S7. Three neutrophil subsets were identified with differential transcriptional 

profiles and ontogenies.  

 

(A) Proportion of neutrophil subsets at sham, MI-1D, and MI-7D. (B) Heatmap showing the 

scaled expression of marker genes for Neu_Icam1, Neu_Sell, and Neu_S100a4. (C) Levels of 

granule-related genes (specific granules, gelatinase granules, and secretory vesicles) in three 

neutrophil subclusters (n = 473, 1,689, 2,460 in Neu_S100a4, Neu_Sell, Neu_Icam1, 

respectively; one-way ANOVA followed by Bonferroni test). (D) Monocle trajectory analysis 

showing potential developmental directions of neutrophil subsets. (E) Heatmap showing 

dynamic gene expression during cell differentiation. 



Figure S8. Differential transcriptome and regulons of neutrophil subsets after MI. 

 

(A) Differentially expressed genes (DEGs) of Neu_Sell at sham, MI-1D, and MI-7D. DEGs are 

summarized as a heatmap. (B) DEGs of Neu_Icam1 at sham, MI-1D, and MI-7D, shown as a 

heatmap. (C) Feature plot showing regulon activities of Fosl1, Rara, Nfatc1, and Mafb in three 

neutrophil subsets under homeostatic and ischemic conditions.  



Figure S9. The gating strategies for identifying murine cardiac, murine PB, and human 

PB neutrophil subsets.  

 
(A) Representative gating strategy to identify different neutrophil subsets in murine hearts. The 

fluorescence minus one (FMO) control of CD62L and ICAM1 was used to eliminate potential 

spillover during cell gating. (B) Gating strategy for identifying neutrophil subsets of murine 

PB. (C) Gating strategy for determining neutrophil subsets in human PB. The FMO control of 



CD62L and ICAM1 was used for precise cell gating. PB, peripheral blood.



Figure S10. Single cell RNA sequencing revealed the heterogeneity of DC subsets after 

myocardial infarction. 

 
(A) UMAP plot exhibiting four DC subclusters in this scRNA-seq data. (B) Distinctive 

expression of marker genes in four DC subpopulations. (C) Proportions of DC subsets at sham, 

MI-1D, and MI-7D. (D) The relative expression of Cd69 in four DC subsets at sham, MI-1D, 

and MI-7D. Dot size represented the percentage of cells expressing CD69, while the dot color 



represented the scaled expression of Cd69 in DC subsets. (E) KEGG analysis showing the 

differentially enriched pathways of DC subsets. (F) DEGs between DC_Ccr7 and DC_Cd209, 

displayed as a volcano plot. (G) Differentially expressed immunosuppressive genes (Socs2, 

Cd247, Icosl) and cytotoxic genes (Ifitm1, Ifitm6, Klrd1) in DC_Ccr7 and DC_Cd209 under 

homeostatic and ischemic (MI-1D and MI-7D) conditions. (H) Compared the transcriptional 

regulons differences of DC_Ccr7 and DC_Cd209 subsets after MI. UMAP, uniform manifold 

approximation and projection; KEGG, Kyoto Encyclopedia of Genes and Genomes pathway 

analysis; DEGs, differentially expressed genes.



Figure S11. Identifying T cell subsets in single cell RNA sequencing data. 

  

(A) UMAP plot showing the identity of T/NK cells. (B) Scaled expression of Cd3d, Cd4, Cd8a, 

and Gzma in all cell clusters. (C) Violin plot showing the scaled expression of marker genes in 

T/NK cell subpopulations. (D) KEGG analysis determining differential pathways of T/NK cell 

clusters. (E) Volcano plot showing differentially expressed genes of CD8_C2_Gzmk compared 

MI_7D (red) with sham (blue). (F) GO analysis determining the enriched pathways of 

CD8_C2_Gzmk at sham or MI-7-days. UMAP, uniform manifold approximation and projection; 

KEGG, Kyoto Encyclopedia of Genes and Genomes pathway analysis; GO, gene ontology. 

 



Figure S12. Cell-cell interactome in early inflammatory and late reparative phases. 

 
(A) Dot plots showing the expression of ligands (left) and receptors (right) in sham group, 

representing the potential cellular interactome under homeostatic conditions. (B) The weighted 

interaction strength of sham, MI-1D, and MI-7D groups in the single cell RNA sequencing data. 

(C) Top affected interactome pathways comparing MI-1D with sham (top), or comparing MI-

7D with MI-1D in the single cell RNA sequencing dataset. 



Figure S13. Immune cell cross-talk in the inflammatory and reparative phases. 

 
(A-C) Interrogated cellular interaction in the early inflammatory phases. (A) Comparison of 

incoming (receptors) and outgoing (ligands) paths in all subpopulations between MI-1D and 

sham. (B) Comparison of cellular ligand-receptor interactomes between MI-1D and sham. CCL 

and CXCL ligands derived from monocytes/macrophages or T cells contributing to the 

recruitment of neutrophils via Cxcr2 and Ccr1 receptors in MI-1D. (C) Violin plots showing 



scaled expression of Cxcl2, Ccl6, Ccl5, Cxcr2, and Ccr1 in immune cells. (D-F) Comparison 

of the differential ligand and receptor levels between MI-7D and MI-1D. (D) Comparison of 

weighted incoming and outgoing paths in all immune cells between MI-7D and MI-1D. (E) 

Immunosuppressive signaling of ICOS and PD-L1 from Ly6c-low monocytes and DC_Ccr7 

cells were responsible for the resolution of immune responses. (F) Violin plots showing the 

scaled expression of Cd80, Cd274, Icosl, Icos, Cd28, Ctla4 in immune cells. CCL, chemokine 

C-C motif ligand; CXCL, chemokine C-X-C motif ligand.



Figure S14. The institutional review board (IRB) approval and clinical information of 

three RNA-seq datasets.  

 
(A) Three heart failure RNA-seq datasets were re-analyzed in this study, and their respective 

GEO accession number, IRB approval were collected from corresponding articles. (B) The 

basic clinical information of enrolled patients in RNA-seq data were summarized from source 

table of corresponding articles.



Figure S15. Fos/AP-1 inhibition attenuated cardiac remodeling after MI. 

 

(A) Schematic diagram showing the workflow for Fos/AP-1 inhibition. Wild-type mice were 

treated with T5224 (30 mg/kg/d) or its vehicle for seven consecutive days after MI operation. 

Flow cytometry was performed to determine the number of leukocytes in MI-1D and MI-7D, 

and echocardiography was performed at one and four weeks after surgery. (B) Masson 

trichrome staining of vehicle-treated or T5224-treated mice at four weeks after surgery. This 

was an expanded panel of Figure 8C. 
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