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Abstract 

Rationale  

Monocytes and macrophages have a critical and dual role in post-ischemic cardiac repair, as 

they can foster both tissue healing and damage. To decipher how monocytes/macrophages 

acquire heterogeneous functional phenotypes in the ischemic myocardium, we profiled the 

gene expression dynamics at the single-cell level in circulating and cardiac 

monocytes/macrophages following experimental myocardial infarction (MI) in mice. 

Methods and results 

Using time-series single-cell transcriptome and cell surface epitope analysis of blood and 

cardiac monocytes/macrophages, as well as the integration of publicly available and 

independently generated single-cell RNA-seq data, we tracked the transitions in circulating and 

cardiac monocyte/macrophage states from homeostatic conditions up to 11 days after MI in 

mice. We show that MI induces marked and rapid transitions in the cardiac mononuclear 

phagocyte population, with almost complete disappearance of tissue resident macrophages 1 

day after ischemia, and rapid infiltration of monocytes that locally acquire discrete and time-

dependent transcriptional states within 3 to 7 days. Ischemic injury induced a shift of circulating 

monocytes towards granulocyte-like transcriptional features (Chil3, Lcn2, Prtn3). Trajectory 

inference analysis indicated that while conversion to Ly6Clow monocytes appears as the default 

fate of Ly6Chi monocytes in the blood, infiltrated monocytes acquired diverse gene expression 

signatures in the injured heart, notably transitioning to two main MI-associated macrophage 

populations characterized by MHCIIhi and Trem2hiIgf1hi gene expression signatures. Minor 

ischemia-associated macrophage populations with discrete gene expression signature 

suggesting specialized functions in e.g. iron handling or lipid metabolism were also observed. 

We further identified putative transcriptional regulators and new cell surface markers of cardiac 

monocyte/macrophage states.  

Conclusions  

Altogether, our work provides a comprehensive landscape of circulating and cardiac 

monocyte/macrophage states and their regulators after MI, and will help to further understand 

their contribution to post-myocardial infarction heart repair. 
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Introduction 

Macrophages are critically involved in post-myocardial infarction (MI) cardiac repair, where 

they have a dual role as they can either promote tissue repair or precipitate myocardial damage 

(1). In the acute post-MI phase, the dynamics and cellular mechanisms governing cardiac 

macrophage heterogeneity as well as acquisition of specific states harboring pro-healing or 

pathogenic functional capacities are not fully understood. 

Recent studies have pinpointed macrophage ontogeny as a potential driver of cardiac 

macrophage phenotype, and indicate that tissue resident macrophages that self-renew 

independently of monocyte input have cardioprotective functions (2), (3), (4). After infarction, 

the abundance of resident macrophages in the ischemic area drastically drops, and 

macrophages in the infarcted myocardium mostly derive from recruited monocytes that 

massively infiltrate the heart in the first week after MI (2), (3), (5), (6). In contrast to tissue 

resident subsets, monocyte-derived macrophages are thought to promote inflammation and 

tissue damage in the murine or human heart (2),(3),(4),(7). However, several lines of evidence 

indicate that monocyte-derived macrophages not only foster tissue damage, but are also 

required for post-MI cardiac repair. Reduced monocyte supply to the heart (6) or defects in 

emergency monopoiesis (8) result in defective post-MI cardiac healing. Although they are 

initially disposed towards pro-inflammatory activities, cardiac infiltrating Ly6Chi monocytes 

gradually differentiate into pro-tissue healing F4/80hiLy6Clo macrophages (9), and impairment 

in this differentiation process hampers myocardial repair (10),(11). Recent studies further 

indicate that tissue injury causes emergence of functionally distinct atypical monocyte subsets 

in the periphery such as segregated-nucleus-containing atypical monocytes (SatM) (12), Ym1+ 

monocytes (13), or monocytes displaying a granulocyte-like state (14), but whether this occurs 

after MI is unknown. Given the preponderance of monocyte derived macrophages in the post-

MI heart and their dual role as actors of the healing process or perpetrators of tissue damage, 

it is crucial to precisely understand the mechanisms regulating monocyte-derived macrophage 

acquisition of specific states associated with pro-repair or pathogenic functional capacities.  

Here, we investigated the local and systemic transcriptional landscape of 

monocyte/macrophage transitions and tissue specification in the acute phase after MI. Using 

time-series single-cell transcriptomic profiling with simultaneous cell surface epitope labeling 

(CITE-seq (15)), and integration of independently generated scRNA-seq datasets, we 

established a comprehensive census of cardiac monocyte/macrophage transitions and gene 

expression dynamics in the blood and heart following MI.  
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Materials and methods  

Detailed experimental methods are available with the Online Supplement. 

All animal studies and numbers of animals used conform to the Directive 2010/63/EU of the 

European Parliament and have been approved by the appropriate local authorities (Regierung 

von Unterfranken, Würzburg, Germany, Akt.-Z. 55.2-DMS-2532-2-743). Single-cell RNA-

sequencing data generated for this report has been deposited in Gene Expression Omnibus 

(GSE135310) and will be made available upon publication. The datasets can browsed in a 

web-accessible interface: 

Figure 1: https://infection-atlas.org/4099491356/ 
Figure 2: Monocytes/macrophages alone : https://infection-atlas.org/9074526738/ 
Monocytes/macrophages and neutrophils: https://infection-atlas.org/4629609923/ 
Figure 5: https://infection-atlas.org/6970782209/ 
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Results 

Analysis of time-dependent monocyte and macrophage heterogeneity in the ischemic heart 

Using droplet-based scRNA-seq (10x Genomics platform), we first profiled 4,445 total cardiac 

CD45+ cells isolated at 0 (no MI), 1, 3, 5, and 7 days after MI in mice (Table 1, Figure S1A). 

We identified T cells (Cd3d), natural killer cells (Nkg7), B cells (Cd79a, Cd79b), dendritic cells 

(DCs) (Cd209a, Itgax, Flt3), monocytes/macrophages (Lyz2, Fcgr1, Csf1r), neutrophils 

(S100a8), and minute contaminations by non-leukocytes (Igfbp7, Sparc, Kdr) and erythrocytes 

(Hba-a2) (Figure S1B-C). Monocytes, macrophages and neutrophils were extracted and 

examined in a new clustering analysis (Figure 1 and S1C). Time-dependent neutrophil clusters 

(cluster 9, 10 and 13, Figure 1A-C) are described in detail in (16). Here, we focused our 

analysis on monocytes and macrophages (2,562 cells) and their heterogeneity over the post-

MI time continuum (Figure 1A-C, Table S1).  

Before MI, 3 resident macrophage (Mφ) clusters (clusters 4, 6 and 12, Figure 1B-C) were 

found. Res-Mφ1 expressed MHCII encoding genes (Cd74, H2-Eb1), while Res-Mφ2 

expressed Timd4 and Lyve1 (Figure 1B-D), hence corresponding to TIMD4negLyve1negMHCIIhi 

and TIMD4+Lyve1+MHCIIlow tissue resident Mφ, respectively (2),(4). Res-Mφ3 displayed 

significant enrichment in few marker genes and may represent an intermediate resident Mφ 

population. Proportions of all these clusters dropped drastically after MI, consistent with 

previous observations (2) (Figure 1D).  

At 1 and 3 days after MI, 2 monocyte populations (clusters 2 and 5, Figure 1B-D) were 

predominant and clearly differed in their gene expression profile according to time. At day 1, 

monocytes were enriched for Cxcl3, Il6, Saa3 or Arg1 (cluster 5: Mo-Cxcl3, Figure 1B-D), 

whereas classical Ly6Chi monocytes (Ly6c2, Plac8, Chil3, Ccr2) were preponderant at day 3 

(cluster 2: Ly6Chi Mo, Figure 1B-D). In addition, Ly6Clo monocytes were found at low levels at 

3 and 5 days post-MI (cluster 15: Ly6Clo Mo, Figure 1B-D). A cluster with gene expression 

suggestive of an intermediate monocyte to macrophage differentiation state was also observed 

(Cluster 7: MI-Mo/Mφ, Figure 1B-D).  

In contrast to day 1 and 3, two major MI-associated macrophage clusters (Adgre1, C1qa) were 

preponderant at days 5 and 7 post-MI (Figure 1A-D). MI-Mφ-1 had higher expression of 

Trem2, Cd63, Fabp5, Gpnmb and some known regulators of cardiac repair such as Timp2, 

Igf1 or Spp1 (17), (18), (19) (Figure 1C and S2, “Trem2/Igf1hi” signature), while MI-Mφ-2 had 

higher expression of MHCII encoding genes (Cd74, H2-Aa) and pro-inflammatory genes 

(Nlrp3, Il1b, Tlr2), but also of some anti-inflammatory cytokines (Il10) (Figure 1C and S2, 

“MHCII” signature). Additional minor clusters included type I interferon response signature 

macrophages (IFNICs (20), cluster 11, Isg15, Rsad2, Cxcl10), and a macrophage cluster 
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characterized by co-enrichment in Fn1, Ltc4s and Arg1 (cluster 8, Mφ-Fn1/Ltc4s) (Figure 1B-

C).  

Single-cell regulatory network inference and clustering (SCENIC) (21) analysis revealed 

patterning of specific regulons activities (i.e. co-expression of transcription factors and their 

target genes) in IFNICs (e.g. Irf7), tissue resident macrophages (e.g. Mef2c), MI-associated 

macrophages (e.g. Bmyc, Nfkb1), and monocytes (e.g. Hif1a, Nfil3) (Figure 1E). Hence, our 

results indicate that shifts in monocyte/macrophage transcriptional states after MI may rely on 

the activity of specific transcriptional regulators. 

CITE-seq analysis of monocyte/macrophage transitions in the acute post-MI phase 

To validate and refine our analysis of the monocyte to macrophage transition in the acute 

phase after MI, we performed CITE-seq (cellular indexing of transcriptomes and epitopes by 

sequencing (15)) analysis of cardiac CD11b+ cells at 1, 3, and 5 days after MI, where all cells 

were multiplexed in a single scRNA-seq library using a cell hashing approach to reduce inter-

sample variability and batch effects (22) (Figure 2A-B and S3). Within CD11b+ cells, we 

identified Ly6G+S100a8hi neutrophils and cDC2 (CD11c+MHCII+, Flt3, Cd209a) (Figure S3A-

C). NK cells (Nkg7) were filtered out in pre-processing steps. Monocytes and macrophages 

were identified by expression of established surface markers and their encoding transcripts 

(CD64/Fcgr1, Ly6C/Ly6c2, CX3CR1/Cx3cr1, MSR1/Msr1) (Figure S3A-B), gated out and 

further analyzed separately (1,904 cells, Figure 2 and S4, Table S2). Distinct clusters of 

monocyte/macrophages were observed in varying proportions at the different time points after 

MI (Figure 2C-E and S4), showing clear gene expression similarities to our first dataset 

(Figure 2E). 

 At day 1, the major cell cluster was Ly6C+Cxcl3hi monocytes (Mo-Cxcl3) (Figure 2B-E and 

S4A-B). We also recovered Mφ-Fn1/Ltc4s, Ly6Chi monocytes, Ly6Clo monocytes, and 

monocytes with the IFNIC signature (IFNIC-Mo). At 3 and 5 days after MI, five macrophage 

clusters were observed. The proportions of Mφ1 (Pf4, Spp1) peaked at day 3, likely 

representing a transition state. The proportion of Mφ2 (Il1b, MHCII encoding genes), Mφ3 

(Apoe, Ms4a7, Trem2, Igf1), and Mφ4 (Lipa, Gpnmb, Fabp5, Mmp12) gradually increased until 

day 5. Mφ5 (Egr1) represented <10% of all cells at day 5. Clusters of proliferating cells were 

identified as S phase and G2M phase-proliferating macrophages by cell cycle scoring in Seurat 

(23) (Figure 2C-E and S4C). SCENIC revealed specific patterns and gradients of 

transcriptional regulators activity in monocyte/macrophages, with high activity of the Cebpb 

and Hif1a regulons in Cxcl3hi monocytes and Fn1/Ltc4shi Mφ, Irf7 in IFNIC-Mo, Pparg, Irf8 and 

Bhlhe41 in macrophages (Figure 2F and S4D). These data independently confirm the time-

dependent heterogeneity of Ly6C+ monocytes in the very acute post-MI phase (1 to 3 days), 

the presence of minor populations of Ly6Clo monocytes, IFNICs and Mφ-Fn1/Ltc4shi Mφ with 
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highly specific gene signatures, and the major dichotomy in MI-associated macrophages 

(Trem2hiIgf1hi vs MHCII signature). 

Integrated scRNA-seq analysis of the monocyte/macrophage landscape over the post-MI 
time continuum  

To validate the conservation of monocyte/macrophage states across independent scRNA-seq 

studies, increase the number of analyzed cells, and extend our observations to later time 

points, we integrated our new data with published scRNA-seq datasets of cardiac 

macrophages from the steady state up to 11 days after infarction (2), (24) (Table 1). Separate 

analysis of these data recovered monocyte and macrophage populations consistent with our 

own observations (Figure S5 and supplementary text). After curating these datasets to 

exclude granulocytes, DCs, non-leukocyte contamination and “hybrid cells” (i.e. cells enriched 

for markers of both Mφ and non-immune cells in the Farbehi et al. dataset (24)), we performed 

data integration in Seurat v3 (23), encompassing 14,272 monocytes/macrophages across 5 

time points and 4 datasets (Figure 3A-B). Clustering analysis revealed 16 cell populations 

with time-specific distributions (Figure 3A-D, Table S3).  

We identified the two major tissue resident populations (Res-Mφ-Timd4, and Res-Mφ-MHCII), 

that were preponderant in the steady state heart. Cxcl3 enriched monocytes (Mo-Cxcl3) 

peaked at 1 day. Two transitional monocyte/macrophage states were observed, characterized 

on one hand by enrichment for Spp1, and on the other hand for Il1b and MHCII encoding genes 

(Figure 3C and S6). At 5, 7 and 11 days after MI, two major MI-associated macrophage 

populations were observed (MI-Mφ-Trem2/Ifg1: Apoe, Ms4a7; and MI-Mφ-MHCII: Cd74, H2-

Aa), consistent with our previous results (Figure 3C-D, S6 and S7A). Minor populations 

included MI-Mφ-Prdx1 (also enriched for e.g. Fth1, Ftl1, Slc48a1), MI-Mφ-Gpnmb (Fabp5, 

Lgals3, Lpl), IFNICs and MI-Mφ-Fn1/Ltc4s (Figure 3C and S6). Although their represented 

under 10% of total monocyte/macrophages at all time points, all these populations increased 

in proportions after MI (Figure 3D). Gene ontology enrichment analysis (25), (26) (Figure S8, 

Table S4) revealed distribution of putative biological processes in the different populations, 

with e.g. MI-Mφ-Prdx1 showing enrichment for functions related to cell detoxification and 

response to oxidative stress (Figure S8, blue frames), and molecular functions such as heme 

binding, iron binding, peroxiredoxin activity or glutathione transferase activity (Figure S9, 

Table S5). 

Three clusters corresponded to proliferating macrophages and comprised a S phase 

population, an intermediate S/G2M population, and cells in the G2M phase (Figure 3C and 

S7B). Proliferating macrophage proportions drastically dropped at 1 day post-MI and rose 

thereafter to peak around day 5 (Figure 3D). Within proliferating macrophages, we identified 

cells corresponding to Res-Mφ-Timd4 (Lyve1, Timd4) and Res-Mφ-MHCII (MHCII encoding 
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genes, Cd81, Mgl2, Lilra5), IFNICs, MI-associated monocyte/macrophages enriched for MHCII 

encoding genes, Il1b and Ccr2, MI-associated monocyte/macrophages enriched for Spp1, 

Hmox1, Cd63, Prdx1, Trem2 or Igf1 abundant at day 3 and 5 after MI (Figure S10). These 

results indicate that cell proliferation feeds into most resident and MI-associated macrophage 

populations. 

Compared to MI-associated monocytes and macrophages, tissue resident populations (Res-

Mφ-Timd4, Res-Mφ-MHCII) shared enrichment for Mgl2 (encoding CD301b) and Cd81 (Figure 

4A). We evaluated whether these newly identified markers could be employed to track 

monocyte and macrophage transitions within the ischemic heart. In the steady state heart, flow 

cytometry revealed 3 major macrophages populations, characterized as MHCII+TIMD4- 

(36.7%), MHCII+TIMD4+ (26.6%) and MHCII-TIMD4+ (25.3%) (Figure 4B-E), indicating that 

some intermediate states (i.e. the MHCII+TIMD4+ double positive population) may not generate 

transcriptionally distinct cell clusters in scRNA-seq analysis. Levels of these 3 populations 

dropped at 3 days post-MI, when most macrophages were MHCII-TIMD4- (Figure 4B-E). While 

tissue resident populations were mostly positive for surface MGL2 and CD81, with TIMD4+ 

populations showing the highest levels (Figure 4F-G), double negative MHCII-TIMD4- lacked 

surface MGL2 and CD81 at day 3 (Figure 4F-G). Ly6Chi monocytes were negative for MGL2 

and CD81 (Figure S7E). At day 10 post-MI, macrophage counts were still slightly elevated, 

and consisted mostly of MHCII-TIMD4- and MHCII+TIMD4- cells with lower surface MGL2 and 

CD81 than their counterparts from control hearts (Figure 4C-G). Partial recovery of the 

MHCII+TIMD4+ and MHCII-TIMD4+ cells was observed (Figure 4C-G). This flow cytometry 

analysis confirms that MI induces a shift in macrophage populations lasting beyond the acute 

inflammatory phase, and uncovers the combination of MGL2 and CD81 surface expression as 

a potential new labeling strategy to discern tissue resident from recruited monocyte-derived 

macrophages in the ischemic heart. 

MI-Mφ-Trem2/Ifg1 and MI-Mφ-MHCII are of monocytic origin 

The transcriptomic profile and time-dependent accumulation pattern of the two main MI-

associated macrophage populations, MI-Mφ-MHCII and MI-Mφ-Trem2/Ifg1, clearly suggested 

that they originate from recruited monocytes. MI-Mφ-MHCII expressed the prototypical 

monocyte transcript Ccr2 and although they had a gene expression profile similar to Res-Mφ-

MHCII, they also expressed low levels of tissue-resident Mφ-specific transcripts such as Mgl2, 

Cd81, Slco2b1 or Lilra5 (Figure S6-7). MI-Mφ-Trem2/Ifg1 had low Ccr2 expression, but clearly 

differed from all resident cells as they had low levels of MHCII encoding transcripts, and of 

transcripts associated with Res-Mφ-Timd4 (Timd4, Lyve1, Cbr2, Fcgrt, Mgl2, Cd81, Slco2b1) 

(Figure S6-7). TdTomato transcripts originating from Cx3cr1 based lineage tracing of tissue 

resident macrophages in Dick et al. (2) mapped to Res-Mφ-Timd4, Res-Mφ-MHCII and 
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proliferating macrophages, while only scattered cells were observed in MI-Mφ-Trem2/Ifg1 and 

MI-Mφ-MHCII (Figure S7C). Although TdTomato transcript coverage was weak even in tissue 

resident macrophages (Res-Mφ-Lyve1=12.1%; Res-Mφ-MHCII: 9.2%; only cells from Dick et 

al. considered (2)) it was clearly much lower in MI-Mφ-Trem2/Ifg1 (1.4%) and MI-Mφ-MHCII 

(1.0%) (2). These data indicate that MI-Mφ-Trem2/Ifg1 and MI-Mφ-MHCII originate from 

recruited monocytes. 

Altogether, our data provide a comprehensive single-cell map of cardiac 

monocyte/macrophage transitions over the post-MI time continuum, and demonstrate an 

ischemia induced shift in cardiac macrophage populations. An immediate reduction in tissue 

resident macrophage proportions was paralleled by Ly6C+ monocyte recruitment, with a 

striking time-dependent transcriptional heterogeneity of Ly6C+ monocytes in the first 3 days 

after MI. Subsequently, MI-associated macrophages originating from differentiated monocytes 

accumulated in the ischemic heart. We further identified minor MI-associated macrophage 

populations (IFNICs, Mφ-Fn1/Ltc4s, MI-Mφ-Prdx1), and characterized the main MI-associated 

macrophages as being defined by a MHCIIhi and a Trem2/Igf1hi gene expression signature. 

CITE-seq analysis of circulating monocyte states after myocardial infarction 

We then investigated whether the cardiac monocyte/macrophage states could be acquired 

remotely, notably via production of injury-associated atypical monocytes in the periphery that 

would transit in the bloodstream before infiltrating the myocardium. We performed CITE-seq 

analysis of CD19-NK1.1-Ter119-CD11b+ cells from the blood of naive control mice, sham-

operated animals at 1 and 3 days post-surgery, and mice with MI at 1 and 3 days. We also 

included cardiac cells from the ischemic heart at 1 and 3 days post-MI. Samples were 

simultaneously analyzed using a cell hashing strategy (22) (Figure 5A).  

Neutrophils were identified as CD115negLy6Ghi, and minor contamination by T cells/NK cells, 

basophils/mast cells and B cells were detected (Figure S11A-B). We identified CD115+Ly6G- 

monocytes (3,378 cells) that could further be divided into Ly6Chi (2 clusters, also expressing 

CD62L) and Ly6Clow monocytes (1 cluster), MHCII+Flt3+Cd209a+Clec10a+ cDC2 (Figure 5B-

D, Figure S11A, Table S6), and a minor population of CD115+Ly6ChiIsg15hi Type I IFN 

response monocytes (IFNIC-Mo, Figure 5C-E). These populations were also found in infarct 

tissue samples, consistent with our previous results (Figure 5C-F). 

One cell cluster contained almost only cells extracted from the ischemic heart (Heart Mo/Mac, 

Figure 5C-F). The 2 clusters of CD115+Ly6Chi monocytes appeared to represent a continuum 

of gene expression states rather than truly distinct populations: Ly6Chi_Mo1 had higher 

expression of Chil3 (encoding Ym1), and higher surface levels of Ly6C and CD62L (Figure 

5B and E, Table S7), suggesting recent egress from the BM, while Ly6Chi_Mo2 were slightly 
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enriched for marker genes of Ly6Clo monocytes (Treml4, Ace) suggesting that they may 

represent an intermediate state of Ly6Chi to Ly6Clo monocyte conversion. Pseudotime analysis 

supported this notion, with a clear continuum from state Ly6Chi_Mo1 to Ly6Clo monocytes, via 

Ly6Chi_Mo2, in the blood (Figure 5G-J). Along the Ly6Chi to Ly6Clow blood differentiation axis 

(Figure 5G-I), cells acquired expression of e.g. Cd36, Apoe, Nr4a1 or Itgax (Figure 5I and 

S11D), as previously described (27).  

No clear injury-associated (i.e. caused by sham surgery) or MI-associated monocyte cluster 

was identified. However, within Ly6Chi monocytes, MI (and sham surgery at day 1, likely 

reflecting transient systemic inflammation caused by thoracotomy (28)) appeared to cause a 

shift from Ly6Chi_Mo2 to Ly6Chi_Mo1, (Figure 5F and S12A), consistent with mobilization of 

recently produced monocytes from hematopoietic reservoirs after MI (6). Monocytes can arise 

from two independent differentiation pathways, i.e. monocyte-dendritic cell progenitors (MDPs) 

giving rise to mature monocytes with a “dendritic-cell like” profile, and granulocyte-monocyte 

progenitors (GMPs) giving rise to monocytes with a “granulocyte-like” state (14), (29). We 

detected expression of various granulocyte-associated transcripts such as S100a8, S100a9, 

Lcn2 or Mmp8 in the various monocyte populations, albeit at much lower levels than in 

neutrophils (Figure S12B). Based on the combined expression of 12 neutrophil characteristic 

transcripts, we applied a “Granulocyte Expression Score” to monocytes, which appeared 

highest in the Ly6Chi_Mo1 cluster. Within the Ly6Chi_Mo1 cluster, we observed a clear 

elevation of the Granulocyte Expression Score in cells from the sham and MI conditions at 1 

and 3 days post-MI, with cells from the MI condition showing significantly higher Granulocyte 

Expression Score than their sham counterparts at both time point (Figure S12C). To avoid 

bias caused by surgery-induced transient inflammation, we analyzed differential gene 

expression in blood Ly6Chi_Mo1 from animals at day 3 after sham surgery or MI. Significantly 

upregulated genes in the MI condition included granulocyte-associated transcripts such as 

Prtn3, Lrg1, Wfdc21 or Lcn2, as well as other transcripts potentially involved in inflammatory 

responses such as Socs3 (Figure S12D). CD115+CD11b+Ly6Chi mature monocytes sorted 

from the bone marrow of infarcted mice (day 3) had increased levels of Prtn3, Lcn2 or Chil3 

(Figure S12E). Altogether, these results indicate that MI may shift monopoiesis towards the 

granulocyte-like differentiation pathway.  

Myocardial infarction does not induce appearance of segregated-nucleus-containing atypical 

monocytes (SatM) or type-I interferon signature monocytes in the circulation 

Atypical fibrosis-associated SatM have been described and defined as F4/80-Ly6C-

Ceacam1+Msr1+ (12). Expression of Ceacam1 was enriched in Ly6Clo monocytes, which we 

confirmed at the protein level by flow cytometry in steady state blood monocytes (Figure 

S12F), but no circulating monocyte clearly corresponding to SatM could be observed in our 
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single-cell analysis. A recent report proposed that ischemic injury induces type I IFN signaling 

that remotely primes a specific interferon-induced state in bone marrow progenitors, leading 

to appearance of monocytes with the IFNIC signature (30). In our analysis, IFNIC-Mo were 

already found in the steady state blood (2.62% of circulating monocytes/cDC2), and their 

proportions tended to decrease after MI (0.31 and 0.72% at day 1 and 3 post-MI) (Figure 5F). 

Also when analyzing data from the steady state condition alone, we found a discrete subset of 

CD115+Ly6C+ cells with a strong type I IFN signature (Figure S13A-C). We further assigned 

an ISG (interferon stimulated genes) score (30) to all cells, which as expected was highest in 

IFNIC-Mo (Figure S13D). In other monocyte populations, this score did not vary across 

experimental conditions (Figure S13E). We also detected a small cluster (cluster 12) with high 

expression of several ISGs (ISG15, MX1, IFIT1, IFIT3, IFI6, IFI44) in cells corresponding to 

CD3-CD19-CD56-CD14+CD16- classical monocytes in CITE-seq analysis of peripheral blood 

mononuclear cells from a healthy human donor (Figure S13F-H; data from 10x Genomics). 

Altogether, these results indicate that MI does not induce the appearance of circulating SatM 

or IFNIC-type monocytes. 

Monocytes follow a tissue specification trajectory in the ischemic heart 

We only recovered a low number of heart specific monocytes/macrophages in this experiment 

(264 cells at day 1, 283 cells at day 3). Nevertheless, we detected enrichment for markers of 

local tissue specification previously identified in cardiac monocyte/macrophage populations 

such as Arg1, C1qb, Pf4, Cxcl3, Saa3 or Spp1, and increased surface levels of CD64 (Figure 

5B-E). In trajectory inference analysis, these cells preferentially occupied a discrete branch of 

the pseudotime tree, suggesting a specific path of tissue specification of Ly6Chi monocytes 

(Figure 5G-J). 

Altogether, these data clarify the blood to heart transitions of myocardium infiltrating CD11b+ 

cells and show that (i) cDC2 and Ly6Clow monocytes that can be found in the heart in low 

numbers circulate in the blood already in the steady state, (ii) MI induces Ly6Chi monocyte 

priming towards expression of granulocyte associated genes and transcripts involved in 

inflammatory activation (Socs3), (iii) IFNIC-type monocytes circulate in the steady state and 

are not induced by MI, (iv) acquisition of monocyte/macrophage states (e.g. Cxcl3hi monocytes, 

Fn1/Ltc4s macrophages) occurs within the tissue microenvironment rather than during 

upstream monocyte production and circulation. In particular, our analysis supports the notion 

that Ly6Chi monocytes follow specific differentiation pathways towards Ly6Clo monocytes in the 

blood (in line with the idea of Ly6Clo monocytes being terminally differentiated intravascular 

macrophages (27), (31)), and towards heterogeneous macrophage populations in the ischemic 

tissue.  
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Trajectory inference analysis reveals two main pathways of monocyte to macrophage 

differentiation in the heart  

Having established that cardiac MI-associated macrophage states are not acquired in the 

periphery, we analyzed monocyte fate once infiltrated in the ischemic heart. To evaluate 

whether the two major MI-associated macrophage transcriptional states (MI-Mφ-Trem2/Ifg1 

and MI-Mφ-MHCII) result from distinct monocyte differentiation pathways, we performed 

trajectory inference analysis of monocytes/macrophages in Monocle (32). We used data from 

our multiplexed analysis of the day 1, 3 and 5 time points (Figure 2), as they were the less 

likely to be biased by batch effect, and showed the best transcript coverage (4,685 detected 

genes/cell, Table 1). Trajectory inference using pseudotemporal ordering requires an 

assumption on an initial cell state (i.e. the “root” of the trajectory) and direction of the trajectory 

(33). Here, we based our analysis on the assumption that between day 1 and 5 after MI, 

macrophages in the infarcted heart essentially derive from recruited Ly6Chi monocytes, a 

notion supported by previous literature (2),(6) and our own observations. Ordering genes were 

determined by identifying genes differentially expressed according to the time point of origin of 

individual cells. Accordingly, cell positions in pseudotime matched their real time appearance 

in the ischemic heart (Figure 6A). Cells corresponding to Ly6Chi monocytes were at the root 

of the pseudotime tree, while clusters corresponding to Mφ clusters were placed at its end 

(Figure 6B). Mo-Cxcl3 and Mφ-Fn1/Ltc4s preferentially occupied specific early branches of 

the pseudotime tree, with cells acquiring expression of characteristic genes in function of 

pseudotime (e.g. Inhba, Cxcl3, Fn1, Arg1). At later times, we observed a major trajectory 

bifurcation (Figure 6A-C), leading on one hand to cells highly expressing a set of transcripts 

including Trem2, Igf1, Gdf15, Timp2, or Ms4a7 (Cell Fate 1, Figure 6A-D) while on the other 

hand cells following the opposite trajectory acquired expression of MHCII encoding genes (Cell 

Fate 2, Figure 6A-D). These results support the notion of two major monocyte-to-macrophage 

differentiation trajectories in the ischemic heart, giving rise to the Trem2hiIgf1hi versus MHCIIhi 

gene expression signatures, while a distinct early differentiation pathway gives rise to Cxcl3hi 

Mo and Fn1/Ltc4s hi Mφ. 

Altogether, we show that MI induces a shift in circulating Ly6Chi monocytes towards a 

granulocyte-like state, but that acquisition of tissue-specific signatures of Ly6Chi derived MI-

associated macrophages occurs locally. We propose that at 1 day after MI, Ly6Chi monocytes 

acquire the Cxcl3hi state, while at 3 days onwards, they follow two main differentiation pathway 

giving rise to MHCII+Ccr2hi and Trem2hiIgf1hiCcr2low macrophages. Minor populations of 

macrophages also accumulate (e.g. Mφ-Fn1/Ltc4s), while low numbers of Ly6Clo monocyte 

and IFNIC monocyte infiltrate the heart over the post-MI time continuum (Figure 6E).  
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Discussion  

Using time-resolved scRNA-seq and CITE-seq analysis of blood and cardiac inflammatory 

cells in a murine model of MI, as well as by comparing and integrating our results with previous 

data, we generated a comprehensive single-cell census of cardiac monocyte/macrophage 

dynamics after MI. We characterized gene expression dynamics during monocyte-to-

macrophage transitions and tissue specification in the ischemic heart, uncovered 

transcriptional regulators that may underlie these processes, and identified new markers that 

can be used to track monocyte and macrophage subpopulations in the heart.  

We recovered cardiac resident macrophages populations, and propose that surface 

expression of MGL2 and CD81 may help distinguish these cells from recruited monocyte-

derived macrophages. Consistent with previous reports, these populations almost entirely 

vanished from the infarcted heart immediately after MI (2), (5), which was paralleled by 

infiltration of Ly6C+ monocytes. At very early time points after MI, Ly6C+ monocytes showed a 

substantial heterogeneity, with Cxcl3hi monocytes being preponderant 1 day after MI. This 

Cxcl3hi monocyte state appeared to be very transient as these cells could not be observed at 

substantial levels further than the day 1 time point. Classical Ly6Chi monocytes with a gene 

expression signature close to blood cells were preponderant thereafter, alongside transition 

states towards macrophage differentiation. This shows that the acute phase of monocytic 

inflammation is characterized by the presence of clearly heterogeneous cell populations, rather 

than a single wave of homogeneous Ly6Chi monocytes (34).  

Our data indicates that Ly6Chi monocytes differentiate into two main MI-associated 

macrophage populations, characterized on one hand by high expression of MHCII encoding 

genes, and on the other hand by a signature we termed Trem2hiIgf1hi, encompassing other 

genes potentially involved in resolution of inflammation and ischemic heart repair (e.g. Timp2, 

Gdf15, Spp1) (17), (18), (19). Although we did not directly employ lineage tracing of monocyte-

derived versus tissue resident macrophages, several lines of evidence indicate that MI 

associated Trem2hiIgf1hi and MHCII+ macrophages originate from recruited monocytes. Future 

experiments with e.g. recently developed Ms4a3 based lineage tracing of monocytes will allow 

definitive evaluation of cell origin in the post-MI heart (35). While MI-associated MHCII+ 

macrophages highly expressed Ccr2, Trem2hiIgf1hi macrophages did not, which may reflect 

previously described down-regulation of Ccr2 expression during monocyte to macrophage 

differentiation (36). Hence, we propose that CCR2 expression cannot be employed to label all 

differentiated macrophages originating from recruited monocytes. Emergence of other 

monocyte/macrophage states such as Cxcl3hi monocytes and Fn1/Ltc4shi macrophages may 

represent a distinct pathway of monocyte differentiation, as these cells shared a number of 

marker transcripts and activity of specific regulons (e.g. Cebpb, Hif1a, Klf7). We furthermore 
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uncovered minor populations characterized by highly specific gene signatures and specific 

functions, such as Prdx1 enriched macrophages that may specialize in tissue detoxification 

and iron handling. Future studies targeting macrophage subsets by e.g. manipulating specific 

transcriptional regulators, as well as precise localization of cell subsets using spatial 

transcriptomics methods (37) will uncover the specific functional capacities of these cell 

populations and their contribution to post-ischemic cardiac repair. Proliferating macrophages 

were found in the steady state heart, and their proportions drastically dropped at day 1 after 

MI before reemerging. Analysis of their gene expression signatures suggests that proliferation 

feeds into all major macrophage subsets. Indeed, proliferating macrophages showed a variety 

of transcriptional identities indicative of mixed, including monocytic, origins.  

Analysis of blood monocytes before and after MI demonstrated that a minute population of 

IFNIC-type monocytes circulates in the blood already in the steady state, and their proportions 

did not increase after MI. This is in contrast with a recent report proposing that type I interferon 

signaling induces remote priming of monocytes in the bone marrow following ischemic injury 

(30). Besides monocytes, type I interferon signature neutrophils were observed in the steady 

state blood (38), indicating that several type myeloid cell with the IFNIC signature circulate 

already in the blood of uninjured mice. The role of type I IFN signaling in post-MI remote priming 

of monocytes and neutrophils remains to be clarified. We could not observe circulating Cxcl3hi 

monocytes or cells with the Fn1/Ltc4s signature, indicating that these states are acquired within 

the ischemic tissue. Direct comparison of blood and heart infiltrating monocytes/macrophages 

and trajectory reconstruction analysis supported this notion, with tissue-specific acquisition of 

a set of genes characteristic of MI-associated monocyte/macrophage populations. Ly6Clo 

monocytes infiltrated the heart without substantial changes in their gene expression profile. 

Whether their infiltration in the cardiac tissue has any functional consequences remains to be 

determined. Trajectory reconstruction analysis supported the notion of Ly6Chi to Ly6Clo 

monocyte conversion as the default fate of circulating monocytes, and that Ly6Clo monocytes 

do not further differentiate into macrophages in the ischemic heart (10). 

Our analysis of circulating monocytes before and after MI indicates that ischemic injury induces 

a shift towards monocytes enriched for the expression of Chil3 and several granulocyte-

associated genes (e.g. Prtn3, Lcn2, Wfdc21). Recent reports proposed that mature monocytes 

arise from two distinct pathways in the steady state, with monocyte-dendritic progenitors 

(MDPs) and granulocyte-monocyte progenitors (GMPs) differentiating to monocytes with a 

“DC-like” state or a “neutrophil-like” state, respectively (29). Our results are thus consistent 

with a shift towards production of “granulocyte-like” monocytes. This granulocyte like state 

appears similar to Ym1+ Ly6Chi monocytes that emerge after tissue injury (13), as Ym1 is 

encoded by Chil3 and Ym1+ monocytes are enriched for granulocyte transcripts (Lcn2, Ngp, 
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S100a8 and S100a9) (13). This further corroborates the emergence of a granulocyte-like state 

in monocytes after tissue injury. Importantly, bulk transcriptome analysis of human monocytes 

sampled 48 hours after acute MI showed upregulation of LCN2, a prototypical marker of the 

granulocyte-like signature, as well as other granulocyte-associated transcripts (IL1RN, 

CXCR1) (39).  

However, our data indicates that analysis of MI-induced emergency myelopoiesis may be 

affected by surgery-related tissue injury especially at the earliest time points, consistent with 

previous literature (40). In particular, Iyer et al. (41) showed an approximately 10-fold elevation 

in the plasma concentration of the emergency myelopoiesis inducing cytokine granulocyte-

colony stimulating factor (42) 1 day after sham surgery. Emergence of granulocyte-like 

monocytes can be induced by LPS (13), (14), indicating that emergence of granulocyte-like 

monocytes after tissue injury, and in particular cardiac ischemic injury, may reflect damage 

associated molecular patterns systemically released from the ischemic heart engaging 

pathways similar to those induced by LPS, i.e. toll-like receptor activation. How this 

inflammatory priming of monocytes interacts with local cues in the ischemic tissue niche to 

modulate their downstream differentiation into functionally distinct macrophages populations 

remains to be determined. In particular, it will be of interest to investigate how innate immune 

training of myeloid progenitors related to cardiovascular risk factors (e.g. atherogenic 

conditions (43)) further affect such processes. 

Recent reports proposed that pericardial macrophages relocate to the epicardium and have 

protective properties, inhibiting interstitial fibrosis and preventing cardiac rupture (44), (45). 

The datasets used here were generated using a classical open-chest MI model. Future studies 

will be necessary to investigate the transcriptional profile of pericardial macrophages migrating 

to the heart and how it relates to the populations we described here.  

In conclusion, our work provides a novel high-resolution view of the heterogeneity and 

dynamics of monocyte/macrophage transitions during the acute post-MI inflammation phase, 

and constitutes a valuable resource for further investigating how these cells may be harnessed 

and manipulated to promote post-ischemic heart repair.   
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Figure Legends 

Table 1: Murine myocardial infarction scRNA-seq datasets generated and analyzed  
Mo/Mφ=monocyte/macrophages.*Included in analysis after quality control filtering **Median 
 
Figure 1: Time-resolved census of cardiac myeloid cells in the healthy and infarcted 
heart. UMAP of 3,012 monocytes/macrophages and neutrophils isolated from the healthy 
heart and at 1, 3, 5 and 7 days after MI with A) time point of origin and B) clustering analysis. 
C) Heatmap of the top 5 genes (ordered by log2 fold change) in each cluster; D) proportion of 
each cluster among total monocytes/macrophages according to time point after MI; E) regulon 
activity as predicted in SCENIC (A.U.C.: area under the curve) projected onto the UMAP plot. 

Figure 2: Multiplexed analysis of monocytes/macrophages at day 1, 3 and 5 after MI. A) 
Flowchart of the experimental design; B) time point of origin of single cells projected onto the 
UMAP plot; C) Seurat cluster annotation of monocytes/macrophages color-coded on the 
UMAP plot; D) expression of the indicated cell surface markers measured by CITE-seq 
projected onto the UMAP plot; E) dotplot showing expression of the top 3 enriched genes 
(ranked by Log2 Fold Change) in each cluster; F) regulon activity as predicted in SCENIC 
(A.U.C.: area under the curve) projected onto the UMAP plot (in brackets: number of genes in 
regulon). 

Figure 3: Monocyte/Macrophage transitions from the steady state to day 11 post-MI in 
4 independent datasets. UMAP representation of single-cell RNA-seq gene expression 
data in 14,272 monocytes/macrophages from the healthy heart and at 1, 3, 5, 7 and 11 days 
after MI with A) time point of origin of each cell; B) dataset of origin of each cell and C) 
clustering analysis and identification of cell clusters. D) Proportion of the indicated clusters 
among total monocytes/macrophages according to time point after MI with a focus on 
monocytes (excluding Ly6Clow monocytes, dashed line= total Ly6C+ monocytes), major 
population of resident and MI-associated macrophages, minor populations of macrophages, 
and proliferating macrophage populations (dashed line= total proliferating macrophages). 

Figure 5: Single-cell RNA-seq analysis of the blood to heart transition in 
monocytes/macrophages. A) Experimental design overview; B) CITE-seq signal for the 
indicated surface markers in blood and heart monocyte/macrophages projected on the UMAP 
plot; C) tissue of origin projected on the UMAP plot; D) clustering analysis and identification of 
cell clusters; E) heatmap of average expression of the top 8 marker transcripts (ordered by 
fold change) per cluster (overlapping markers are shown only once); F) proportion of the 
indicated clusters among total monocytes/macrophages according to sample of origin; G) 
pseudotime analysis of monocytes/macrophages in Monocle, split according to H) tissue origin 
and I) Seurat clusters; J) heatmap of pseudotime gene expression variation on branches of 
the pseudotime tree (as indicated on panel G, only genes with q val <10 are shown). 
 
Figure 6: Analysis of monocyte/macrophage differentiation trajectories in the heart. 
Pseudotime analysis in Monocle split according to A) cell time point of origin and B) Seurat 
clusters (see Figure 2); C) expression of the indicated transcripts projected onto the 
pseudotime tree; D) heatmap showing expression variation of the indicated transcripts (only 
genes with qval<1.10 are depicted). E) Proposed model of monocyte/macrophage transitions 
after myocardial infarction. 
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Table 1: Murine myocardial infarction scRNA-seq datasets generated and analyzed
Mo/Mφ=monocyte/macrophages
*Included in analysis after quality control filtering
**Median

Reference Organ Data access Technology Time points Sorting
strategy n cells * Genes/cell in

Mo/Mφ** Sex

New Data
(Figure 1) Heart GSE135310 10xGenomics Single

Cell 3′ v2 Day 0, 1, 3, 5, 7 Live CD45+ Total: 4,445
Mo/Mφ: 2,562 2,200 male

New Data
(Figure 2) Heart GSE135310

10xGenomics Single
Cell 3′ v3/CITE-
seq/Cell Hashing

Day 1, 3, 5 Live CD11b+ Total: 3,402
Mo/Mφ: 1,904 4,685 male

New Data
(Figure 5)

Blood
Heart GSE135310

10xGenomics Single
Cell 3′ v3/CITE-
seq/Cell Hashing

Control, Sham Day
1/3, MI day 1/3

Live CD19-
NK1.1-Ter119-

CD11b+

Total: 9,848
Mo/Mφ: 3,378 3,339 male

Dick et al. Nat
Immunol 2019 Heart GSE119355 10xGenomics Single

Cell 3′ v2 Day 0, 11
Live

CD45+CD64+C
D11b+

Total: 5,802
Mo/Mφ:5,802 2,504 female

Farbehi et al.
eLife 2019 Heart E-MTAB-7376 10xGenomics Single

Cell 3′ v2 Day 0, 3, 7 All live interstitial
cells

Total: 14,041
Mo/Mφ: 4,004 1,846 male
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Figure 1: Time-resolved census of cardiac myeloid cells in the healthy and infarcted heart. UMAP of
3,012 monocytes/macrophages and neutrophils isolated from the healthy heart and at 1, 3, 5 and 7 days after
MI with A) time point of origin and B) clustering analysis. C) Heatmap of the top 5 genes (ordered by log2 fold
change) in each cluster; D) proportion of each cluster among total monocytes/macrophages according to time
point after MI; E) regulon activity as predicted in SCENIC (A.U.C.: area under the curve) projected onto the
UMAP plot.
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Figure 2: Multiplexed analysis of monocytes/macrophages at day 1, 3 and 5 after MI. A)
Flowchart of the experimental design; B) time point of origin of single cells projected onto the UMAP
plot; C) Seurat cluster annotation of monocytes/macrophages color-coded on the UMAP plot; D)
expression of the indicated cell surface markers measured by CITE-seq projected onto the UMAP plot;
E) dotplot showing expression of the top 3 enriched genes (ranked by Log2 Fold Change) in each
cluster; F) regulon activity as predicted in SCENIC (A.U.C.: area under the curve) projected onto the
UMAP plot (in brackets: number of genes in regulon).
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Figure 3: Monocyte/Macrophage transitions from the steady state to day 11 post-MI in 4 independent
datasets. UMAP representation of single-cell RNA-seq gene expression data in 14,272
monocytes/macrophages from the healthy heart and at 1, 3, 5, 7 and 11 days after MI with A) time point of origin
of each cell; B) dataset of origin of each cell and C) clustering analysis and identification of cell clusters. D)
Proportion of the indicated clusters among total monocytes/macrophages according to time point after MI with
a focus on monocytes (excluding Ly6Clow monocytes, dashed line= total Ly6C+ monocytes), major population of
resident and MI-associated macrophages, minor populations of macrophages, and proliferating macrophage
populations (dashed line= total proliferating macrophages).
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Mgl2 Cd81 Cd74 H2-Ab1 Timd4

Figure 4: Flow cytometry analysis of monocyte and macrophage transitions. A) Expression of the indicated transcripts
projected onto the UMAP plot of the integrated data (see Figure 3). B) Identification of F4/80hiLy6Clo macrophages and
F4/80lowLy6Chi monocytes (pre-gated on live CD45+CD11b+Ly6G-) and C) absolute counts in cells per mg in heart cell preparations
in control hearts and at 3 and 10 days after MI (*p<0.05; ***p<0.001 versus No MI condition); D) identification of macrophage
subsets based on MHCII and TIMD4 surface expression and E) proportion of these subsets within total macrophages; F) surface
expression flow cytometry plots and G) proportion of MGL2hiCD81hi cells in MHCII-TIMD4-, MHCII+TIMD4+, MHCII-TIMD4+ and
MHCII+TIMD4-macrophages at the indicated time points after MI.
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Figure 5: Single-cell RNA-seq analysis of the blood to heart transition in monocyte/macrophages. A)
Experimental design overview; B) CITE-seq signal for the indicated surface markers in blood and heart
monocyte/macrophages projected on the UMAP plot; C) tissue of origin projected on the UMAP plot; D)
clustering analysis and identification of cell clusters; E) heatmap of average expression of the top 8 marker
transcripts (ordered by fold change) per cluster (overlapping markers are shown only once); F) proportion of the
indicated clusters among total monocytes/macrophages according to sample of origin; G) pseudotime analysis
of monocytes/macrophages in Monocle, split according to H) tissue origin and I) Seurat clusters; J) heatmap of
pseudotime gene expression variation on branches of the pseudotime tree (as indicated on panel G, only genes
with q val <10-150 are shown).
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transitions after myocardial infarction.
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