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Abstract 14 

Zebrafish exhibit a robust ability to regenerate their hearts following injury, and the immune 15 

system plays a key role in this process. We previously showed that delaying macrophage recruitment 16 

by clodronate liposome (CL) treatment compromises neutrophil resolution and heart regeneration, 17 

even when the infiltrating macrophage number was restored within the first-week post injury (Lai et 18 

al., 2017). Here, we examined the molecular mechanisms underlying the cardiac repair of regenerative 19 

PBS-control hearts vs. non-regenerative CL-treated hearts. Bulk transcriptomic analyses revealed that 20 

CL-treated hearts exhibited disrupted inflammatory resolution and energy metabolism during cardiac 21 

repair. Temporal single-cell profiling of inflammatory cells in regenerative vs. non-regenerative 22 

conditions further identified heterogenous macrophages and neutrophils with distinct infiltration 23 

dynamics, gene expression, and cellular crosstalk. Among them, two residential macrophage 24 

subpopulations were enriched in regenerative hearts and barely recovered in non-regenerative hearts. 25 

Early CL treatment at 8 days or even 1 month before cryoinjury led to the depletion of resident 26 

macrophages without affecting the circulating macrophage recruitment to the injured area. Strikingly, 27 

these resident macrophage-deficient zebrafish still exhibited compromised neovascularization and scar 28 

resolution. Our results characterized the inflammatory cells of the zebrafish injured hearts and 29 

identified key resident macrophage subpopulations prerequisite for successful heart regeneration. 30 

 31 

Introduction 32 

Heart failure is a major cause of morbidity and mortality, in part due to the inability of the human 33 

heart to replenish lost cardiomyocytes following cardiac injury such as myocardial infarction (MI). 34 

Unlike adult mice and humans, many vertebrates, including certain fish and amphibians, are capable 35 

of endogenous heart regeneration throughout life. As an example, zebrafish display a distinct ability 36 

to regenerate their heart following injury. However, this ability is not shared by another teleost, the 37 

medaka (1, 2). Even though this capacity is lost in adulthood, many mammals can regenerate their 38 
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heart during embryonic and neonatal stages (3, 4). Comparative studies between neonatal and adult 39 

mice (5, 6), and between phylogenetically related species such as zebrafish (Danio rerio) and medaka 40 

(Oryzias latipes) (1, 2) have suggested that the capacity for regeneration does not solely rely on genetic 41 

makeup, environmental conditions (e.g., hypoxia), or evolutionary complexity; instead, the type and 42 

extent of the immune responses to cardiac injury seem to be a major difference between these 43 

regenerative and non-regenerative models (1), and may largely influence the recovery post-44 

experimental MI, as well as clinical prognosis (7). 45 

In our earlier study of reciprocal analyses in zebrafish and medaka, we observed delayed and 46 

reduced macrophage recruitment in medaka compared to zebrafish following cardiac injury. 47 

Furthermore, delaying macrophage recruitment in zebrafish by intraperitoneal (IP) injection of 48 

clodronate liposome (CL) 1 day prior to cryoinjury compromised neovascularization, neutrophil 49 

clearance, cardiomyocyte proliferation, and scar resolution, even though the number of infiltrating 50 

macrophages recovered to the control levels in the first-week post injury. These results indicate that 51 

late cardiac macrophages in CL-treated fish were different in their identity and regenerative potential. 52 

We therefore sought to use non-regenerative zebrafish as a comparative model to elucidate the 53 

molecular properties of regeneration-associated macrophage. Recent studies in zebrafish identified 54 

novel macrophage populations by gene-specific reporters and examined their functions in cardiac 55 

repair and regeneration, hinting at a heterogeneous spectrum of cardiac macrophages (8-12). However, 56 

beyond these observations, the heterogeneity and function of these inflammatory cells during cardiac 57 

regeneration remain unclear. 58 

In this study, we perform comparative bulk and single-cell transcriptomic profiling to investigate 59 

the global influence of macrophage pre-depletion and comprehensively analyze the heterogeneity, 60 

dynamic, and function of both macrophages and neutrophils in regenerative (PBS-treated) vs. non-61 

regenerative (CL-treated) zebrafish hearts. Bulk RNAseq analysis indicated prolonged and unresolved 62 

inflammatory response and mis-regulated energy metabolism in CL-treated zebrafish until 3 weeks 63 

post cardiac injury, while cardiomyocyte replenishment and scar resolution took place extensively in 64 

regenerative PBS-treated control hearts. Single-cell analyses further revealed diverse macrophage 65 

subpopulations with potential functions in phagocytosis, neutrophil recruitment, reactive oxygen 66 

species (ROS) homeostasis, angiogenesis, extracellular matrix (ECM) remodeling, and inflammatory 67 

regulation during the first-week post cardiac injury. Comparative analyses between regenerative and 68 

non-regenerative hearts led to the identification of unique cardiac resident macrophage subpopulations 69 

expressing timp4.3 and hemoglobin genes that potentially function in ECM remodeling, inflammatory 70 

resolution, and ROS homeostasis. Pre-depleting these resident macrophages a week or even a month 71 

prior to cardiac injury significantly impaired heart regeneration without affecting macrophage 72 

recruitment from circulation, suggesting that these resident macrophages determine the regenerative 73 

capacity and cannot be replaced by circulating/monocyte-derived macrophages. Altogether, these 74 

results unravel the heterogeneity and function of inflammatory cells during cardiac repair and highlight 75 

the indispensable role of cardiac resident macrophages in zebrafish cardiac regeneration. 76 
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 77 

Materials and Methods 78 

Experimental models 79 

All zebrafish were maintained at our in-house fish facility, Institute of Biomedical Sciences, 80 

Academia Sinica using standard husbandry protocol. All experiments were done by institutional and 81 

ethical welfare guidelines approved by the ethics committee, Academia Sinica. We crossed 82 

Tg(mpeg1.4:mCherry-F)ump2 (13) and TgBAC(mpx:GFP)i114 (14) to generate 83 

Tg(mpx:GFP;mpeg1.4:mCherry-F) line as well as Tg(-5.1myl7:DsRed2-NLS)f2Tg (15) and 84 

Tg(fli1:EGFP) to generate Tg(fli1:EGFP;-5.1myl7:DsRed2-NLS) line respectively for our animal 85 

experiments. Intraperitoneal (IP) injections of 10 μl PBS and Clodronate liposomes (5 mg/ml) 86 

(Liposoma, Amsterdam, The Netherlands) in each fish were performed according to the experimental 87 

design.  88 

 89 

Cryoinjury  90 

Cryoinjury was performed as previously described in zebrafish (16-18). In brief, fish were 91 

anesthetized in 0.04% tricaine (Sigma, St Louis, MO, USA) and immobilized in a damp sponge with 92 

ventral side up. A small incision was created through the thoracic wall by microdissection scissors. A 93 

stainless steel cryoprobe precooled in liquid nitrogen was placed on the ventricular surface until 94 

thawing could be observed. Fish were placed in a tank of freshwater for recovery, and their reanimation 95 

could be enhanced by pipetting water onto the gills after surgery.  96 

 97 

Cryosections and histological analyses 98 

Zebrafish hearts were extracted and fixed in 4% (wt/vol) paraformaldehyde (Alfa Aesar, MA, 99 

USA) at room temperature for 1 hour (hr). Collected hearts were subsequently cryopreserved with 100 

30% (wt/vol) sucrose, followed by immersed in OCT (Tissue-Tek, Sakura Finetek, Torrance, CA) and 101 

stored at −80°C immediately. 10 μm cryosections were collected for histological analysis. AFOG 102 

staining was applied for the visualization of healthy CMs as orange, collagens as blue and fibrins as 103 

red. In brief, samples were incubated in preheated Bouin’s solution (Sigma, St Louis, MO, USA) at 104 

58°C for 2 hr post fixation and subsequently immersed in 1% phosphomolybdic acid (Sigma, St Louis, 105 

MO, USA) and 0.5% phosphotungstic acid solution (Sigma, St Louis, MO, USA) at room temperature 106 

for 5 min for mordanting. Samples were then incubated with AFOG solution containing Aniline Blue 107 

(Sigma, St Louis, MO, USA), Orange G (Sigma, St Louis, MO, USA) and Acid Fuchsin (Sigma, St 108 

Louis, MO, USA) for development. Quantification for each heart was done by measuring the scar area 109 

from the discontinuous sections with the largest scar as well as the two sections at the front and the 110 

two sections at the back as previously described (1). Statistic was performed on Prism 9 using student’s 111 

t-test. 112 

 113 

Quantitative polymerase chain reaction (qPCR) 114 
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For collecting single cells from hearts, 45-60 ventricles were isolated in each experiment at 115 

respective time points and conditions, pooled together and digested using LiberaseDH (Sigma, St 116 

Louis, MO, USA) at 28℃ in a 24-well plate. Cell suspension was filtered through 100 μm, 70 μm, and 117 

40 μm cell strainers (SPL, Gyeonggi-do, Korea) and centrifuged at 200g for 5 min. Cell pellet was 118 

resuspended in 0.04% BSA/PBS, stained with DAPI, and filtered through 35 μm Flowmi cell strainer 119 

(BD, New Jersey, USA). Cells were sorted using Fluorescence-activated Cell Sorting (FACS; BD Facs 120 

Aria) and then subjected to RNA isolation. RNA was extracted by using TRIzolTM LS Reagent (Life 121 

Technologies Invitrogen, CA, USA) according to the manufacturer’s instructions. First-strand cDNA 122 

was synthesized by using SuperScript™ III First-Strand Synthesis System (Life Technologies 123 

Invitrogen, CA, USA) with oligo (dT)18 primer. The qPCR analysis was carried out by using DyNAmo 124 

ColorFlash SYBR Green qPCR Kit (Thermo Scientific™, USA) on a LightCycler®  480 Instrument 125 

II (Roche). The relative gene expression was normalized using eef1a1l1 as an internal control. 126 

Oligonucleotide sequences for qPCR analysis are listed in Figure 6-source data 1. 127 

 128 

Immunostaining and imaging 129 

For immunofluorescence, slides were washed twice with PBS and twice with ddH2O, and then 130 

incubated in blocking solution [1× PBS, 2% (vol/vol) sheep serum, 0.2% Triton X-100, 1% DMSO]. 131 

Slides were incubated in primary antibodies overnight at 4°C, followed by three PBST (0.1% Triton 132 

X-100 in 1× PBS) washes and incubation with secondary antibodies for 1.5 hr at 28°C. Slides were 133 

washed again with PBST, and stained with DAPI (Santa Cruz Biotechnology, Texas, USA) before 134 

mounting. Antibodies and reagents used in this study included anti-Mpx (Genetex, San Antonio, TX) 135 

at 1:500 and anti-mCherry (Abcam, Cambridge, UK) at 1:250. EdU staining was performed by using 136 

the Click-iT EdU Imaging Kit (Molecular Probes, Eugene, OR) following the manufacturer’s 137 

instructions. EdU (25 μg/fish) was IP injected 24 hr before extraction of the heart. TUNEL assay was 138 

performed by using In Situ Cell Death Detection Kit, TMR red (Sigma, St Louis, MO, USA) following 139 

the manufacturer’s instructions.  140 

Imaging of whole-mount hearts and heart sections was performed by using Nikon SMZ25 and 141 

Zeiss LSM 800, respectively. Quantification of CM proliferation and CM density in zebrafish were 142 

performed in the 200 μm area directly adjacent to the injured area as previously described (19). 143 

Revascularization was examined by the endogenous fluorescence from live imaging. Quantification of 144 

re-vascularized density was measured from the whole injured area of the hearts and calculated by 145 

ImageJ. The student’s t-test was applied to assess all comparisons by Prism 9. 146 

 147 

Next-generation RNA sequencing analysis 148 

For each time point and condition, zebrafish ventricles from 3 fish hearts were used as biological 149 

duplicates for the RNA-seq experiments. RNA extraction was performed as previously described with 150 

minor modifications (1). Briefly, RNA isolation was done by using the miRNeasy micro Kit (Qiagen). 151 

RNA quality analysis was done by using Qubit and Bioanalyzer at the NGS High Throughput 152 
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genomics core, Academia Sinica. Sequencing was performed on the HiSeq Rapid (Illumina) setup, 153 

resulting in a yield of 15-20 M reads per library on a 2 x 150 bp paired-end setup at the NGS core 154 

facility. Raw reads were assessed after Quality control (QC), and output to filtered reads which were 155 

mapped to zebrafish Ensembl genome assembly using HISAT2 (20). The number of reads was aligned 156 

to Ensembl annotation using StringTie (21) for calculating gene expression as raw read counts. The 157 

raw counts of the mapped annotated genes were joined to a combined matrix and normalized using 158 

upper-quantile normalization to generate normalized Reads Per Kilobase of transcript, per Million 159 

reads mapped (RPKM) counts. Further analysis was done based on the normalized read values and 160 

respective log2 fold change to generate differentially expressed genes (DEGs) using NOIseq (22). 161 

Gene ontology (GO) enrichment analysis was performed in WebGestalt (23) for the dataset 162 

considering the upregulated and downregulated genes against control versus treatment conditions and 163 

respective uninjured samples. Over-representation analysis was done with id of mapped genes for 164 

multiple testing corrections using Benjamini and Hochberg FDR correction were conducted with a 165 

significance level of 0.05. Principle component analysis (PCA) was performed on Fragments Per 166 

Kilobase of transcript, per Million reads mapped (FPKM) normalized counts of all the datasets at 167 

respective time points to analyze the sample level progression through time under control versus 168 

treatment conditions. Pathway analysis was performed using Ingenuity Pathway Analysis (IPA) 169 

software (Qiagen) (24) following manufacturer protocols. Log2 ratio was input from the normalized 170 

read counts in zebrafish and defined as DEGs at log2FC above ±1.  171 

 172 

Single-cell RNA-sequencing (scRNAseq) and bioinformatic analysis  173 

Heart dissociation was followed the same procedures in qPCR. For each scRNA-seq sample, 35-174 

45 cryoinjured ventricles were collected from each experiment at respective time-points and conditions, 175 

pooled together and digested using LiberaseDH (Sigma, St Louis, MO, USA) at 28℃ in a 24-well 176 

plate. Cell suspension was filtered through 100 μm, 70 μm and 40 μm cell strainers (SPL, Gyeonggi-177 

do, Korea) and centrifuged at 200g for 5 min. Cell pellet was resuspended in 0.04% BSA/PBS, stained 178 

with DAPI and filtered through 35 μm Flowmi cell strainer (BD, New Jersey, USA). Cells were sorted 179 

by FACS (BD Facs Aria) and subjected to single-cell sequencing (scRNAseq) following cell counting 180 

with countess II automated cell counter (Invitrogen). 181 

scRNAseq library was generated using single cell 3’ Reagent kits in chromium platform (10x 182 

Genomics). Cell ranger software suite (10x Genomics) was utilized for processing and de-multiplexing 183 

raw sequencing data (25). The raw base files were converted to the fastq format and the subsequent 184 

sequences were mapped to zebrafish Ensembl genome assembly for processing. Downstream analysis 185 

of the gene count matrix generated by CellRanger (10x Genomics) was performed in R version of 186 

Seurat 3.1 (26, 27). The raw gene count matrix was loaded into Seurat and a Seurat object was 187 

generated by filtering cells that expressed more than 400 nUMI counts and over 200 genes. Additional 188 

filters for extra quality control was applied by filtering cells with log10genes perUMI > 0.8 and cells 189 

with mitochondrial gene content ratio lower than 0.23. This resulted in 9437 cells for the uninjured 190 
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dataset, 16657 cells for the PBS1d dataset, 9997 cells for PBS3d dataset, 11950 cells for PBS7d dataset, 191 

9912 cells for CL1d dataset, 12621 cells for the CL3d dataset and 11236 cells for the CL7d dataset. 192 

Reads were normalized by the “NormalizeData” function that normalizes gene expression levels for 193 

each cell by the total expression. The top 3000 highly variable genes were used as variable features for 194 

downstream analysis. Prior to dimensionality reduction, a linear transformation was performed on the 195 

normalized data. Cells were scored by “Cellcyclescoring” function and Unwanted cell-cell variation 196 

was eliminated by “regress out’ using mitochondrial gene expression during scaling. The datasets were 197 

integrated into a single Seurat object by using the canonical correlation analysis (CCA) with a “SCT” 198 

normalization method. Dimensionality reduction was performed on the integrated dataset using PCA. 199 

The top 40 principal components were identified based on PCElbowPlot. UMAP dimensional 200 

reduction by “RunUMAP” function was used to visualize the cell clusters across conditions (28) 201 

(Figure 2-source data 1). 19 cell clusters were generated by “FindClusters” function using 40 PCs and 202 

a resolution of 0.4. Following clustering, DEGs in each of the clusters were determined using 203 

“FindMarkers” and “FindAllMarkers” assessed by the statistical MAST framework (29). Top DEGs 204 

of each cluster were then filtered based on being detected in ≥25% of cells compared to other cells 205 

within the dataset, with a Bonferroni adjusted p-value <0.05. Clusters were assigned with specific cell 206 

identities based on the lists of DEGs and ordered by average log fold change and p-value. Visualization 207 

of specific gene expression patterns across groups on UMAP and heatmaps (top enriched genes) was 208 

performed using functions within the Seurat package. Gene enrichment analysis were determined using 209 

the above described RNA-seq pipeline. In brief, the DEGs across cell types were used in WebGestalt 210 

to generate the cluster-specific biological processes of GO and KEGG pathways (30). 211 

 212 

Pseudobulk analysis of scRNAseq 213 

We generated reference matrixes of the unsupervised and un-normalized mean counts computed 214 

for each gene across all individual cells from each cell type using the Seurat and the 215 

SingleCellExperiment package (31). The raw matrices were split by cell type and the associated 216 

conditions of zebrafish (PBS-treated vs CL-treated). Normalization was performed on the sparse gene 217 

matrix using total read counts and the total cell numbers for each cell type. The normalized count 218 

matrix was applied for differential expression analysis by using NOISeq (22). Furthermore, average 219 

expression of genes across all the cell types detected by the scRNA-seq data from each time point was 220 

calculated using Seurat function “AverageExpression”, which was used as a reference dataset for query. 221 

The hierarchical heatmap was generated by Morpheus (https://software.broadinstitute.org/morpheus).  222 

 223 

Ligand-Receptor Interaction Network Analysis 224 

The zebrafish ligand-receptor pairs were derived from Human ligand-receptor pair database as 225 

described previously (32). We mapped the ligand-receptor pair orthologous to the human database and 226 

generated the fish database for use in interaction network. We kept the ligand-receptor pairs that 227 

showed expression in upper-quantile normalization as the cutoff to define the expressed data. Next, 228 
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the macrophages and neutrophils that expressed the genes of ligands and receptors were determined 229 

based on the counts from pseudobulk analysis (which was described in the section of Pseudobulk 230 

analysis of scRNAseq) with an upper-quantile expression at the given time point. The total number of 231 

the potential ligand-receptor interaction events between each cluster of macrophages and neutrophils 232 

were visualized using Cytoscape (33).  233 

 234 

Results 235 

Delayed macrophage recruitment results in prolonged inflammation and disrupted energy 236 

metabolism during cardiac repair 237 

In zebrafish, macrophage pre-depletion at 1-day prior to cardiac injury (-1d_CL) delayed 238 

macrophage recruitment and compromised heart regeneration, even though the overall macrophage 239 

numbers were restored within the first week (1). To investigate the global transcriptomic changes under 240 

these regenerative (PBS-treated, normal macrophage recruitment) and non-regenerative (CL-treated, 241 

delayed macrophage recruitment) conditions, we isolated zebrafish hearts at 7 and 21 day-post 242 

cryoinjury (dpci), corresponding to the time when cardiomyocytes proliferate and replace the scar 243 

tissue during heart regeneration, and subjected the hearts to bulk RNAseq analyses (Figure 1A). We 244 

first plotted our data from 7 and 21 dpci with published data points from 6 hours post cryoinjury (hpci) 245 

to 5 dpci in a Principal Component Analysis (PCA, Figure 1B). Transcriptomes of the PBS-treated 246 

samples at 7 and 21 dpci nicely fit into the trajectory between 5 dpci and untouched hearts, suggesting 247 

that transcriptomic changes in control hearts coincide with the cardiac repair toward the naïve state 248 

(purple dots and trail, Figure 1B). However, the transcriptome of non-regenerative CL-treated hearts 249 

at 21 dpci (CL21d) was in proximity to that of PBS-control hearts at 7 dpci (PBS7d), suggesting a 250 

delayed transcriptomic response in the non-regenerative CL-treated hearts (green dots, Figure 1B). 251 

We next defined the differentially expressed genes (DEGs) by comparing gene expression levels 252 

in PBS-treated or CL-treated hearts against their basal expression levels in untouched hearts, and then 253 

divided them into PBS-specific, CL-specific, and common DEGs at 7 and 21 dpci using Venn diagrams 254 

(Figure 1C). At 7 dpci, the number of upregulated DEGs was comparable between PBS and CL-treated 255 

hearts, while more downregulated DEGs were identified in CL-exclusive conditions. The number of 256 

DEGs decreased drastically from 7 to 21 dpci in PBS-control hearts, while the number remained high 257 

in CL-treated hearts, suggesting a retained and/or aberrant response corresponding to the PCA analysis 258 

(Figure 1C). Common and condition-specific DEGs were then subjected to gene ontology (GO) and 259 

Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses (Figure 1D and 1E). At 7 dpci, 260 

up-regulated DEGs in both PBS- and CL-treated hearts were associated to “immune/inflammatory 261 

response”, “chemokine-mediated signaling”, “proteolysis”, “neutrophil chemotaxis”, “phagocytosis”, 262 

“cytokine-cytokine receptor interaction”, and “NOD-like receptor signaling pathway” (7d-Common, 263 

Figure 1D and 1E). These processes correspond nicely with known repairing processes of immune cell 264 

infiltration and debris clearance in the first week of cardiac repair. At 21 dpci, CL-exclusive DEGs 265 

were still enriched in “immune/inflammatory response”, particularly in “cytokine/chemokine and 266 
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Figure 1. Transcriptional profiling of infarcted hearts under regenerative and non-regenerative 

conditions. (A) Experimental design. Zebrafish AB_wildtype was IP-injected with PBS or Clodronate 

liposomes (CL) one-day before cardiac cryoinjury. Injured hearts were collected at 7 and 21 day post 

cryoinjury (dpci), respectively. Uninjured hearts were collected as the control of the baseline. Total RNA was 

extracted and analyzed by RNA sequencing (RNAseq). (B) Principal Component Analysis (PCA) of gene 

expression in hearts at different time points. The PCA was performed on the FPKM normalized datasets of 

healthy hearts and injured hearts at 7 and 21 dpci after PBS or CL treatments (PBS7d, PBS21d, CL7d and 

CL21d). The datasets of 0h, 6h, 1d, 2d, 3d, and 5 dpci from the previous study were also included1. 

Regeneration and delayed dynamics were indicated by purple and green lines, respectively. FPKM, Fragments 

Per Kilobase of transcript per Million mapped reads. (C) Venn diagrams showed the comparatively 

differentially expressed genes (DEGs). Up-regulated and down-regulated gene numbers were highlighted in 

red and blue, respectively. Exclusive up-regulated and down-regulated genes at 7 dpci (left panel) and 21 dpci 

(right panel) in PBS-treated hearts (regenerative condition) were shown in purple, while the counterparts in 

CL-treated hearts (non-regenerative condition) were shown in green. (D, E) Gene Ontology (GO) and Kyoto 

Encyclopedia of Genes and Genomes (KEGG) pathway analyses of differentially expressed genes (DEGs). 

The enrichment of DEGs at 7 and 21 dpci in PBS-treated or CL-treated hearts was analyzed by GO and KEGG 

pathway. Significant values for the enriched pathways of up- and down-regulated genes were shown in red 

and blue, respectively. Gene expression in healthy hearts was used as the baseline control. Statistics were 

performed using a hypergeometric test (Fisher’s exact test; P<0.05) and the scale bar showed significant values 

as -log10 (Padj).
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chemotaxis-related pathways”, suggesting a prolonged inflammation and cell infiltration of the injured 267 

tissue (CL21d-Ex, Figure 1D and 1E). On the other hand, downregulated DEGs in both PBS and CL-268 

treated hearts were enriched in “oxidative phosphorylation” and metabolism at 7 dpci and restored at 269 

21 dpci, corresponding to the metabolic shift of energy production from fatty acid oxidation to 270 

glycolysis during cardiac repair and hypoxia (Figure 1E) (34). Interestingly, downregulated CL-271 

exclusive DEGs were enriched in glycolytic pathways including “TCA cycle”, “Carbon metabolism”, 272 

and “Glycolysis/Gluconeogenesis” at both 7 and 21 dpci (CL21d-Ex, Figure 1D and 1E). Taken 273 

together, these results indicate that CL treatment prolonged the inflammatory phase of the repairing 274 

process, which normally occurs only in the first week post injury and interfered with energy 275 

metabolism during cardiac repair. 276 

To highlight the DEGs that behave differently under regenerative PBS vs. non-regenerative CL 277 

conditions, we performed hierarchical clustering of all DEGs (Figure 1-figure supplement 1 and  278 

Figure 1-figure supplement 1-source data 1). These DEGs were grouped into 22 clusters with similar 279 

expression dynamics corresponding to time points and treatments. Among regeneration-associated 280 

clusters, genes within the Cluster 2 (C2) were up-regulated only in PBS-hearts at 7 dpci, including 281 

genes in “response to oxidative stress” (apodb, apoda.1, anxa1a, and hmox1a) and other unclassified 282 

genes (serpine1, havcr2, tnfaip6, and stmn1a). These genes may contribute to heart regeneration by 283 

ROS regulation and inflammatory modulation. For example, Serpine1 re-activates in wound 284 

endocardium and is involved in endocardial maturation and proliferation, fibrinogenesis, and CM 285 

proliferation during heart regeneration (35, 36). havcr2 encodes an inhibitory receptor TIM-3 found in 286 

a variety of immune cells and regulates both innate and adaptive immune responses, including 287 

apoptotic body clearance, nucleic acid–mediated innate immune responses, and T cell survival (37). 288 

tnfaip6 also encodes an important immunoregulatory factor TNFα induced protein 6 to activate 289 

macrophage transition from a pro-inflammatory to an anti-inflammatory phenotype (38, 39). The 290 

DEGs in C9-C12 were up-regulated only in PBS-control hearts at 21 dpci, containing several 291 

ribosomal subunit genes and suggesting active production of building blocks for replenishing lost 292 

tissues (Figure 1-figure supplement 1). Furthermore, DEGs in C19 and C20 function in various 293 

metabolic processes, including “Carbon metabolism”, “Fatty acid degradation” and 294 

“Glycolysis/Gluconeogenesis”, which were active in uninjured hearts, downregulated at 7 dpci, and 295 

reactivated only in PBS-treated but not CL-treated hearts at 21 dpci (Figure 1-figure supplement 1). 296 

CMs undergo metabolic changes from anaerobic to oxidative metabolism during differentiation and 297 

maturation to meet the high energy demands from constant beating (40). Upon myocardial infarction 298 

and heart failure, adult CMs switch back to using glucose (glycolysis) instead of fatty acid (oxidative 299 

phosphorylation) as the main substrate for energy (34, 41). Interestingly, this metabolic switch was 300 

also observed during zebrafish cardiac repair and regeneration, when pyruvate metabolism and 301 

glycolysis are beneficial for CM dedifferentiation and proliferation (42). As most of these processes 302 

take place in mitochondria, cardiac resident macrophages maintain mitochondrial homeostasis of 303 

healthy myocardium by eliminating dysfunctional mitochondria from CMs (43), while mitochondrial 304 
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Figure 1-figure supplement 1. Hierarchical clustering heatmap of the DEGs under regenerative and 

non-regenerative conditions in zebrafish. Heatmap of all DEGs selected by NOIseq (q>0.99) and arranged 
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by hierarchical clustering from cluster 1 (C1) to cluster 22 (C22) (left panel). The value was a z-score from 

1.5 as red to -1.5 as blue. BP of GO and KEGG pathways of the DEGs were analyzed by using WebGestalt 

(right panel). Cluster-enriched genes involved in their predicted biological processes and pathways were listed. 

The threshold of enriched categories was FDR<0.05. DEGs, differentially expressed genes; GO, Gene 

Ontology; BP, biological process; KEGG, Kyoto Encyclopedia of Genes and Genomes; FDR, False discovery 

rate. 
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dysfunction leads to impaired revascularization and fibrosis formation in mammals (44-46). 305 

Nevertheless, direct involvement of macrophages in regulating metabolic shift upon cardiac injury has 306 

not been yet demonstrated. Further studies are required to test whether mis-regulated metabolism is 307 

associated with delayed macrophage recruitment in CL-treated hearts.  308 

Among the clusters associated with non-regenerative CL condition, C3 and C4 contain genes 309 

generally activated at 7 dpci in both PBS and CL-hearts, but their activation was prolonged and even 310 

intensified in CL-treated hearts at 21 dpci (Figure 1-figure supplement 1). The biological functions of 311 

these DEGs are mainly related to immune response, including “response to external stimulus and 312 

cytokine”, “C-type lectin receptor signaling pathway” and “Toll-like receptor signaling pathway”. 313 

(Figure 1-figure supplement 1). Prolonged inflammation may prevent tissue repair and regeneration 314 

(47). Inflammation also induces continuous neutrophil migration and infiltration and prevents their 315 

clearance by apoptosis (48). Correspondingly, up-regulated DEGs involved in “immune response”, 316 

“Cytokine-cytokine receptor interaction”, and “Apoptosis” appeared at 21 dpci in CL-treated hearts 317 

(C5 and C6). Prolonged activation of apoptosis indicates that cardiac cells (including CMs) 318 

continuously undergo programmed cell death potentially suffering from ROS stress (ferroptosis) and 319 

inflammatory microenvironment (pyroptosis) (49, 50). Continuous cell death subsequently triggers the 320 

prolonged activation of C-type lectin receptor singling pathway in active phagocytes (51, 52). As a 321 

result, proteolysis of engulfed debris and cell adhesion molecules were activated under the same 322 

conditions (Figure 1-figure supplement 1). Altogether, the results of hierarchical clustering nicely 323 

reflect the GO analysis and suggest that CL treatment disrupts inflammatory resolution and energy 324 

metabolism during cardiac regeneration. The full list of DEGs in each cluster was summarized in 325 

Figure 1-figure supplement 1-source data 1.  326 

To identify the canonical pathways and potential upstream regulators associated with aberrant 327 

regeneration, these DEGs were further analyzed by Ingenuity Pathway Analysis (IPA) (Figure 1-figure 328 

supplement 2). CL treatment led to continuous activation of “Leukocyte Extravasation Signaling” and 329 

“Production of NO and ROS in Macrophages” pathways (Figure 1-figure supplement 2A). 330 

Correspondingly, downstream genes of inflammatory cytokines IFNG, TNF, and IL6 were 331 

continuously activated in CL-treated hearts until 21 dpci, while they were largely down-regulated in 332 

PBS-control hearts at 21 dpci (Figure 1-figure supplement 2B). Among genes of the “Leukocyte 333 

Extravasation Signaling” pathway, we found several integrin genes usually expressed on the leukocyte 334 

plasma membrane, including itga4, itgal and itgb2, which are involved in leukocyte enrolling on 335 

endothelial cells and transmigration (53, 54). In addition, we found several matrix metalloproteinases 336 

(MMPs) including mmp9, mmp13, and mmp25, which might be involved in ECM remodeling and 337 

leukocyte recruitment during inflammation (Figure 1-figure supplement 2C) (55-57). These results 338 

support our previous observation on continuous neutrophil infiltration and retention in the CL-treated 339 

hearts even until 30 dpci (1). Lastly, among genes of the “NO and ROS production in Macrophages” 340 

pathway, we found continuous activation of DAMP/PAMP receptor tlr2, neutrophil cytosolic factors 341 

(ncf1, ncf2, and ncf4), myeloid cell-lineage committed gene spi1 and its downstream target ptpn6, in 342 
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Figure 1-figure supplement 2. Identification of canonical pathways and upstream regulators under 

regenerative and non-regenerative conditions in zebrafish. (A and B) Top canonical pathways (A) and 

upstream regulators (B) in PBS-treated or CL-treated hearts were predicted by Ingenuity Pathway Analysis 

(IPA). The value was shown as -log(p-value) and the color reflected the degree of enrichment. (C, D) The 

heatmaps of top DEGs involved in the canonical pathways of Leukocyte Extravasation Signaling (C) and 

Production of NO and ROS in Macrophages (D). The value was Log2 fold change indicated by color at bottom. 

DEGs, differentially expressed genes.  
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addition to the macrophage differentiation marker irf8 in CL-treated hearts at 21 dpci (Figure 1-figure 343 

supplement 2D). ROS play dual roles in tissue repair and are largely produced by macrophages (58). 344 

On one hand, ROS attract leukocytes recruitment to the wound (59) and promote CM proliferation 345 

post cardiac injury (60). On the other hand, uncontrolled production of NO and ROS may be 346 

detrimental, leading to mitochondrial damage (61), blocking macrophage differentiation from 347 

monocytes to anti-inflammatory phenotype (62-64), and extending immune response (65, 66). 348 

Collectively, these results indicate that macrophages may play roles in regulating ROS homeostasis, 349 

immune cell dynamics, and inflammation resolution, as these processes were mis-regulated under CL 350 

treatments. 351 

 352 

Single-cell analyses reveal the heterogeneous landscape of inflammatory cells in the infarcted 353 

hearts under regenerative and non-regenerative conditions 354 

Since macrophage properties may be altered upon CL-treatment and thus fail to support heart 355 

regeneration by resolving neutrophil infiltration and inflammation, we next analyzed and compared 356 

the potential identity and function of these inflammatory cells by single-cell transcriptomic profiling 357 

(Figure 2A). Double transgenic zebrafish Tg(mpx:EGFP;mpeg1:mCherry) were IP injected with CL 358 

or PBS at 1 day before cryoinjury, and the EGFP expressing neutrophils and mCherry expressing 359 

macrophages were isolated by fluorescence-activated cell sorting (FACS) from the uninjured hearts, 360 

as well as regenerative (PBS-control) and non-regenerative (CL-treated) hearts at 1, 3 and 7 dpci 361 

(Figure 2A and Figure 2-figure supplement 1A) (13, 67). In the uninjured hearts, we found a substantial 362 

number of mCherry+ and mCherry+EGFP+ resident cells (mostly macrophages, ~0.6% of total cardiac 363 

cells) and very few EGFP+ neutrophils (Figure 2-figure supplement 1A). Among them, 364 

mCherry+EGFP+ cells show higher complexity and larger size (FCS-A and SSC-A) than mCherry+ 365 

cells, corresponding to the macrophages and the progenitor/lymphocyte properties previously 366 

described (Uninjured sample in Figure 2-figure supplement 1A) (68). After injury, both macrophages 367 

and neutrophils increased rapidly, and divergent cell composition and numbers were observed in PBS 368 

vs. CL-treated hearts over time. While macrophage numbers kept increasing after cardiac injury until 369 

7 dpci, neutrophils peaked at 3 dpci and gradually decreased between 3 to 7 dpci in PBS-control hearts, 370 

corresponding to the inflammatory resolution phase previously described (9). In CL-treated hearts, 371 

macrophages progressively increased, similar to control hearts, but neutrophil numbers became much 372 

higher than controls at both 3 and 7 dpci (Figure 2-figure supplement 1A). At 7 dpci, a similar 373 

percentage of macrophages were sorted under both conditions, while a higher percentage of 374 

neutrophils were sorted in CL conditions (Figure 2-figure supplement 1B). These results coincide with 375 

published findings and imply that macrophage numbers had recovered, but neutrophil resolution was 376 

delayed in CL-treated hearts compared to PBS-control hearts (1). Interestingly, those EGFP+/mCherry+ 377 

macrophages resided nearby the epicardial layer of the uninjured/naïve hearts and proliferated to 378 

maintain their population, similar to murine resident macrophages (Figure 2-figure supplement 1C and 379 

D) (69). Upon cardiac injury, those resident macrophages were preferentially enriched in regenerative 380 
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Figure 2. Temporal single-cell analyses revealed heterogenous macrophages and neutrophils in the 

infarcted hearts. (A) Experimental design. Double transgenic Tg(mpx:EGFP;mpeg1:mCherry) zebrafish 

expressing EGFP in neutrophils and mCherry in macrophages were IP-injected with PBS (regenerative 

condition) or CL (non-regenerative condition) one day before cryoinjury (-1 dpci, -1d_CL). Injured hearts 

were collected and dissociated into single cells at 1, 3 and 7 dpci. Untreated and uninjured hearts were also 

collected and dissociated. Single cells of each time point were then subjected to a fluorescence-activated cell 

sorter (FACS) for isolating the mCherry+ and EGFP+ cells. RNA was purified from these cells and barcoded 

followed by single-cell RNA sequencing (scRNAseq). (B) Uniform Manifold Approximation and Projection 

(UMAP) of the isolated cells. The isolated cells consisted of 9 macrophage clusters, 2 neutrophil clusters, 1 

hybrid cluster (MN), and other minor populations including B cell, thrombocyte, dendritic cell (DC), T cell, 

fibroblast (FB), and 2 red blood cell (RBC) clusters. (C) Heatmap of top 10 DEGs in 19 clusters of infarcted 

hearts. yellow highlights the enriched genes. Cluster-enriched/specific genes are listed on the left.
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Figure 2-figure supplement 1. Dynamics of macrophages and neutrophils in zebrafish heart prior and 

post injury. (A) Macrophages and neutrophils derived from uninjured and infarcted hearts under regenerative 

(PBS) or non-regenerative (CL) conditions were analyzed by FACS. Cell granularity and size were shown by 

side scatter (SSC)/ forward scatter (FSC) gating. Neutrophils (EGFP+ cells) were shown in green, 

macrophages (mCherry+ cells) were shown in pink, and double-positive cells were shown in blue. Cell 

proportion of total input was indicated in each panel. (B) Representative plots of the EGFP and mCherry 

gating of 7 dpci PBS and CL sorted macrophages and neutrophils. (C) Examination of steady-state 
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macrophage proliferation locally in hearts by Edu staining. White arrows highlighted the proliferating 

(EdU+mCherry+ double-positive) cells. (D) Validation of Mpx+ macrophages in uninjured Tg(mpeg1:mCherry) 

heart cryosection by using anti-Mpx antibody. White arrows highlighted the Mpx+mCherry+ double-positive 

cells. (E) Validation of mpx+ macrophages on 7 dpci Tg(mpx:EGFP;mpeg1:mCherry) heart cryosection. 

White arrows highlighted the mCherry+EGFP+ double-positive cells.  
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hearts at 1 dpci to 3 dpci (Figure 2-figure supplement 1A) and populated the infarct area at 7 dpci 381 

(Figure 2-figure supplement 1E). 382 

All these inflammatory cells were then subjected to droplet-based high-throughput single-cell 383 

RNA sequencing (scRNAseq). To visualize the dataset, sequencing reads were mapped to the zebrafish 384 

genome, assigned to each cell, and then processed by the Uniform Manifold Approximation and 385 

Projection (UMAP) for dimension reduction and unbiased clustering using Seurat R package (Figure 386 

2B) (27). Quality control was conducted according to the pipeline in Seurat based on the read numbers 387 

per cell (nUMI), the number of genes detected per cell (nGene), and mitochondrial counts ratio to keep 388 

the cells of high quality for downstream analyses (Figure 2-figure supplement 2A-D). This resulted in 389 

9,437 cells for uninjured dataset, 16,657 cells for PBS1d dataset, 9,997 cells for PBS3d dataset, 11,950 390 

cells for PBS7d dataset, 9,912 cells for CL1d dataset, 12,621 cells for CL3d dataset and 11,236 cells 391 

for CL7d dataset (Figure 2-figure supplement 2E). After clustering, we identified 19 distinct clusters 392 

for these inflammatory cells and found that all of them expressed myeloid lineage marker genes spi1b 393 

and coro1a (Figure 2B and Figure 2-figure supplement 3A). Among them, 9 macrophage clusters 394 

(Cluster Macs), 2 neutrophil clusters (Cluster Neus), and one hybrid cluster (Cluster MN) were 395 

identified, based on the expression of reporter genes mpeg1 and mpx, as well as other mononuclear 396 

phagocyte markers csf1r, ccr2, cxcr1, irf8, lyz, mfap4, and kita (Figure 2B and Figure 2-figure 397 

supplement 3A). We also identified small populations of B cells, T cells, dendritic cells, thrombocytes, 398 

red blood cells, and fibroblasts based on respective marker genes shown in UMAP and heatmap (Figure 399 

2B and Figure 2-figure supplement 3B). Correspondingly, a subpopulation of B cells has been 400 

previously shown to express mpeg1 and observed in mpeg1:mCherry fish (70). Minor mpeg1-/mpx- 401 

clusters might come from contamination during FACS, even though stringent gating strategies were 402 

applied, and will not be further analyzed in this study (71, 72).  403 

Besides common lineage markers, macrophages showed cluster-enriched/specific gene 404 

expression (Figure 2C). As the biggest subpopulation, Mac 1 preferentially expressed apoeb, ctsd, 405 

lgmn, and cd9b, genes associated with lysosomal activity and phagocytosis. Mac 2 uniquely expressed 406 

hemoglobin-encoding genes such as hbba1 and hbaa1 that might have a role in protecting from nitric 407 

oxide (NO) or ROS (73). Mac 3 was enriched in mhc2dab, c1qa and mfap4 that are associated with 408 

immune process, including antigen presentation and complement activation. In addition, Mac 3 409 

expressed high levels timp4.3 which might contribute to cardiac repair by modulating MMPs activities 410 

and ECM compositions (74-76). Mac 4 preferentially expressed grn1, cxcl8a and hbegfb that are 411 

associated with regeneration and growth as well as neutrophil recruitment (77, 78). Mac 5 was enriched 412 

in proliferating markers mki67 and pcna, which is similar to a common macrophage subset identified 413 

and described in mammalian cardiac injury (72). Mac 6 expressed high levels of cxcl8b.1, mrc1b and 414 

grn2. Mac MN was enriched in cxcl11.1, which is a specific macrophage chemoattractant through the 415 

cxcl11.1-cxcr3.2 axis (79), as well as lgals3bpb, a gene enriched in microglia and predicted to have 416 

scavenger receptor activity (80). Mac 8 population was enriched in myh7l and tnnt2a, which are typical 417 

CM markers, and this result was in line with a previous study in mouse showing that cardiomyocyte 418 
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Figure 2-figure supplement 2. Quality controls for all the scRNAseq datasets by Seurat. (A) Respective 

plots of nGene, nUMI and mitoRatio versus cell density for each time point and condition. (B-D) UMAP 

plots colored by the counts of nGene (B), nUMI (C), and the percentage of mitoRatio (D). (E) Filtered cell 

counts after quality control for each time point and condition. 
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Figure 2-figure supplement 3. Expression of selected genes visualized on UMAP plots. (A) UMAP plots 

of macrophages and neutrophils marker genes. (B) UMAP plots of marker genes of dendritic cells (DC; 

hepacam2), thrombocytes (Throm; itga2b), B cells (pax5), T cells (lck), red blood cells (RBC; alas2) and 

fibroblasts (FB; col1a2, postna and postnb). (C) UMAP plots of genes encoded granular proteins and integrin 

in mature neutrophils. (D) UMAP plots of interferon-stimulated genes (ISGs). 
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signature is specifically expressed in murine cardiac CX3CR1
+ resident macrophages (81). Mac 9 419 

expressed kita, tcf12, and csf1ra, resembling the myeloid progenitors identified in mouse and zebrafish 420 

embryonic stage (82-84). Unlike heterogeneous macrophages, neutrophils were classified into just two 421 

populations Neu 1 and Neu 2, which commonly express mmp9, mmp13a.1, npsn, scpp8, lect2l, tcnbb 422 

and il1b genes (Figure 2C). Mmp9, as well as other granular protein and integrin genes- mmp25, itgb2 423 

and gm2a, were enriched in both clusters, suggesting they were both mature neutrophils (Figure 2-424 

figure supplement 3C) (85). In addition, interferon-stimulated genes such as rsad2, isg15, ifit8 and 425 

mxa were enriched in the Neu 2 and the mpeg1+ macrophages MN (Figure 2-figure supplement 3D). 426 

The full list of cluster-enriched genes were summarized in Figure 2-source data 2. These results 427 

revealed the heterogeneous landscape of inflammatory cell subpopulations in the zebrafish injured 428 

hearts, and further investigations are required to identify specific markers and examine the potential 429 

function of each cell cluster. 430 

 431 

Dynamic cell proportion analyses of inflammatory cell clusters associate specific resident 432 

macrophage subsets with heart regeneration 433 

To dissect the dynamic changes of these inflammatory cell clusters under regenerative vs. non-434 

regenerative conditions, we generated split UMAPs for each time point and condition (Figure 3A). In 435 

uninjured heart/naïve state, Mac 2 and 3 represented the major resident macrophage clusters followed 436 

by Mac 1, 4 and 8 (Figure 3B). The proliferating macrophage cluster Mac 5 was also observed in the 437 

uninjured hearts, corresponding to those residing nearby the epicardial tissue, suggesting that some 438 

resident macrophages may self-renew through local proliferation (Figure 2-figure supplement 1E) (86). 439 

In the regenerative PBS-control hearts, Mac 1, 4, and 5 expanded quickly at 1 dpci and gradually 440 

reduced back to steady state at 7 dpci, while Mac 2 and 3 expanded substantially over the first week 441 

post injury (Figure 3B). On the contrary, we noticed a dramatic reduction of Mac 2 and retention of 442 

Mac 1, 4, 5 and 6 in the non-regenerative CL-treated hearts over time after injury (Figure 3B). Lastly, 443 

the minor resident populations Mac 8 and 9 were diminished after cardiac injury and barely recovered 444 

in both conditions (Figure 3B). We then calculated the cluster contribution toward regenerative vs. 445 

non-regenerative conditions in a cell proportion analysis (Figure 3C and D). Coincidently, macrophage 446 

clusters enriched in regenerative conditions are the major resident clusters Mac 2 and 3, which were 447 

either dramatically decreased or barely recovered in CL-treated hearts (Figure 3C). Furthermore, low 448 

ccr2 expression was found in these resident populations (Figure 2-figure supplement 3A), suggesting 449 

that they might have originated from embryonic-derived lineage, instead of circulatory/monocyte-450 

derived lineage.  451 

On the other hand, Neu 1 and Neu 2 were two heterogeneous neutrophil clusters actively recruited 452 

to hearts after cardiac injury. We observed a decrease of both clusters from 3 to 7 dpci in the PBS-453 

control hearts, while they retained in the CL-treated hearts by 7 dpci (Figure 3A). Interestingly, Neu 1 454 

was increased in regenerative conditions, while the Neu 2 population was more prominent in non-455 

regenerative conditions throughout the first week post cardiac injury (Figure 3D). These results 456 
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Figure 3. Temporal cell proportion analyses of inflammatory cell clusters identified resident 

macrophage clusters enriched in regenerative conditions. Differential proportion analyses of macrophage 

and neutrophil clusters under regenerative or non-regenerative conditions. (A) Split view of UMAP plots of 

major macrophage (Mac) and neutrophil (Neu) clusters as well as minor inflammatory cell clusters from 

uninjured and infarcted hearts under regenerative (PBS) or non-regenerative (CL) conditions. Mac 2 and Mac 

3 clusters were the major resident macrophages enriched in regenerative conditions (delineated by purple lines) 

and they either dramatically decreased or barely recovered in non-regenerative conditions. (B) Stacked bar 

chart showed the percentage of macrophage clusters at each time point and condition. (C, D) Cell proportion 

analyses identified the regenerative-associated clusters (purple) and non-regenerative-associated clusters 

(green) of macrophages (C) and neutrophils (D). Proportion of each cell clusters under regenerative conditions 

vs. non-regenerative conditions were shown by log2 ratio. 
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delineate the dynamic changes of each inflammatory cell cluster and point to regeneration-associated 457 

resident macrophages, which were preferentially enriched in PBS-control hearts and might thus play 458 

pivotal roles in cardiac repair and regeneration. 459 

 460 

Differential function of inflammatory cell clusters in regenerative vs. non-regenerative 461 

conditions 462 

To investigate the potential function of these heterogeneous inflammatory cells, we extracted and 463 

analyzed the overall differential expressed genes (DEGs) in each cluster (Figure 4A, cluster-enriched 464 

DEGs, full-listed in Figure 2-source data 2) and specific changes toward regenerative conditions (PBS-465 

enriched) vs. non-regenerative conditions (CL-enriched) (Figure 4B, condition-enriched DEGs, full-466 

listed in Figure 4-source data 1). Cluster-enriched DEGs reflect the general functions of each 467 

macrophage subpopulation, while condition-enriched DEGs reveal their property changes under 468 

regenerative vs. non-regenerative conditions, which may indicate their alternative activation. It has 469 

been shown that macrophages may originate from different niches and cell lineages, which can be 470 

roughly divided into embryonic-derived and monocyte-derived populations. These populations 471 

infiltrate and reside in each organ during embryonic development and after tissue injury (87). In 472 

addition, macrophages exhibit great plasticity and change their properties and functions in response to 473 

the microenvironment, which is often referred to as macrophage polarization (88). Both their origins 474 

and functional polarization may influence their gene expression profiles, so we perform differential 475 

expressed gene (DEG) analyses based on both cell clusters and regenerative vs. non-regenerative 476 

conditions to further depict their functions during cardiac repair and regeneration (Figure 4).  477 

Among regeneration-associated clusters (with higher cell proportions under regenerative 478 

condition in Figure 3), Mac 2 exhibited high expression levels of hemoglobin genes including hbba1 479 

and hbaa1 (Figure 4A), as well as romo1, prdx2 and hmox1a (Figure 4B; D2). Hemoglobin subunit 480 

expression was reported in murine macrophages upon LPS and interferon-γ stimulation (89), which 481 

may be involved in the transport of NO and regulate NO signaling and nitrosative stress (90, 91). 482 

Romo1 functions as a redox sensor in mitochondria and regulate ROS production (92). Prdx2 catalyzes 483 

the reduction of hydrogen peroxide and organic hydroperoxides to water and alcohols, which may 484 

serve a protective role against ROS stress upon cardiac injury (93). hmox1a is responsible for heme 485 

degradation and relative to iron homeostasis and inflammatory modulation (94). Preclinical studies 486 

suggest that heme oxygenase-1 (HO-1), encoded by hmox1a, degrades heme into cardioprotective and 487 

anti-inflammatory effectors such as biliverdin/bilirubin, carbon monoxide (CO), and free iron/ferritin 488 

(95). Biliverdin/bilirubin and CO further exert antioxidant and anti-inflammatory activities, upregulate 489 

genes such as il10, and promote macrophage polarization (94). These results suggest that Mac 2 may 490 

be involved in homeostasis including NO, ROS and heme regulation during the inflammatory and 491 

resolution phase, which was significantly diminished in CL-treated hearts at 7 dpci (Figure 3A and 492 

3B). Mac 3 was enriched in genes involved in “immune system process” and “regulation of myeloid 493 

cell differentiation” including cd74a, spi1a and lgals2a. Cd74 encodes the receptor for macrophage 494 
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Figure 4. Differential gene expression in different inflammatory cell clusters under regenerative vs. non-

regenerative conditions revealed alternative activation of both macrophages and neutrophils. 

Differential expression analyses of cluster-enriched and condition-enriched genes. (A) BP of GO and KEGG 

pathways were identified based on the cluster-enriched DEGs of each macrophage and neutrophil cluster. The 

major resident macrophage cluster Mac 2 and Mac 3 were highlighted in purple. (B) Hierarchical clustering 

of the condition-enriched DEGs between PBS and CL conditions of each macrophage and neutrophil cluster. 

PBS-enriched and CL-enriched genes were highlighted in red and blue, respectively. D1-D17 represented the 

dendrogram cut of the hierarchical clustering. BP of GO and KEGG pathways were identified from the DEGs 

in respective dendrograms. Regenerative and non-regenerative associated dendrograms were labeled by purple 

and green, respectively. DEGs, differentially expressed genes. DEGs, differentially expressed genes; GO, 

Gene Ontology; BP, biological process; KEGG, Kyoto Encyclopedia of Genes and Genomes. 
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migration inhibitory factor (mif), known for its cardioprotective function in MI, suggesting a critical 495 

role for Mac 3 in innate immune response to cardiac injury (96). Mac 8 preferentially expressed CM 496 

structural genes such as tnnt2a and myh7l, and other genes involved in muscle structure and heart 497 

development, similar to the previously reported CX3CR1
+ cardiac resident macrophages in mice 498 

(Figure 4A) (81). Mac 8 was also enriched in genes related to mitochondrial functions and energy 499 

metabolism, including both “Glycolysis/Gluconeogenesis” and “Fatty acid degradation”, involved in 500 

the metabolic switch in substrates preference for energy production (Figure 4A) (97, 98). It might 501 

reflect the roles of macrophage switching in pro-inflammatory and anti-inflammatory polarization at 502 

steady state or later repairing phase (99). Interestingly, Mac 8 was enriched in naïve hearts and barely 503 

recovered after injury in both conditions before 7 dpci (Figure 3A). It is intriguing to know whether 504 

cellular metabolism of this resident population relates to cardiac homeostasis and self-maintenance. 505 

The macrophage clusters exhibited differential gene expression under regenerative vs. non-506 

regenerative conditions, suggesting a functional polarization/alternative activation (Figure 4B). 507 

According to their expression profile dynamics, Mac 1 displayed diverse functions in response to 508 

cardiac injury under regenerative and non-regenerative conditions. Under regenerative condition, Mac 509 

1 expressed genes related to the critical steps of regeneration—“angiogenesis” and “cardiovascular 510 

system development”, as well as debris clearance (vegfaa, vegfbb, lrp1ab and elmo1) (19, 100-102) 511 

and the regeneration-associated ECM protein-encoded gene, fn1a (Figure 4B; D11) (103). Under non-512 

regenerative condition, Mac 1 expressed the inflammatory cytokines il1b and tnfa, as well as genes 513 

associated with “autophagy” and “mRNA splicing”, whose activity increase in response to 514 

inflammation (Figure 4B; D6, D10 and D13) (104, 105), suggesting an enhanced M1-like pro-515 

inflammatory function. Furthermore, Mac 1 showed higher expression of ccr2, suggesting that this 516 

subpopulation might have derived from monocytes during cardiac injury, as described in murine 517 

cardiac macrophage classification (Figure 4B; D11) (5, 69). Among minor clusters, Mac 4, 6 and 7 518 

showed higher expression of genes related to oxidative stress under regenerative condition, including 519 

prdx2, anxa1a, and lgals2a (Figure 4A and 4B; D5). Anxa1 is a stress-induced gene which promotes 520 

neutrophil apoptosis, inflammatory resolution, and macrophage polarization during muscle 521 

regeneration (106, 107). Collectively, these three macrophage subpopulations might have roles in ROS 522 

homeostasis and in facilitating inflammation resolution. Under non-regenerative condition, Mac 4 523 

expressed cxcl8a in response to wounding, a crucial chemokine for neutrophil recruitment in zebrafish 524 

(Figure 4; D13) (77), suggesting that Mac 4 may also play opposite roles under regenerative and non-525 

regenerative conditions, coinciding with the enhanced recruitment and retention of neutrophils in CL-526 

treated hearts. In addition, Mac 4-enriched genes were involved in “fatty acid oxidation” (hadhaa, 527 

acat1, and cpt2) and “TCA cycle” (suclg1, suclg2, and mdh1aa), but not in “oxidative phosphorylation” 528 

under non-regenerative condition (Figure 4A and B, D16 and D6). Incomplete fatty acid metabolism 529 

may cause TCA cycle intermediates accumulation (e.g., succinate), which may activate IL-1β and 530 

promote extensive ROS generation (108). Lastly, the subpopulations Mac 6 and Mac 7 were 531 

preferentially enriched in CL-treated hearts (Figure 3C) and expressed anxa1a, cx43, and ak2 under 532 
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both conditions which are related to neutrophil transmigration and leukocyte differentiation, 533 

suggesting that these macrophage subsets function in triggering neutrophil infiltration post cardiac 534 

injury (Figure 4A). Partly corresponding to the traditional concept of M1/M2 macrophage polarization, 535 

Mac 1, 4, and 5 preferentially expressed inflammatory genes, such as il1b, tnfb, and ifngr2, while Mac 536 

2 and 3 preferentially expressed the M2 markers arg2 and mrc1b (Figure 4-figure supplement 1A) (9, 537 

78, 109-111). Taken together, detailed analyses on both clusters-enriched and condition-enriched genes 538 

suggest that each macrophage cluster might further exhibit distinct polarization states under different 539 

conditions, which reflect the complex nature of macrophage polarization and their potential roles in 540 

cardiac regeneration. 541 

Besides macrophages, neutrophils are critical to tissue repair and regeneration (7, 112). The 542 

properties of zebrafish neutrophils are conserved with mammalian neutrophils in terms of development 543 

(113), morphology, and functions, including phagocytosis (114) and extracellular traps formation (115). 544 

In mice, infiltrated neutrophils contribute to cardiac healing by promoting macrophage polarization 545 

towards a reparative phenotype, while depleting neutrophils worsen the cardiac repair (116). However, 546 

neutrophil retention in damaged tissue leads to compromised tissue repair and regeneration by 547 

triggering a vigorous pro-inflammatory response (1). Among neutrophil clusters identified in our data, 548 

biphasic change was observed in gene expression under regenerative vs. non-regenerative conditions. 549 

Neu 1 was enriched in granule protein-encoding genes such as lyz, npsn, mmp13a.1, and mmp9 (Figure 550 

4-figure supplement 1B), while Neu 2 expressed inflammatory genes such as il1b and tnfb, 551 

phagosome-related genes ncf1 and ncf2, as well as genes related to neutrophil chemotaxis such as 552 

cxcr1, atf3, and illr4 (Figure 4A and Figure 4-figure supplement 1B). Although some expressed genes 553 

were observed in both neutrophil clusters, Neu 1 exhibited more up-regulated genes under regenerative 554 

condition (Figure 3D and 4B). For instance, high expression of retinoic acid receptor raraa indicates 555 

that Neu 1 might respond to retinoic acid produced in endocardium and epicardium after cardiac injury 556 

(Figure 4A and 4B; D14) (117, 118). Largely expressed DEAD-box RNA helicase ddx5 (Figure 4B; 557 

D14) and spermidine/spermine N1-acetyltransferase 1 sat1a.2 (Figure 4A and 4B; D2) were observed, 558 

indicating regulation of transcription and polyamine metabolism that associate with cell proliferation, 559 

differentiation, wound healing and tissue remodeling (119-121). The up-regulated gene si:ch211-560 

222l21.1 encodes prothymosin alpha that contains a protective role against ischemia-induced apoptosis 561 

(122), with enriched genes involved in necroptosis such as fth1a, caspa, and hmgb1a as well as genes 562 

related to inflammation regulation such as cul1b and spop (Figure 4B; D14) (123, 124). These results 563 

suggest that Neu 1 reacting to injury with functions related to debris degradation and clearance, 564 

inflammation regulation, and turn on programmed cell death in regenerative conditions. In contrast, 565 

Neu 2 was enriched in non-regenerative condition with increased expressions associated with 566 

inflammatory responses, such as atp6v1g1 and atp6v1e1b, which encode for components of vacuolar 567 

ATPase that mediates vesicular acidification and contributes to pH related inflammatory responses 568 

(125). Moreover, rsad2, an interferon (IFN)-stimulated gene (126), was up-regulated (Figure 4B; D1). 569 

These enriched genes suggest that Neu 2 exhibits functions related to inflammatory propagation and 570 
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Figure 4-figure supplement 1. Expression pattern of Classical macrophage polarization genes and the 

DEGs between Neu 1 and Neu 2 (A) Dot plot showed the gene expression of common M1 and M2 markers 

across Mac 1 to Mac 9. The circle size represented the percentage of macrophages expressing the gene whereas 

the color represented the expression level. (B) Differentially enriched genes between Neu 1 and Neu 2 were 

shown in Volcano plot. 
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recruitment of more inflammatory cells in non-regenerative condition (Figure 4A and Figure 4-figure 571 

supplement 1B) (127, 128). Both neutrophil clusters Neu 1 and Neu 2 expressed genes relative to 572 

energy metabolisms, regulation of proteolysis, and autophagy (Figure 4B; D6). These data indicate a 573 

change in energy homeostasis and differentiation in order to support prolonged survival of these 574 

neutrophils (129). Overall, these results explain to the continuous neutrophil recruitment and retention 575 

that we observed in the CL-treated heart and provide the potential molecular mechanisms underlying 576 

how inflammatory cells polarize during cardiac repair. 577 

              578 

Resident macrophages mediate ECM remodeling and phagocytic clearance of neutrophils by 579 
cellular crosstalk 580 

Neutrophils are recruited to the injured tissue by various cytokines and chemokines and 581 

programmed for cell death as soon as they clear the tissue debris together with other professional 582 

phagocytes (130). Apoptotic neutrophils are cleared by macrophages to prevent further release of 583 

cytotoxic and inflammatory components, which is a critical step of inflammatory resolution (131). Our 584 

previous study and present results indicate that neutrophil retention occurs when macrophage 585 

properties are altered in non-regenerative condition, suggesting that the cellular interactions between 586 

macrophages and neutrophils may also change. This prompted us to investigate the cell-cell 587 

interactions between macrophages and neutrophils under regenerative and non-regenerative conditions. 588 

We first established the ligand-receptor pairs between macrophage and neutrophil clusters based on a 589 

published pipeline and then sorted them according to PBS-specific and CL-specific crosstalk at 590 

different time points post injury (Figure 5 and Figure 5-source data 1 to data 4) (132). It reveals that 591 

the putative interactions which change over time and under respective conditions.  592 

Among macrophage clusters, we focused on Mac 2 and 3 due to their enrichment under 593 

regenerative conditions (Figure 5A and 5B). Under regenerative condition, macrophage-ligand to 594 

neutrophil-receptor pairs involved in cell migration at 3 dpci, including the ligand complement 595 

component 3 (C3) with the receptor integrin ITGA1 (ITGAX/ITGB2), and afadin (AFDN) with the 596 

junctional adhesion molecule-A (JAM-A) (Figure 5A’) (133-136). Regulation of cholesterol 597 

homeostasis and inflammasome in neutrophils might also be regulated through PLTP–ABCA1 axis 598 

(Figure 5A’) (137, 138). At 7 dpci, adhesion, survival and migration of neutrophils were possibly 599 

regulated via ECM remodeling by macrophage expression of ADAMs, COL1A1, FN1, and TIMP2 600 

(Figure 5B’) (139). Neutrophil chemotaxis might be provided by Mac 2 via the HMGB1–CXCR4 axis 601 

(140, 141) and neutrophil migration-related ligands MDK and CXCL9 (Figure 5B’) (142, 143). In 602 

addition, promotion of neutrophil self-phagocytosis could be mediated by the MFGE8–ITGAV axis 603 

under regenerative condition at 3 and 7 dpci (Figure 5A’ and 5B’) (144-146). On the other hand, more 604 

macrophage-ligand to neutrophil-receptor pairs were found under non-regenerative condition. At 3 605 

dpci, more ECM components and regulators that could affect neutrophil behaviors were observed, 606 

including ADAMs, COL1A1, F13A1, FN1, TIMP2, LAMB1, and TGFB1 (Figure 5B’’). To a lesser 607 

extent, the neutrophil migration-related ligands MDK and CXCL9 were also observed (Figure 5B’’). 608 

Inflammation seemed to be further propagated through pro-inflammatory cytokine secretion from Mac 609 
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Figure 5. Cell-cell interactions between macrophages and neutrophils are altered in non-regenerative 

conditions. Crosstalk analyses identify hypothetical cell-cell interactions in macrophage and neutrophil 

clusters under regenerative (PBS) or non-regenerative (CL) conditions. (A and B) Putative interaction maps 

of macrophage-expressing ligands and neutrophil-expressing receptors between clusters at 3 dpci (A) and 7 

dpci (B). Purple and green highlight the ligand-receptor pairs found specifically under PBS- or CL-treated 

conditions. Direction of arrows indicates the ligands signaling to the receptors in responding clusters. Circle 
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size represents the numbers of ligand/receptor genes. Ligand-receptor pairs of the resident population Mac 2 

and 3 to neutrophil clusters at 3 dpci (A’ and A’’) and 7 dpci (B’ and B’’) were shown. (C and D) Putative 

interaction maps of neutrophil -expressing ligands and macrophage-expressing receptors between clusters at 

3 dpci (C) and 7 dpci (D). Purple and green highlight the ligand-receptor pairs found specifically under PBS- 

or CL-treated conditions. Direction of arrows indicates the ligands signaling to the receptors in responding 

clusters. Circle size represents the numbers of ligand/receptor genes. (C’ and C’’) Ligand-receptor pairs of 

Neu 1, 2 to major macrophage responders at 3 dpci. (D’ and D’’) Ligand-receptor pairs of Neu 1, 2 to major 

macrophage responders at 7 dpci. 
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2 and 3, such as IL15, IL16, and TNF (Figure 5B’’) (147, 148). Phagocytosis and survival of 610 

neutrophils could be positively modulated by IL15 (Figure 5B’’) (149, 150). An increase of neutrophils 611 

was associated with CSF3 and ADM expression (Figure 5B’’) (151, 152). In addition, neutrophil 612 

survival might be supported through the NAMPT–INSR and TGFB1–SMAD3 axes at both 3 and 7 613 

dpci (Figure 5A’’ and 5B’’) (153, 154), as well as the absence of clearance of apoptotic neutrophils via 614 

the MFGE8–ITGAV axis at 7 dpci (Figure 5B’’). CXCR4 is involved in neutrophil reverse migration 615 

before apoptosis (155). The up-regulation of CXCR4 could be affected by the presence of TGFB1 at 616 

3 and 7 dpci (Figure 5A’’ and B’’) (156). These ligand-receptor pairs indicate differential neutrophil 617 

behavior resulted from altered macrophage properties and function, especially regarding the dynamic 618 

change in ECM remodeling, leading to enhanced neutrophil recruitment and/or retention under non-619 

regenerative condition. 620 

On the other hand, neutrophil-ligands to macrophages-receptors pair also showed dramatic 621 

differences between regenerative and non-regenerative conditions (Figure 5C and 5D). These ligand-622 

receptor pairs were mainly involved in phagocytic clearance, when neutrophils express multiple eat-623 

me/find-me signals recognized by macrophage receptors Lrp1 and Integrins, leading to neutrophil 624 

resolution only under regenerative condition. For example, neutrophils express calreticulin (CALR), a 625 

well-known “eat-me” signal, recognized by phagocytic receptors- LRP1 and SCARF1 on Mac 4, 5, 6, 626 

and 8 (Figure 5D’) (145, 157, 158). Furthermore, we observed various interactions mediated by the 627 

fas-associated death domain (FADD), FADD–TRADD and FADD–ABCA1 axes, which are related to 628 

the initiation of neutrophil apoptosis (Figure 5D’) (159, 160). By contrast, neutrophils in non-629 

regenerative hearts expressed multiple ligands triggering NOTCH2 signaling which correlates with 630 

proinflammatory M1 macrophage polarization and the murine Ly6Chi monocyte differentiation (Figure 631 

5D’’) (161, 162). Overall, the present crosstalk analyses indicate that neutrophils in non-regenerative 632 

hearts avoided resolution via programmed cell death and phagocytotic clearance, which led to their 633 

retention in hearts with chronic inflammation (inflammatory cytokines-receptors in Figure 5C’’). 634 

These long-lived neutrophils may in turn prevent macrophages from polarizing towards pro-635 

resolving/tissue-repairing phenotypes. 636 

 637 

Depletion of resident macrophage compromises heart regeneration 638 

Based on the single-cell profiling results, regeneration-associated macrophages were mainly 639 

resident macrophages Mac 2 and Mac 3, which were substantially enriched in regenerative compared 640 

with non-regenerative hearts. To test the functional significance of these resident macrophages without 641 

disrupting the circulation/monocyte-derived macrophage recruitment, we perform CL depletion earlier 642 

at 8 days prior to cardiac injury (-8d_CL) (Figure 6). In our previous study, the effect of -1d_CL 643 

treatment only lasted a couple of days while the macrophage numbers soon recovered in adult zebrafish 644 

(1). We first examined the macrophage content in Tg(mpeg1:mCherry) reporter fish by flow cytometry 645 

at 2 and 8 days post CL injection (2 dpip and 8 dpip; Figure 6A). Indeed, the proportion of mCherry+ 646 

cells in the zebrafish hearts dropped from 1.7% at steady-state (green line) to 1.18% at 2 dpip (blue 647 
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Figure 6. Early CL administration depleted non-recoverable cardiac resident macrophage clusters Mac 

2 and 3. (A) Resident macrophage replenishment after CL depletion. Macrophages resided in the adult 

Tg(mpeg1:mCherry) fish hearts were examined by Flow cytometry at 2-dpip and 8-dpip after PBS vs. CL 

treatment. (B) Tg(mpeg1:mCherry) fish were IP injected with PBS or CL 8 days prior to cryoinjury. Cardiac 

macrophages (mCherry+) were examined by Flow cytometry at 1 dpci. (C) Heatmaps showed the top DEGs 

enriched in Mac 2 and Mac 3, respectively. The color represented the gene expression level in average log2 

fold change. (D) Expression of Mac 2 enriched gene hbaa1 and Mac 3 enriched gene timp4.3 in macrophages 

isolated from PBS- and CL-treated hearts at 8 dpip (without cryoinjury). The expression was examined by 

qPCR using eef1a1l1 as the internal control. CL, Clodronate liposomes; IP, Intraperitoneal; dpip, day post 

intraperitoneal; dpci, day post cryoinjury; DEGs, differentially expressed genes.  
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line), corresponding to the previous findings in -1d_CL treated hearts (Figure 6A) (1). At 8 dpip, the 648 

proportion of mCherry+ cells recovered to 1.64%, comparable to the steady-state level (Figure 6A, 649 

orange line). However, these recovered macrophages express mpeg1:mCherry at a lower level, which 650 

might reflect their differentiation status freshly from progenitors/monocytes (Figure 6A, orange line). 651 

These results also suggest that not all the resident mpeg1:mCherry+ cells are susceptible to CL 652 

depletion; for example, those B cells we observed from single-cell profiling (Figure 3A). Next, we 653 

performed cryoinjury on these fish after -8d_CL treatment and examined the macrophage content at 1 654 

day post injury (1 dpci; Figure 6B). Surprisingly, the proportion of mCherry+ cells was even higher in 655 

-8d_CL group (1.14%) compared to PBS-controls (0.83%). Since scRNAseq results showed specific 656 

loss of Mac 2 and Mac 3, we examined their cluster-specific gene hbaa1 and timp4.3 expression by 657 

qPCR to test whether the Mac 2 and Mac 3 could recover from -8d_CL depletion (Figure 6C and 658 

Figure 6-figure supplement 1). Consistent with our scRNAseq results, the expression of both genes in 659 

mpeg1:mCherry+ cells were significantly reduced in -8d_CL hearts compared to PBS-controls (Figure 660 

6D). These results support that early CL administration (-8d_CL) depleted resident macrophages 661 

without affecting overall macrophage infiltration, potentially derived from circulating monocyte or 662 

expanded from other resident clusters, after cardiac injury. However, Mac 2 and Mac 3 may not fully 663 

recover even when the overall macrophage numbers closely returned to the steady-state (Figure 6A, 664 

green line vs. orange line). Instead, they might be replaced by the monocyte-derived population with 665 

lower mpeg1:mCherry expression (Figure 6A). Of note, we again observed an overshoot of 666 

macrophage infiltration to the -8d_CL injured hearts, consistent with previously published results 667 

showing that -1d_CL treatment actually led to more macrophages infiltrated in the injured heart at 7 668 

dpci (1). This observation indicates an intrinsic role of resident macrophages in modulating 669 

inflammation and immune cell recruitment after cardiac injury. 670 

To determine the functional requirement of resident macrophages in cardiac regeneration, we then 671 

examined the key processes underlying successful heart regeneration, including revascularization, CM 672 

proliferation and scar resolution in -8d_CL and PBS-control hearts at 7 dpci and 30 dpci (Figure 7A). 673 

Similar to our previous studies, we used Tg(fli1:EGFP;myl7:DsRed-NLS) fish to visualize the vascular 674 

endothelial cells in green and the nuclei of CMs in red, and used Acid Fuchsin-Orange G (AFOG) 675 

staining to reveal the scar size and composition in the injured hearts (1). Fast revascularization of the 676 

injured area in the first-week post injury is essential to support zebrafish heart regeneration (19). We 677 

examined revascularization by ex-vivo imaging of GFP+ endothelial cells in whole mount hearts and 678 

found that revascularization of the injured area in -8d_CL hearts were significantly decreased than 679 

PBS-controls at 7 dpci (Figure 7B and Figure 7-source data 1). We next examined CM proliferation 680 

by EdU incorporation and quantification on cryosection hearts, since dedifferentiation and 681 

proliferation of the existing CMs replenish the lost myocardial tissue from injury (163). Unlike 682 

previously reported in -1d_CL hearts, we did not observe a significant decrease in CM proliferation 683 

between -8d_CL and -8d_PBS hearts (Figure 7C and Figure 7-source data 1). Instead, we noticed small 684 

and round CM nuclei with weaker DsRed signals in the border zone of -8d_CL hearts compared to 685 
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Figure 6-figure supplement 1. Expression of cluster-specific genes of resident macrophages Mac 2 and 

3 in the regenerative vs. non-regenerative hearts post injury. Split UMAP plots for Mac 2 enriched genes 

hbaa1 and hbba1 as well as Mac 3 enriched gene timp4.3 at each time point and condition. Both clusters and 

their marker genes remained diminished at 7 dpci. The color intensity represents the gene expression level. 
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Figure 7. Depletion of resident macrophages compromised heart regeneration. (A) Experimental design 

for functional validation of resident macrophage depletion. Zebrafish were IP injected with PBS or CL at 8 

days before cardiac injury (-8dCL). (B) Revascularization was evaluated at 7 dpci. Endogenous fli1:EGFP 

fluorescence depicted the vascular endothelial cells. White dotted lines delineated injury areas; scale bars, 100 

μm. Quantification of vessel density by ImageJ was shown in the right panel. (C) CM proliferation was 

evaluated by EdU cell proliferation assay at 7 dpci. White dotted lines delineated injury areas; scale bars, 100 

μm (left panels) and 20 μm (insets I–IV). White arrows pointed out the proliferating CMs (insets I and II). 

myl7:DsRed-NLS served as the endogenous CM nuclear marker. The shape of CMs became smaller and 

endogenous fluorescence was weaker in CL-pretreated hearts (-8d_PBS vs. -8d_CL, insets III vs. IV). 

Quantification of CM density and CM proliferation index in 200 μm adjacent to the injured area (delineated 

by yellow dotted lines) were shown in right panels. (D) TUNEL assay was performed on the same batches of 

cryosections which identified the CMs lost in the border zone (insets I and II) at 7 dpci. White arrows point 

out the TUNEL positive CMs in the area. More damaged nuclei were found in CL-treated hearts than in PBS 

controls (inset III and IV). Quantification of TUNEL intensity was listed in the right panel. (E) Neutrophils in 

injured areas were examined by Myeloperoxidase (Mpx) immunostaining. White dotted lines delineated injury 

areas; scale bars, 100 μm. Quantification of neutrophil number in injured areas was listed in the right panel. 

(F) Scar resolution was evaluated by Acid Fuchsin Orange G (AFOG) staining at 30 dpci. AFOG staining 

visualized healthy myocardium in orange, fibrin in red, and collagen in blue. Quantification of scar area was 

shown in the right panel. CL, Clodronate liposomes; IP, Intraperitoneal; CM, cardiomyocyte. The student’s t-

test was used to assess all comparisons by Prism 9. 
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controls (Figure 7C). Correspondingly, the density of CM nuclei was significantly lower in the border 686 

zone of the -8d_CL hearts, suggesting that CMs survived less upon injury (Figure 7C). To test this 687 

possibility, we performed TUNEL assay to label damaged nuclei of apoptotic cells. Indeed, we found 688 

significant more TUNEL positive cells within the injured area of -8d_CL hearts (Figure 7D and Figure 689 

7-source data 1). Coincidently, we also observed neutrophils retained in the injured area of -8d_CL 690 

hearts (Figure 7E and Figure 7-source data 1). As a result, -8d_CL hearts exhibited larger/unresolved 691 

scar tissues composed of both collagen and fibrin than -8d_PBS hearts at 30 dpci, reflecting 692 

compromised heart regeneration (Figure 7F and Figure 7-source data 1).  693 

To test the potential ability of resident macrophages to recover after CL treatment, we performed 694 

CL administration 1 month prior to cryoinjury (-1m_CL, Figure 8 and Figure 8-source data 1). 695 

Strikingly, -1m_CL hearts still failed in regeneration, exhibiting significant defects in revascularization, 696 

neutrophil retention, and scar resolution (Figure 8). These results suggest that resident macrophages 697 

are essential for heart regeneration in modulating the revascularization, CM survival, and the resolution 698 

of inflammation and fibrotic scars, which cannot be replenished or functionally replaced by 699 

circulation/monocyte-derived macrophages once being depleted.  700 

 701 

Discussion 702 

Timely inflammatory resolution and metabolic switch are critical events associated with 703 

macrophages function during zebrafish heart regeneration 704 

Previously, Lai et al. showed that delaying macrophage recruitment in the first-week post cardiac 705 

injury by CL-mediated predepletion compromised zebrafish heart regeneration in terms of 706 

revascularization, neutrophil retention, CM proliferation and scar resolution, even though the 707 

macrophage numbers gradually recovered before 7 dpci. These previous data indicated a certain degree 708 

of functional divergence in the late infiltrating macrophages compared with the macrophages in the 709 

PBS-control hearts. Dynamics of inflammatory cells were also investigated during cardiac repair in 710 

mammals. Upon myocardial infarction, reperfusion is the standard practice in clinics, which salvages 711 

some CMs from ischemic death and thus reduce the infarcted area. In the mouse ischemic-reperfusion 712 

(IR) model, the vessel occlusion is released 30 mins after ligation to allow blood flow and immune 713 

cell trafficking, as compared to the permanent ligation (MI) model. Interestingly, inflammatory cell 714 

dynamic in the ischemic-reperfusion model resembles the regenerative zebrafish, when macrophage 715 

infiltration peak at an earlier time point, and neutrophils also resolve faster than in the permanent MI 716 

model, even though the cell numbers might not be comparable due to the differences in cell death and 717 

infarct size (164). Furthermore, macrophages from the IR model seem to repolarize and become 718 

inflammation-resolving M2 type faster than those from the permanent MI model, suggesting a 719 

progressive inflammation resolution (164). In the present study, we further characterized the PBS vs. 720 

CL models in zebrafish and found the transcriptomic changes upon macrophage delay. CL-treated 721 

hearts showed prolonged inflammation and dysregulated metabolism even until 21 dpci, suggesting 722 

that macrophages may play important roles in modulating neutrophil and inflammation resolution, 723 
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Figure 8. Depletion of resident macrophages led to long-term incompetence of heart regeneration. (A) 

Experimental design for functional validation of long-term depletion of resident macrophages at 1 month prior 

to cardiac injury. (B) Revascularization was evaluated at 7 dpci. Endogenous fli1:EGFP fluorescence depicted 

the vascular endothelial cells. White dotted lines delineated injury areas; scale bars, 100 μm. Quantification 

of vessel density by ImageJ was shown in right panels. (C) CM proliferation was evaluated by EdU cell 

proliferation assay at 7 dpci. White arrows pointed out the proliferating CMs; scale bars, 100 μm (left panels) 

and 20 μm (middle panels). Quantification of CM density and CM proliferation index in 200 μm adjacent to 

the injured area was shown in the right panels. (D) Neutrophils in injured areas were examined by 

Myeloperoxidase (Mpx) immunostaining. White dotted lines delineated injury areas; scale bars, 100 μm. 

Quantification of neutrophil number in injured areas was listed in the right panel. (E) Scar resolution was 

evaluated by Acid Fuchsin Orange G (AFOG) staining at 30 dpci. AFOG visualized healthy myocardium in 

orange, fibrin in red, and collagen in blue. Quantification of scar area was shown in the right panel. CL, 

Clodronate liposomes; IP, Intraperitoneal; CM, cardiomyocyte. The student’s t-test was used to assess all 

comparisons by Prism 9. 
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which was further supported by the scRNAseq profiling of these inflammatory cells, discussed below. 724 

However, whether and how macrophages may directly regulate cardiac metabolism remain unclear. 725 

Metabolic shift in utilizing different metabolites for energy production is a critical process during 726 

cardiac repair and regeneration (34, 40, 41). Compared with PBS-control hearts, we observed 727 

downregulated genes predicted to be involved in both glycolysis and oxidative phosphorylation in CL-728 

treated hearts from 7 to 21 dpci. The aberrant metabolism might be with macrophage phagocytosis 729 

function, since cardiac macrophages have been shown to preserve the metabolic stability of CMs by 730 

actively clearing the dysfunctional mitochondria and other waste via phagocytosis during homeostasis 731 

(43). Whether similar events occur during cardiac repair on top of their roles in debris clearance and 732 

how macrophages may directly influence CM dedifferentiating/proliferating await future investigation. 733 

 734 

ScRNAseq profiling revealed heterogeneous cardiac resident macrophages during steady-state 735 

and repair/regeneration 736 

Since macrophages and neutrophils seem to be the main players in the regenerative PBS vs. non-737 

regenerative CL conditions, we further profiled these inflammatory cells by scRNAseq. During cell 738 

isolation, we noticed a portion of mpeg1:mCherry+/mpx:EGFP+ cells in steady-state and enriched in 739 

PBS-treated hearts post injury. These double positive cells were confirmed as macrophages by cell 740 

sorting and Giemsa staining and were also described previously in the fin-fold amputated larvae (67, 741 

165). From the scRNAseq profiling, we only observed a corresponding population of mpeg1+/mpx+ 742 

macrophages in Mac 2 at PBS7d. We speculate that EGFP proteins are stable in sorted 743 

mpeg1:mCherry+/mpx:EGFP+ macrophages and the mpx gene only needs to be turned on after injury 744 

and the replenishment of Mac 2 in PBS-treated heart. Myeloperoxidase-expressing macrophages were 745 

observed in human atherosclerotic plaque and increased during inflammation (166). Among 746 

macrophage clusters, Mac 1, 2, 3, 4, 9 are the major resident subsets at the steady-state (Figure 3B). 747 

The cluster enriched genes show similar functions to murine cardiac resident macrophages including 748 

phagocytosis/homeostasis, angiogenesis, antigen presentation, and sentinel function in monocytes and 749 

neutrophil chemotaxis (72, 87). However, the cluster/lineage markers were not comparable between 750 

fish and murine cardiac resident macrophages. The origin/lineage of fish cardiac macrophage is also 751 

difficult to determine without comparable markers and lineage tracing tools as in rodents. Therefore, 752 

new genetic tools are needed for further investigating these cardiac macrophage clusters. Nevertheless, 753 

judging by the dynamic change post injury and their replenishment in CL-treated hearts, Mac 2, 3, and 754 

8 might be originated from the embryonic stage, as they show minor or no replenishment after 755 

depletion and injury. On the other hand, Mac 1 and 4 showed active recruitment to the injured heart 756 

and might be derived from monocytes (Figure 3B). After cardiac injury, the dynamic changes in 757 

numbers and gene expression among heterogeneous macrophage clusters reflect the swift response to 758 

injury and high plasticity of polarization, making it difficult to define regeneration-associated 759 

macrophage properties. Thus, we combined multiple analyses, including cell proportional analysis, 760 

GO analysis on cluster-enriched and condition-enriched DEGs, and crosstalk analysis in the present 761 
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study. Interestingly, we observed some macrophage clusters other than Mac 2 and 3 turn on and off 762 

specific sets of genes under regenerative vs. non-regenerative conditions without affecting their overall 763 

identity (in clustering, Figure 4). This phenomenon suggests that functional polarization and dynamics 764 

might be associated with the presence of resident macrophages.  765 

Interestingly, neutrophils were not only more in numbers, as they are retained and not cleared in 766 

the CL-treated hearts than those in the PBS-control hearts, but also exhibit different contributions of 767 

two subsets Neu 1 and Neu 2. Regeneration-associated Neu 1 showed enriched necroptosis gene 768 

expression but not classical neutrophilic genes involving inflammation, phagocytosis, and cell 769 

migration than non-regeneration-associated Neu 2. Further studies are required to functionally test the 770 

role of these neutrophils. 771 

  772 

Zebrafish cardiac resident macrophages are indispensable in heart regeneration 773 

Our functional results reveal the essential roles of cardiac resident macrophages in zebrafish heart 774 

regeneration, as they are key to support revascularization, CM survival and replenishment, and 775 

eventually scar resolution. However, we did not observe cardiac resident macrophages directly 776 

contributing to CM dedifferentiation and proliferation. CM repopulation is affected possibly due to 777 

compromised revascularization (167), and the abnormal ECM deposition which leads scar deposition 778 

without affecting CM proliferation (103, 168). Moreover, ECM components provide various signaling 779 

events with other cell surface receptors that abnormal ECM dynamics could activate a range of 780 

disorders. For example, we observed resident macrophages-derived Mac 2 population interacting with 781 

neutrophils through ECM components such as fibronectin, ADAM metallopeptidases and tissue 782 

inhibitor of metalloproteinase 2 (TIMP-2) in regenerative conditions at 7 dcpi, whereas communication 783 

by non-regenerative Mac 2 mis-activated earlier (3-dpci) with distinct ECM components such as pro-784 

fibrotic Factor XIII A chain (169). The present results indicate that ECM-associated proteins turnover 785 

and activities might contribute to establishing pro-regenerative microenvironment, as seen in murine 786 

cardiac repair and regeneration (170).  787 

In summary, our study highlights the plastic and heterogeneous macrophages and neutrophils at 788 

steady-state and the first-week post injury. In addition, we molecularly and functionally characterized 789 

cardiac resident macrophages whose role is essential for heart regeneration. Further studies are 790 

required to investigate the role and function of distinct macrophage subsets and the molecular 791 

mechanism underlying how resident macrophages promote heart regeneration, which will help 792 

uncover why these functional properties are absent in adult murine cardiac resident macrophages. We 793 

anticipate these data will provide new insights for developing therapeutic strategies by engineering 794 

macrophages for cardiac repair.    795 

 796 

Acknowledgment 797 

We thank core facilities at the Institute of Biomedical Sciences, including Light Microscopy, 798 

Pathology, and DNA Sequencing Core; Dr. Meiyeh Jade Lu and the High Throughput Genomics Core 799 

43

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted November 22, 2022. ; https://doi.org/10.1101/2022.11.22.517520doi: bioRxiv preprint 

https://doi.org/10.1101/2022.11.22.517520
http://creativecommons.org/licenses/by/4.0/


 

 

at Biodiversity Research Center for NGS work; the Innovative Instrument Project (AS-CFII-111-212) 800 

for cell sorting service at Academia Sinica. We also thank all members of the Lai group for their 801 

valuable suggestions and Dr. Michele Marass for the editorial consultancy. Research in Lai group has 802 

been funded by the Clinical Research Collaboration Grant from the Institute of Biomedical Sciences 803 

(IBMS-CRC108-P01), the Research Project Grant from the Ministry of Science and Technology 804 

(MOST 108-2320-B-001-032-MY2), and the Grand Challenge Project from the Academia Sinica (AS-805 

GC-110-P7). 806 

 807 

References 808 

1. Lai SL, Marin-Juez R, Moura PL, Kuenne C, Lai JKH, Tsedeke AT, Guenther S, Looso M, Stainier 809 

DY. Reciprocal analyses in zebrafish and medaka reveal that harnessing the immune response 810 

promotes cardiac regeneration. Elife. 2017;6. 811 

2. Ito K, Morioka M, Kimura S, Tasaki M, Inohaya K, Kudo A. Differential reparative phenotypes 812 

between zebrafish and medaka after cardiac injury. Dev Dyn. 2014;243(9):1106-15. 813 

3. Porrello ER, Mahmoud AI, Simpson E, Hill JA, Richardson JA, Olson EN, Sadek HA. Transient 814 

regenerative potential of the neonatal mouse heart. Science. 2011;331(6020):1078-80. 815 

4. Haubner BJ, Schneider J, Schweigmann U, Schuetz T, Dichtl W, Velik-Salchner C, Stein JI, 816 

Penninger JM. Functional Recovery of a Human Neonatal Heart After Severe Myocardial 817 

Infarction. Circ Res. 2016;118(2):216-21. 818 

5. Lavine KJ, Epelman S, Uchida K, Weber KJ, Nichols CG, Schilling JD, Ornitz DM, Randolph GJ, 819 

Mann DL. Distinct macrophage lineages contribute to disparate patterns of cardiac recovery and 820 

remodeling in the neonatal and adult heart. Proc Natl Acad Sci U S A. 2014;111(45):16029-34. 821 

6. Aurora AB, Porrello ER, Tan W, Mahmoud AI, Hill JA, Bassel-Duby R, Sadek HA, Olson EN. 822 

Macrophages are required for neonatal heart regeneration. J Clin Invest. 2014;124(3):1382-92. 823 

7. Cheng B, Chen HC, Chou IW, Tang TW, Hsieh PC. Harnessing the early post-injury inflammatory 824 

responses for cardiac regeneration. J Biomed Sci. 2017;24(1):7. 825 

8. de Preux Charles AS, Bise T, Baier F, Marro J, Jazwinska A. Distinct effects of inflammation on 826 

preconditioning and regeneration of the adult zebrafish heart. Open Biol. 2016;6(7). 827 

9. Bevan L, Lim ZW, Venkatesh B, Riley PR, Martin P, Richardson RJ. Specific macrophage 828 

populations promote both cardiac scar deposition and subsequent resolution in adult zebrafish. 829 

Cardiovasc Res. 2020;116(7):1357-71. 830 

10. Sanz-Morejon A, Garcia-Redondo AB, Reuter H, Marques IJ, Bates T, Galardi-Castilla M, Grosse 831 

A, Manig S, Langa X, Ernst A, Piragyte I, Botos MA, Gonzalez-Rosa JM, Ruiz-Ortega M, Briones 832 

AM, Salaices M, Englert C, Mercader N. Wilms Tumor 1b Expression Defines a Pro-regenerative 833 

Macrophage Subtype and Is Required for Organ Regeneration in the Zebrafish. Cell Rep. 834 

2019;28(5):1296-306 e6. 835 

44

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted November 22, 2022. ; https://doi.org/10.1101/2022.11.22.517520doi: bioRxiv preprint 

https://doi.org/10.1101/2022.11.22.517520
http://creativecommons.org/licenses/by/4.0/


 

 

11. Ma H, Liu Z, Yang Y, Feng D, Dong Y, Garbutt TA, Hu Z, Wang L, Luan C, Cooper CD, Li Y, 836 

Welch JD, Qian L, Liu J. Functional coordination of non-myocytes plays a key role in adult 837 

zebrafish heart regeneration. EMBO Rep. 2021;22(11):e52901. 838 

12. Hu B, Lelek S, Spanjaard B, El-Sammak H, Simoes MG, Mintcheva J, Aliee H, Schafer R, Meyer 839 

AM, Theis F, Stainier DYR, Panakova D, Junker JP. Origin and function of activated fibroblast 840 

states during zebrafish heart regeneration. Nat Genet. 2022;54(8):1227-37. 841 

13. Bernut A, Herrmann JL, Kissa K, Dubremetz JF, Gaillard JL, Lutfalla G, Kremer L. 842 

Mycobacterium abscessus cording prevents phagocytosis and promotes abscess formation. Proc 843 

Natl Acad Sci U S A. 2014;111(10):E943-52. 844 

14. Renshaw SA, Loynes CA, Trushell DM, Elworthy S, Ingham PW, Whyte MK. A transgenic 845 

zebrafish model of neutrophilic inflammation. Blood. 2006;108(13):3976-8. 846 

15. Rottbauer W, Saurin AJ, Lickert H, Shen X, Burns CG, Wo ZG, Kemler R, Kingston R, Wu C, 847 

Fishman M. Reptin and pontin antagonistically regulate heart growth in zebrafish embryos. Cell. 848 

2002;111(5):661-72. 849 

16. Chablais F, Veit J, Rainer G, Jazwinska A. The zebrafish heart regenerates after cryoinjury-induced 850 

myocardial infarction. BMC Dev Biol. 2011;11:21. 851 

17. Gonzalez-Rosa JM, Martin V, Peralta M, Torres M, Mercader N. Extensive scar formation and 852 

regression during heart regeneration after cryoinjury in zebrafish. Development. 853 

2011;138(9):1663-74. 854 

18. Schnabel K, Wu CC, Kurth T, Weidinger G. Regeneration of cryoinjury induced necrotic heart 855 

lesions in zebrafish is associated with epicardial activation and cardiomyocyte proliferation. PLoS 856 

One. 2011;6(4):e18503. 857 

19. Marin-Juez R, Marass M, Gauvrit S, Rossi A, Lai SL, Materna SC, Black BL, Stainier DY. Fast 858 

revascularization of the injured area is essential to support zebrafish heart regeneration. 859 

Proceedings of the National Academy of Sciences of the United States of America. 860 

2016;113(40):11237-42. 861 

20. Kim D, Paggi JM, Park C, Bennett C, Salzberg SL. Graph-based genome alignment and 862 

genotyping with HISAT2 and HISAT-genotype. Nat Biotechnol. 2019;37(8):907-15. 863 

21. Pertea M, Pertea GM, Antonescu CM, Chang TC, Mendell JT, Salzberg SL. StringTie enables 864 

improved reconstruction of a transcriptome from RNA-seq reads. Nat Biotechnol. 865 

2015;33(3):290-5. 866 

22. Tarazona S, Furio-Tari P, Turra D, Pietro AD, Nueda MJ, Ferrer A, Conesa A. Data quality aware 867 

analysis of differential expression in RNA-seq with NOISeq R/Bioc package. Nucleic Acids Res. 868 

2015;43(21):e140. 869 

23. Zhang B, Kirov S, Snoddy J. WebGestalt: an integrated system for exploring gene sets in various 870 

biological contexts. Nucleic Acids Res. 2005;33(Web Server issue):W741-8. 871 

24. Kramer A, Green J, Pollard J, Jr., Tugendreich S. Causal analysis approaches in Ingenuity Pathway 872 

Analysis. Bioinformatics. 2014;30(4):523-30. 873 

45

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted November 22, 2022. ; https://doi.org/10.1101/2022.11.22.517520doi: bioRxiv preprint 

https://doi.org/10.1101/2022.11.22.517520
http://creativecommons.org/licenses/by/4.0/


 

 

25. Zheng GX, Terry JM, Belgrader P, Ryvkin P, Bent ZW, Wilson R, Ziraldo SB, Wheeler TD, 874 

McDermott GP, Zhu J, Gregory MT, Shuga J, Montesclaros L, Underwood JG, Masquelier DA, 875 

Nishimura SY, Schnall-Levin M, Wyatt PW, Hindson CM, Bharadwaj R, Wong A, Ness KD, 876 

Beppu LW, Deeg HJ, McFarland C, Loeb KR, Valente WJ, Ericson NG, Stevens EA, Radich JP, 877 

Mikkelsen TS, Hindson BJ, Bielas JH. Massively parallel digital transcriptional profiling of single 878 

cells. Nat Commun. 2017;8(1):14049. 879 

26. Stuart T, Butler A, Hoffman P, Hafemeister C, Papalexi E, Mauck WM, 3rd, Hao Y, Stoeckius M, 880 

Smibert P, Satija R. Comprehensive Integration of Single-Cell Data. Cell. 2019;177(7):1888-902 881 

e21. 882 

27. Butler A, Hoffman P, Smibert P, Papalexi E, Satija R. Integrating single-cell transcriptomic data 883 

across different conditions, technologies, and species. Nat Biotechnol. 2018;36(5):411-20. 884 

28. Becht E, McInnes L, Healy J, Dutertre CA, Kwok IWH, Ng LG, Ginhoux F, Newell EW. 885 

Dimensionality reduction for visualizing single-cell data using UMAP. Nature Biotechnology. 886 

2019;37(1):38-+. 887 

29. Finak G, McDavid A, Yajima M, Deng J, Gersuk V, Shalek AK, Slichter CK, Miller HW, McElrath 888 

MJ, Prlic M, Linsley PS, Gottardo R. MAST: a flexible statistical framework for assessing 889 

transcriptional changes and characterizing heterogeneity in single-cell RNA sequencing data. 890 

Genome Biol. 2015;16(1):278. 891 

30. Raudvere U, Kolberg L, Kuzmin I, Arak T, Adler P, Peterson H, Vilo J. g:Profiler: a web server 892 

for functional enrichment analysis and conversions of gene lists (2019 update). Nucleic Acids Res. 893 

2019;47(W1):W191-W8. 894 

31. Amezquita RA, Lun ATL, Becht E, Carey VJ, Carpp LN, Geistlinger L, Marini F, Rue-Albrecht 895 

K, Risso D, Soneson C, Waldron L, Pages H, Smith ML, Huber W, Morgan M, Gottardo R, Hicks 896 

SC. Orchestrating single-cell analysis with Bioconductor. Nat Methods. 2020;17(2):137-45. 897 

32. Ramilowski JA, Goldberg T, Harshbarger J, Kloppmann E, Lizio M, Satagopam VP, Itoh M, 898 

Kawaji H, Carninci P, Rost B, Forrest AR. A draft network of ligand-receptor-mediated 899 

multicellular signalling in human. Nat Commun. 2015;6(1):7866. 900 

33. Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, Ramage D, Amin N, Schwikowski B, Ideker 901 

T. Cytoscape: a software environment for integrated models of biomolecular interaction networks. 902 

Genome Res. 2003;13(11):2498-504. 903 

34. Doenst T, Nguyen TD, Abel ED. Cardiac metabolism in heart failure: implications beyond ATP 904 

production. Circ Res. 2013;113(6):709-24. 905 

35. Declerck PJ, Gils A. Three decades of research on plasminogen activator inhibitor-1: a 906 

multifaceted serpin. Semin Thromb Hemost. 2013;39(4):356-64. 907 

36. Munch J, Grivas D, Gonzalez-Rajal A, Torregrosa-Carrion R, de la Pompa JL. Notch signalling 908 

restricts inflammation and serpine1 expression in the dynamic endocardium of the regenerating 909 

zebrafish heart. Development. 2017;144(8):1425-40. 910 

46

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted November 22, 2022. ; https://doi.org/10.1101/2022.11.22.517520doi: bioRxiv preprint 

https://doi.org/10.1101/2022.11.22.517520
http://creativecommons.org/licenses/by/4.0/


 

 

37. Andrews LP, Yano H, Vignali DAA. Inhibitory receptors and ligands beyond PD-1, PD-L1 and 911 

CTLA-4: breakthroughs or backups. Nat Immunol. 2019;20(11):1425-34. 912 

38. Fang J, Feng C, Chen W, Hou P, Liu Z, Zuo M, Han Y, Xu C, Melino G, Verkhratsky A, Wang Y, 913 

Shao C, Shi Y. Redressing the interactions between stem cells and immune system in tissue 914 

regeneration. Biol Direct. 2021;16(1):18. 915 

39. Mittal M, Tiruppathi C, Nepal S, Zhao YY, Grzych D, Soni D, Prockop DJ, Malik AB. TNFalpha-916 

stimulated gene-6 (TSG6) activates macrophage phenotype transition to prevent inflammatory 917 

lung injury. Proc Natl Acad Sci U S A. 2016;113(50):E8151-E8. 918 

40. Ellen Kreipke R, Wang Y, Miklas JW, Mathieu J, Ruohola-Baker H. Metabolic remodeling in early 919 

development and cardiomyocyte maturation. Semin Cell Dev Biol. 2016;52:84-92. 920 

41. Zuurbier CJ, Bertrand L, Beauloye CR, Andreadou I, Ruiz-Meana M, Jespersen NR, Kula-Alwar 921 

D, Prag HA, Eric Botker H, Dambrova M, Montessuit C, Kaambre T, Liepinsh E, Brookes PS, 922 

Krieg T. Cardiac metabolism as a driver and therapeutic target of myocardial infarction. J Cell 923 

Mol Med. 2020;24(11):5937-54. 924 

42. Fukuda R, Marin-Juez R, El-Sammak H, Beisaw A, Ramadass R, Kuenne C, Guenther S, Konzer 925 

A, Bhagwat AM, Graumann J, Stainier DY. Stimulation of glycolysis promotes cardiomyocyte 926 

proliferation after injury in adult zebrafish. EMBO Rep. 2020;21(8):e49752. 927 

43. Nicolas-Avila JA, Lechuga-Vieco AV, Esteban-Martinez L, Sanchez-Diaz M, Diaz-Garcia E, 928 

Santiago DJ, Rubio-Ponce A, Li JL, Balachander A, Quintana JA, Martinez-de-Mena R, Castejon-929 

Vega B, Pun-Garcia A, Traves PG, Bonzon-Kulichenko E, Garcia-Marques F, Cusso L, N AG, 930 

Gonzalez-Guerra A, Roche-Molina M, Martin-Salamanca S, Crainiciuc G, Guzman G, Larrazabal 931 

J, Herrero-Galan E, Alegre-Cebollada J, Lemke G, Rothlin CV, Jimenez-Borreguero LJ, Reyes G, 932 

Castrillo A, Desco M, Munoz-Canoves P, Ibanez B, Torres M, Ng LG, Priori SG, Bueno H, 933 

Vazquez J, Cordero MD, Bernal JA, Enriquez JA, Hidalgo A. A Network of Macrophages 934 

Supports Mitochondrial Homeostasis in the Heart. Cell. 2020;183(1):94-109 e23. 935 

44. Satoh M, Fujimoto S, Horike H, Ozeki M, Nagasu H, Tomita N, Sasaki T, Kashihara N. 936 

Mitochondrial damage-induced impairment of angiogenesis in the aging rat kidney. Lab Invest. 937 

2011;91(2):190-202. 938 

45. Yu BB, Zhi H, Zhang XY, Liang JW, He J, Su C, Xia WH, Zhang GX, Tao J. Mitochondrial 939 

dysfunction-mediated decline in angiogenic capacity of endothelial progenitor cells is associated 940 

with capillary rarefaction in patients with hypertension via downregulation of 941 

CXCR4/JAK2/SIRT5 signaling. EBioMedicine. 2019;42:64-75. 942 

46. Li X, Zhang W, Cao Q, Wang Z, Zhao M, Xu L, Zhuang Q. Mitochondrial dysfunction in fibrotic 943 

diseases. Cell Death Discov. 2020;6(1):80. 944 

47. Halade GV, Lee DH. Inflammation and resolution signaling in cardiac repair and heart failure. 945 

EBioMedicine. 2022;79:103992. 946 

47

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted November 22, 2022. ; https://doi.org/10.1101/2022.11.22.517520doi: bioRxiv preprint 

https://doi.org/10.1101/2022.11.22.517520
http://creativecommons.org/licenses/by/4.0/


 

 

48. Blume KE, Soeroes S, Keppeler H, Stevanovic S, Kretschmer D, Rautenberg M, Wesselborg S, 947 

Lauber K. Cleavage of annexin A1 by ADAM10 during secondary necrosis generates a monocytic 948 

"find-me" signal. J Immunol. 2012;188(1):135-45. 949 

49. Olivetti G, Abbi R, Quaini F, Kajstura J, Cheng W, Nitahara JA, Quaini E, Di Loreto C, Beltrami 950 

CA, Krajewski S, Reed JC, Anversa P. Apoptosis in the failing human heart. N Engl J Med. 951 

1997;336(16):1131-41. 952 

50. Wencker D, Chandra M, Nguyen K, Miao W, Garantziotis S, Factor SM, Shirani J, Armstrong RC, 953 

Kitsis RN. A mechanistic role for cardiac myocyte apoptosis in heart failure. J Clin Invest. 954 

2003;111(10):1497-504. 955 

51. Takeuchi O, Akira S. Pattern recognition receptors and inflammation. Cell. 2010;140(6):805-20. 956 

52. Campisi L, Cummings RJ, Blander JM. Death-defining immune responses after apoptosis. Am J 957 

Transplant. 2014;14(7):1488-98. 958 

53. Mitroulis I, Alexaki VI, Kourtzelis I, Ziogas A, Hajishengallis G, Chavakis T. Leukocyte integrins: 959 

role in leukocyte recruitment and as therapeutic targets in inflammatory disease. Pharmacol Ther. 960 

2015;147:123-35. 961 

54. Herter J, Zarbock A. Integrin Regulation during Leukocyte Recruitment. J Immunol. 962 

2013;190(9):4451-7. 963 

55. Song J, Wu C, Zhang X, Sorokin LM. In vivo processing of CXCL5 (LIX) by matrix 964 

metalloproteinase (MMP)-2 and MMP-9 promotes early neutrophil recruitment in IL-1beta-965 

induced peritonitis. J Immunol. 2013;190(1):401-10. 966 

56. Bradley LM, Douglass MF, Chatterjee D, Akira S, Baaten BJ. Matrix metalloprotease 9 mediates 967 

neutrophil migration into the airways in response to influenza virus-induced toll-like receptor 968 

signaling. PLoS Pathog. 2012;8(4):e1002641. 969 

57. Starr AE, Bellac CL, Dufour A, Goebeler V, Overall CM. Biochemical characterization and N-970 

terminomics analysis of leukolysin, the membrane-type 6 matrix metalloprotease (MMP25): 971 

chemokine and vimentin cleavages enhance cell migration and macrophage phagocytic activities. 972 

J Biol Chem. 2012;287(16):13382-95. 973 

58. Grune J, Lewis AJM, Yamazoe M, Hulsmans M, Rohde D, Xiao L, Zhang S, Ott C, Calcagno DM, 974 

Zhou Y, Timm K, Shanmuganathan M, Pulous FE, Schloss MJ, Foy BH, Capen D, Vinegoni C, 975 

Wojtkiewicz GR, Iwamoto Y, Grune T, Brown D, Higgins J, Ferreira VM, Herring N, Channon 976 

KM, Neubauer S, Shanmuganathan M, Ferreira VM, Channon KM, Sosnovik DE, Milan DJ, 977 

Swirski FK, King KR, Aguirre AD, Ellinor PT, Nahrendorf M, Oxford Acute Myocardial 978 

Infarction S. Neutrophils incite and macrophages avert electrical storm after myocardial infarction. 979 

Nature Cardiovascular Research. 2022;1(7):649-64. 980 

59. Niethammer P, Grabher C, Look AT, Mitchison TJ. A tissue-scale gradient of hydrogen peroxide 981 

mediates rapid wound detection in zebrafish. Nature. 2009;459(7249):996-9. 982 

48

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted November 22, 2022. ; https://doi.org/10.1101/2022.11.22.517520doi: bioRxiv preprint 

https://doi.org/10.1101/2022.11.22.517520
http://creativecommons.org/licenses/by/4.0/


 

 

60. Han P, Zhou XH, Chang N, Xiao CL, Yan S, Ren H, Yang XZ, Zhang ML, Wu Q, Tang B, Diao 983 

JP, Zhu X, Zhang C, Li CY, Cheng H, Xiong JW. Hydrogen peroxide primes heart regeneration 984 

with a derepression mechanism. Cell Res. 2014;24(9):1091-107. 985 

61. Dai DF, Johnson SC, Villarin JJ, Chin MT, Nieves-Cintron M, Chen T, Marcinek DJ, Dorn GW, 986 

2nd, Kang YJ, Prolla TA, Santana LF, Rabinovitch PS. Mitochondrial oxidative stress mediates 987 

angiotensin II-induced cardiac hypertrophy and Galphaq overexpression-induced heart failure. 988 

Circ Res. 2011;108(7):837-46. 989 

62. Covarrubias A, Byles V, Horng T. ROS sets the stage for macrophage differentiation. Cell Res. 990 

2013;23(8):984-5. 991 

63. Tan HY, Wang N, Li S, Hong M, Wang X, Feng Y. The Reactive Oxygen Species in Macrophage 992 

Polarization: Reflecting Its Dual Role in Progression and Treatment of Human Diseases. Oxid 993 

Med Cell Longev. 2016;2016:2795090. 994 

64. Zhang Y, Choksi S, Chen K, Pobezinskaya Y, Linnoila I, Liu ZG. ROS play a critical role in the 995 

differentiation of alternatively activated macrophages and the occurrence of tumor-associated 996 

macrophages. Cell Res. 2013;23(7):898-914. 997 

65. Brune B, Dehne N, Grossmann N, Jung M, Namgaladze D, Schmid T, von Knethen A, Weigert A. 998 

Redox control of inflammation in macrophages. Antioxid Redox Signal. 2013;19(6):595-637. 999 

66. Burgoyne JR, Mongue-Din H, Eaton P, Shah AM. Redox signaling in cardiac physiology and 1000 

pathology. Circ Res. 2012;111(8):1091-106. 1001 

67. Mathias JR, Dodd ME, Walters KB, Yoo SK, Ranheim EA, Huttenlocher A. Characterization of 1002 

zebrafish larval inflammatory macrophages. Dev Comp Immunol. 2009;33(11):1212-7. 1003 

68. Traver D, Paw BH, Poss KD, Penberthy WT, Lin S, Zon LI. Transplantation and in vivo imaging 1004 

of multilineage engraftment in zebrafish bloodless mutants. Nat Immunol. 2003;4(12):1238-46. 1005 

69. Epelman S, Lavine KJ, Beaudin AE, Sojka DK, Carrero JA, Calderon B, Brija T, Gautier EL, 1006 

Ivanov S, Satpathy AT, Schilling JD, Schwendener R, Sergin I, Razani B, Forsberg EC, Yokoyama 1007 

WM, Unanue ER, Colonna M, Randolph GJ, Mann DL. Embryonic and adult-derived resident 1008 

cardiac macrophages are maintained through distinct mechanisms at steady state and during 1009 

inflammation. Immunity. 2014;40(1):91-104. 1010 

70. Ferrero G, Gomez E, Lyer S, Rovira M, Miserocchi M, Langenau DM, Bertrand JY, Wittamer V. 1011 

The macrophage-expressed gene (mpeg) 1 identifies a subpopulation of B cells in the adult 1012 

zebrafish. J Leukoc Biol. 2020;107(3):431-43. 1013 

71. Farbehi N, Patrick R, Dorison A, Xaymardan M, Janbandhu V, Wystub-Lis K, Ho JW, Nordon RE, 1014 

Harvey RP. Single-cell expression profiling reveals dynamic flux of cardiac stromal, vascular and 1015 

immune cells in health and injury. Elife. 2019;8. 1016 

72. Dick SA, Macklin JA, Nejat S, Momen A, Clemente-Casares X, Althagafi MG, Chen J, Kantores 1017 

C, Hosseinzadeh S, Aronoff L, Wong A, Zaman R, Barbu I, Besla R, Lavine KJ, Razani B, 1018 

Ginhoux F, Husain M, Cybulsky MI, Robbins CS, Epelman S. Self-renewing resident cardiac 1019 

49

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted November 22, 2022. ; https://doi.org/10.1101/2022.11.22.517520doi: bioRxiv preprint 

https://doi.org/10.1101/2022.11.22.517520
http://creativecommons.org/licenses/by/4.0/


 

 

macrophages limit adverse remodeling following myocardial infarction. Nat Immunol. 1020 

2019;20(1):29-39. 1021 

73. Keller TCSt, Lechauve C, Keller AS, Brooks S, Weiss MJ, Columbus L, Ackerman H, Cortese-1022 

Krott MM, Isakson BE. The role of globins in cardiovascular physiology. Physiol Rev. 1023 

2022;102(2):859-92. 1024 

74. Koskivirta I, Kassiri Z, Rahkonen O, Kiviranta R, Oudit GY, McKee TD, Kyto V, Saraste A, 1025 

Jokinen E, Liu PP, Vuorio E, Khokha R. Mice with tissue inhibitor of metalloproteinases 4 (Timp4) 1026 

deletion succumb to induced myocardial infarction but not to cardiac pressure overload. J Biol 1027 

Chem. 2010;285(32):24487-93. 1028 

75. Chaturvedi P, Tyagi SC. Epigenetic silencing of TIMP4 in heart failure. J Cell Mol Med. 1029 

2016;20(11):2089-101. 1030 

76. Simoes FC, Cahill TJ, Kenyon A, Gavriouchkina D, Vieira JM, Sun X, Pezzolla D, Ravaud C, 1031 

Masmanian E, Weinberger M, Mayes S, Lemieux ME, Barnette DN, Gunadasa-Rohling M, 1032 

Williams RM, Greaves DR, Trinh LA, Fraser SE, Dallas SL, Choudhury RP, Sauka-Spengler T, 1033 

Riley PR. Macrophages directly contribute collagen to scar formation during zebrafish heart 1034 

regeneration and mouse heart repair. Nat Commun. 2020;11(1):600. 1035 

77. de Oliveira S, Reyes-Aldasoro CC, Candel S, Renshaw SA, Mulero V, Calado A. Cxcl8 (IL-8) 1036 

mediates neutrophil recruitment and behavior in the zebrafish inflammatory response. J Immunol. 1037 

2013;190(8):4349-59. 1038 

78. Tsuruma K, Saito Y, Okuyoshi H, Yamaguchi A, Shimazawa M, Goldman D, Hara H. Granulin 1 1039 

Promotes Retinal Regeneration in Zebrafish. Invest Ophthalmol Vis Sci. 2018;59(15):6057-66. 1040 

79. Torraca V, Cui C, Boland R, Bebelman JP, van der Sar AM, Smit MJ, Siderius M, Spaink HP, 1041 

Meijer AH. The CXCR3-CXCL11 signaling axis mediates macrophage recruitment and 1042 

dissemination of mycobacterial infection. Dis Model Mech. 2015;8(3):253-69. 1043 

80. Wu S, Nguyen LTM, Pan H, Hassan S, Dai Y, Xu J, Wen Z. Two phenotypically and functionally 1044 

distinct microglial populations in adult zebrafish. Sci Adv. 2020;6(47). 1045 

81. Walter W, Alonso-Herranz L, Trappetti V, Crespo I, Ibberson M, Cedenilla M, Karaszewska A, 1046 

Nunez V, Xenarios I, Arroyo AG, Sanchez-Cabo F, Ricote M. Deciphering the Dynamic 1047 

Transcriptional and Post-transcriptional Networks of Macrophages in the Healthy Heart and after 1048 

Myocardial Injury. Cell Rep. 2018;23(2):622-36. 1049 

82. Feng T, Gao Z, Kou S, Huang X, Jiang Z, Lu Z, Meng J, Lin CP, Zhang H. No Evidence for 1050 

Erythro-Myeloid Progenitor-Derived Vascular Endothelial Cells in Multiple Organs. Circ Res. 1051 

2020;127(10):1221-32. 1052 

83. Gomez Perdiguero E, Klapproth K, Schulz C, Busch K, Azzoni E, Crozet L, Garner H, Trouillet 1053 

C, de Bruijn MF, Geissmann F, Rodewald HR. Tissue-resident macrophages originate from yolk-1054 

sac-derived erythro-myeloid progenitors. Nature. 2015;518(7540):547-51. 1055 

50

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted November 22, 2022. ; https://doi.org/10.1101/2022.11.22.517520doi: bioRxiv preprint 

https://doi.org/10.1101/2022.11.22.517520
http://creativecommons.org/licenses/by/4.0/


 

 

84. Ulloa BA, Habbsa SS, Potts KS, Lewis A, McKinstry M, Payne SG, Flores JC, Nizhnik A, Feliz 1056 

Norberto M, Mosimann C, Bowman TV. Definitive hematopoietic stem cells minimally contribute 1057 

to embryonic hematopoiesis. Cell Rep. 2021;36(11):109703. 1058 

85. Xie X, Shi Q, Wu P, Zhang X, Kambara H, Su J, Yu H, Park SY, Guo R, Ren Q, Zhang S, Xu Y, 1059 

Silberstein LE, Cheng T, Ma F, Li C, Luo HR. Single-cell transcriptome profiling reveals 1060 

neutrophil heterogeneity in homeostasis and infection. Nat Immunol. 2020;21(9):1119-33. 1061 

86. Ma Y, Mouton AJ, Lindsey ML. Cardiac macrophage biology in the steady-state heart, the aging 1062 

heart, and following myocardial infarction. Transl Res. 2018;191:15-28. 1063 

87. Alvarez-Argote S, O'Meara CC. The Evolving Roles of Cardiac Macrophages in Homeostasis, 1064 

Regeneration, and Repair. Int J Mol Sci. 2021;22(15). 1065 

88. Murray PJ. Macrophage Polarization. 2017;79(1):541-66. 1066 

89. Liu L, Zeng M, Stamler JS. Hemoglobin induction in mouse macrophages. Proc Natl Acad Sci U 1067 

S A. 1999;96(12):6643-7. 1068 

90. Straub AC, Lohman AW, Billaud M, Johnstone SR, Dwyer ST, Lee MY, Bortz PS, Best AK, 1069 

Columbus L, Gaston B, Isakson BE. Endothelial cell expression of haemoglobin alpha regulates 1070 

nitric oxide signalling. Nature. 2012;491(7424):473-7. 1071 

91. Perez-Torres I, Manzano-Pech L, Rubio-Ruiz ME, Soto ME, Guarner-Lans V. Nitrosative Stress 1072 

and Its Association with Cardiometabolic Disorders. Molecules. 2020;25(11). 1073 

92. Chung YM, Kim JS, Yoo YD. A novel protein, Romo1, induces ROS production in the 1074 

mitochondria. Biochem Biophys Res Commun. 2006;347(3):649-55. 1075 

93. Yang CS, Lee DS, Song CH, An SJ, Li S, Kim JM, Kim CS, Yoo DG, Jeon BH, Yang HY, Lee TH, 1076 

Lee ZW, El-Benna J, Yu DY, Jo EK. Roles of peroxiredoxin II in the regulation of proinflammatory 1077 

responses to LPS and protection against endotoxin-induced lethal shock. J Exp Med. 1078 

2007;204(3):583-94. 1079 

94. Vijayan V, Wagener F, Immenschuh S. The macrophage heme-heme oxygenase-1 system and its 1080 

role in inflammation. Biochem Pharmacol. 2018;153:159-67. 1081 

95. Tomczyk M, Kraszewska I, Dulak J, Jazwa-Kusior A. Modulation of the monocyte/macrophage 1082 

system in heart failure by targeting heme oxygenase-1. Vascul Pharmacol. 2019;112:79-90. 1083 

96. Rassaf T, Weber C, Bernhagen J. Macrophage migration inhibitory factor in myocardial 1084 

ischaemia/reperfusion injury. Cardiovasc Res. 2014;102(2):321-8. 1085 

97. Zago G, Saavedra PHV, Keshari KR, Perry JSA. Immunometabolism of Tissue-Resident 1086 

Macrophages - An Appraisal of the Current Knowledge and Cutting-Edge Methods and 1087 

Technologies. Front Immunol. 2021;12:665782. 1088 

98. Roszer T. Understanding the Biology of Self-Renewing Macrophages. Cells. 2018;7(8). 1089 

99. Wculek SK, Dunphy G, Heras-Murillo I, Mastrangelo A, Sancho D. Metabolism of tissue 1090 

macrophages in homeostasis and pathology. Cell Mol Immunol. 2022;19(3):384-408. 1091 

51

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted November 22, 2022. ; https://doi.org/10.1101/2022.11.22.517520doi: bioRxiv preprint 

https://doi.org/10.1101/2022.11.22.517520
http://creativecommons.org/licenses/by/4.0/


 

 

100. Pi X, Schmitt CE, Xie L, Portbury AL, Wu Y, Lockyer P, Dyer LA, Moser M, Bu G, Flynn EJ, 1092 

3rd, Jin SW, Patterson C. LRP1-dependent endocytic mechanism governs the signaling output of 1093 

the bmp system in endothelial cells and in angiogenesis. Circ Res. 2012;111(5):564-74. 1094 

101. Fernandez-Castaneda A, Arandjelovic S, Stiles TL, Schlobach RK, Mowen KA, Gonias SL, 1095 

Gaultier A. Identification of the low density lipoprotein (LDL) receptor-related protein-1 1096 

interactome in central nervous system myelin suggests a role in the clearance of necrotic cell 1097 

debris. J Biol Chem. 2013;288(7):4538-48. 1098 

102. Epting D, Wendik B, Bennewitz K, Dietz CT, Driever W, Kroll J. The Rac1 regulator ELMO1 1099 

controls vascular morphogenesis in zebrafish. Circ Res. 2010;107(1):45-55. 1100 

103. Wang J, Karra R, Dickson AL, Poss KD. Fibronectin is deposited by injury-activated epicardial 1101 

cells and is necessary for zebrafish heart regeneration. Dev Biol. 2013;382(2):427-35. 1102 

104. Janssen WJ, Danhorn T, Harris C, Mould KJ, Lee FF, Hedin BR, D'Alessandro A, Leach SM, 1103 

Alper S. Inflammation-Induced Alternative Pre-mRNA Splicing in Mouse Alveolar Macrophages. 1104 

G3 (Bethesda). 2020;10(2):555-67. 1105 

105.Wu MY, Lu JH. Autophagy and Macrophage Functions: Inflammatory Response and Phagocytosis. 1106 

Cells. 2019;9(1). 1107 

106. McArthur S, Juban G, Gobbetti T, Desgeorges T, Theret M, Gondin J, Toller-Kawahisa JE, 1108 

Reutelingsperger CP, Chazaud B, Perretti M, Mounier R. Annexin A1 drives macrophage skewing 1109 

to accelerate muscle regeneration through AMPK activation. J Clin Invest. 2020;130(3):1156-67. 1110 

107. Solito E, Kamal A, Russo-Marie F, Buckingham JC, Marullo S, Perretti M. A novel calcium-1111 

dependent proapoptotic effect of annexin 1 on human neutrophils. FASEB J. 2003;17(11):1544-6. 1112 

108. Thorp EB. Macrophage Metabolic Signaling during Ischemic Injury and Cardiac Repair. 1113 

Immunometabolism. 2021;3(2). 1114 

109. Dick SA, Wong A, Hamidzada H, Nejat S, Nechanitzky R, Vohra S, Mueller B, Zaman R, Kantores 1115 

C, Aronoff L, Momen A, Nechanitzky D, Li WY, Ramachandran P, Crome SQ, Becher B, 1116 

Cybulsky MI, Billia F, Keshavjee S, Mital S, Robbins CS, Mak TW, Epelman S. Three tissue 1117 

resident macrophage subsets coexist across organs with conserved origins and life cycles. Sci 1118 

Immunol. 2022;7(67):eabf7777. 1119 

110. Dowling JK, Afzal R, Gearing LJ, Cervantes-Silva MP, Annett S, Davis GM, De Santi C, Assmann 1120 

N, Dettmer K, Gough DJ, Bantug GR, Hamid FI, Nally FK, Duffy CP, Gorman AL, Liddicoat AM, 1121 

Lavelle EC, Hess C, Oefner PJ, Finlay DK, Davey GP, Robson T, Curtis AM, Hertzog PJ, Williams 1122 

BRG, McCoy CE. Mitochondrial arginase-2 is essential for IL-10 metabolic reprogramming of 1123 

inflammatory macrophages. Nat Commun. 2021;12(1):1460. 1124 

111. Xu ZJ, Gu Y, Wang CZ, Jin Y, Wen XM, Ma JC, Tang LJ, Mao ZW, Qian J, Lin J. The M2 1125 

macrophage marker CD206: a novel prognostic indicator for acute myeloid leukemia. 1126 

Oncoimmunology. 2020;9(1):1683347. 1127 

112. Lai SL, Marin-Juez R, Stainier DYR. Immune responses in cardiac repair and regeneration: a 1128 

comparative point of view. Cell Mol Life Sci. 2019;76(7):1365-80. 1129 

52

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted November 22, 2022. ; https://doi.org/10.1101/2022.11.22.517520doi: bioRxiv preprint 

https://doi.org/10.1101/2022.11.22.517520
http://creativecommons.org/licenses/by/4.0/


 

 

113. Lieschke GJ, Oates AC, Crowhurst MO, Ward AC, Layton JE. Morphologic and functional 1130 

characterization of granulocytes and macrophages in embryonic and adult zebrafish. Blood. 1131 

2001;98(10):3087-96. 1132 

114. Colucci-Guyon E, Tinevez JY, Renshaw SA, Herbomel P. Strategies of professional phagocytes 1133 

in vivo: unlike macrophages, neutrophils engulf only surface-associated microbes. J Cell Sci. 1134 

2011;124(Pt 18):3053-9. 1135 

115. Palic D, Andreasen CB, Ostojic J, Tell RM, Roth JA. Zebrafish (Danio rerio) whole kidney assays 1136 

to measure neutrophil extracellular trap release and degranulation of primary granules. J Immunol 1137 

Methods. 2007;319(1-2):87-97. 1138 

116. Horckmans M, Ring L, Duchene J, Santovito D, Schloss MJ, Drechsler M, Weber C, Soehnlein 1139 

O, Steffens S. Neutrophils orchestrate post-myocardial infarction healing by polarizing 1140 

macrophages towards a reparative phenotype. European heart journal. 2017;38(3):187-97. 1141 

117. Lepilina A, Coon AN, Kikuchi K, Holdway JE, Roberts RW, Burns CG, Poss KD. A dynamic 1142 

epicardial injury response supports progenitor cell activity during zebrafish heart regeneration. 1143 

Cell. 2006;127(3):607-19. 1144 

118. Kikuchi K, Holdway JE, Major RJ, Blum N, Dahn RD, Begemann G, Poss KD. Retinoic acid 1145 

production by endocardium and epicardium is an injury response essential for zebrafish heart 1146 

regeneration. Dev Cell. 2011;20(3):397-404. 1147 

119. Pegg AE. Functions of Polyamines in Mammals. J Biol Chem. 2016;291(29):14904-12. 1148 

120. Nakamura A, Kurihara S, Takahashi D, Ohashi W, Nakamura Y, Kimura S, Onuki M, Kume A, 1149 

Sasazawa Y, Furusawa Y, Obata Y, Fukuda S, Saiki S, Matsumoto M, Hase K. Symbiotic 1150 

polyamine metabolism regulates epithelial proliferation and macrophage differentiation in the 1151 

colon. Nat Commun. 2021;12(1):2105. 1152 

121. Wu J, You YQ, Ma YX, Kang YH, Wu T, Wu XJ, Hu XX, Meng QH, Huang Y, Zhang N, Pan XB. 1153 

DDX5-targeting fully human monoclonal autoantibody inhibits proliferation and promotes 1154 

differentiation of acute promyelocytic leukemia cells by increasing ROS production. Cell Death 1155 

Dis. 2020;11(7):552. 1156 

122. Cannavo A, Rengo G, Liccardo D, Pironti G, Scimia MC, Scudiero L, De Lucia C, Ferrone M, 1157 

Leosco D, Zambrano N, Koch WJ, Trimarco B, Esposito G. Prothymosin alpha protects 1158 

cardiomyocytes against ischemia-induced apoptosis via preservation of Akt activation. Apoptosis. 1159 

2013;18(10):1252-61. 1160 

123. Wan P, Zhang Q, Liu W, Jia Y, Ai S, Wang T, Wang W, Pan P, Yang G, Xiang Q, Huang S, Yang 1161 

Q, Zhang W, Liu F, Tan Q, Zhang W, Wu K, Liu Y, Wu J. Cullin1 binds and promotes NLRP3 1162 

ubiquitination to repress systematic inflammasome activation. FASEB J. 2019;33(4):5793-807. 1163 

124. Guillamot M, Ouazia D, Dolgalev I, Yeung ST, Kourtis N, Dai Y, Corrigan K, Zea-Redondo L, 1164 

Saraf A, Florens L, Washburn MP, Tikhonova AN, Malumbres M, Gong Y, Tsirigos A, Park C, 1165 

Barbieri C, Khanna KM, Busino L, Aifantis I. The E3 ubiquitin ligase SPOP controls resolution 1166 

of systemic inflammation by triggering MYD88 degradation. Nat Immunol. 2019;20(9):1196-207. 1167 

53

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted November 22, 2022. ; https://doi.org/10.1101/2022.11.22.517520doi: bioRxiv preprint 

https://doi.org/10.1101/2022.11.22.517520
http://creativecommons.org/licenses/by/4.0/


 

 

125. Pamarthy S, Kulshrestha A, Katara GK, Beaman KD. The curious case of vacuolar ATPase: 1168 

regulation of signaling pathways. Mol Cancer. 2018;17(1):41. 1169 

126. Rivera-Serrano EE, Gizzi AS, Arnold JJ, Grove TL, Almo SC, Cameron CE. Viperin Reveals Its 1170 

True Function. Annu Rev Virol. 2020;7(1):421-46. 1171 

127. Boespflug ND, Kumar S, McAlees JW, Phelan JD, Grimes HL, Hoebe K, Hai T, Filippi MD, Karp 1172 

CL. ATF3 is a novel regulator of mouse neutrophil migration. Blood. 2014;123(13):2084-93. 1173 

128. Veltman D, Wu M, Pokreisz P, Claus P, Gillijns H, Caluwe E, Vanhaverbeke M, Gsell W, 1174 

Himmelreich U, Sinnaeve PR, Janssens SP. Clec4e-Receptor Signaling in Myocardial Repair After 1175 

Ischemia-Reperfusion Injury. JACC Basic Transl Sci. 2021;6(8):631-46. 1176 

129. Kumar S, Dikshit M. Metabolic Insight of Neutrophils in Health and Disease. Front Immunol. 1177 

2019;10:2099. 1178 

130. Kim ND, Luster AD. The role of tissue resident cells in neutrophil recruitment. Trends Immunol. 1179 

2015;36(9):547-55. 1180 

131. Greenlee-Wacker MC. Clearance of apoptotic neutrophils and resolution of inflammation. 1181 

Immunol Rev. 2016;273(1):357-70. 1182 

132. Ramilowski JA, Goldberg T, Harshbarger J, Kloppmann E, Lizio M, Satagopam VP, Itoh M, 1183 

Kawaji H, Carninci P, Rost B, Forrest AR. A draft network of ligand-receptor-mediated 1184 

multicellular signalling in human. Nat Commun. 2015;6:7866. 1185 

133. Houseright RA, Rosowski EE, Lam PY, Tauzin SJM, Mulvaney O, Dewey CN, Huttenlocher A. 1186 

Cell type specific gene expression profiling reveals a role for complement component C3 in 1187 

neutrophil responses to tissue damage. Sci Rep. 2020;10(1):15716. 1188 

134. Woodfin A, Voisin MB, Imhof BA, Dejana E, Engelhardt B, Nourshargh S. Endothelial cell 1189 

activation leads to neutrophil transmigration as supported by the sequential roles of ICAM-2, 1190 

JAM-A, and PECAM-1. Blood. 2009;113(24):6246-57. 1191 

135. Vandendriessche S, Cambier S, Proost P, Marques PE. Complement Receptors and Their Role in 1192 

Leukocyte Recruitment and Phagocytosis. Front Cell Dev Biol. 2021;9:624025. 1193 

136. Wang J, Liu H. The Roles of Junctional Adhesion Molecules (JAMs) in Cell Migration. Front Cell 1194 

Dev Biol. 2022;10:843671. 1195 

137. Westerterp M, Fotakis P, Ouimet M, Bochem AE, Zhang H, Molusky MM, Wang W, Abramowicz 1196 

S, la Bastide-van Gemert S, Wang N, Welch CL, Reilly MP, Stroes ES, Moore KJ, Tall AR. 1197 

Cholesterol Efflux Pathways Suppress Inflammasome Activation, NETosis, and Atherogenesis. 1198 

Circulation. 2018;138(9):898-912. 1199 

138. Jiang XC, Jin W, Hussain MM. The impact of phospholipid transfer protein (PLTP) on lipoprotein 1200 

metabolism. Nutr Metab (Lond). 2012;9(1):75. 1201 

139. Deligne C, Midwood KS. Macrophages and Extracellular Matrix in Breast Cancer: Partners in 1202 

Crime or Protective Allies? Front Oncol. 2021;11:620773. 1203 

140. Schiraldi M, Raucci A, Munoz LM, Livoti E, Celona B, Venereau E, Apuzzo T, De Marchis F, 1204 

Pedotti M, Bachi A, Thelen M, Varani L, Mellado M, Proudfoot A, Bianchi ME, Uguccioni M. 1205 

54

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted November 22, 2022. ; https://doi.org/10.1101/2022.11.22.517520doi: bioRxiv preprint 

https://doi.org/10.1101/2022.11.22.517520
http://creativecommons.org/licenses/by/4.0/


 

 

HMGB1 promotes recruitment of inflammatory cells to damaged tissues by forming a complex 1206 

with CXCL12 and signaling via CXCR4. J Exp Med. 2012;209(3):551-63. 1207 

141. Yang H, Antoine DJ, Andersson U, Tracey KJ. The many faces of HMGB1: molecular structure-1208 

functional activity in inflammation, apoptosis, and chemotaxis. J Leukoc Biol. 2013;93(6):865-1209 

73. 1210 

142. Sato W, Kadomatsu K, Yuzawa Y, Muramatsu H, Hotta N, Matsuo S, Muramatsu T. Midkine is 1211 

involved in neutrophil infiltration into the tubulointerstitium in ischemic renal injury. J Immunol. 1212 

2001;167(6):3463-9. 1213 

143. Tokunaga R, Zhang W, Naseem M, Puccini A, Berger MD, Soni S, McSkane M, Baba H, Lenz 1214 

HJ. CXCL9, CXCL10, CXCL11/CXCR3 axis for immune activation - A target for novel cancer 1215 

therapy. Cancer Treat Rev. 2018;63:40-7. 1216 

144. Hanayama R, Tanaka M, Miwa K, Shinohara A, Iwamatsu A, Nagata S. Identification of a factor 1217 

that links apoptotic cells to phagocytes. Nature. 2002;417(6885):182-7. 1218 

145. Ravichandran KS. Find-me and eat-me signals in apoptotic cell clearance: progress and 1219 

conundrums. J Exp Med. 2010;207(9):1807-17. 1220 

146. Siakaeva E, Pylaeva E, Spyra I, Bordbari S, Hoing B, Kurten C, Lang S, Jablonska J. Neutrophil 1221 

Maturation and Survival Is Controlled by IFN-Dependent Regulation of NAMPT Signaling. Int J 1222 

Mol Sci. 2019;20(22). 1223 

147. Mathy NL, Scheuer W, Lanzendorfer M, Honold K, Ambrosius D, Norley S, Kurth R. Interleukin-1224 

16 stimulates the expression and production of pro-inflammatory cytokines by human monocytes. 1225 

Immunology. 2000;100(1):63-9. 1226 

148. Richmond J, Tuzova M, Cruikshank W, Center D. Regulation of cellular processes by interleukin-1227 

16 in homeostasis and cancer. J Cell Physiol. 2014;229(2):139-47. 1228 

149. Girard D, Paquet ME, Paquin R, Beaulieu AD. Differential effects of interleukin-15 (IL-15) and 1229 

IL-2 on human neutrophils: modulation of phagocytosis, cytoskeleton rearrangement, gene 1230 

expression, and apoptosis by IL-15. Blood. 1996;88(8):3176-84. 1231 

150. Patidar M, Yadav N, Dalai SK. Interleukin 15: A key cytokine for immunotherapy. Cytokine 1232 

Growth Factor Rev. 2016;31:49-59. 1233 

151. Lawrence SM, Corriden R, Nizet V. The Ontogeny of a Neutrophil: Mechanisms of 1234 

Granulopoiesis and Homeostasis. Microbiol Mol Biol Rev. 2018;82(1). 1235 

152. Chu DQ, Smith DM, Brain SD. Studies of the microvascular effects of adrenomedullin and related 1236 

peptides. Peptides. 2001;22(11):1881-6. 1237 

153. Bailey KL, Agarwal E, Chowdhury S, Luo J, Brattain MG, Black JD, Wang J. TGFbeta/Smad3 1238 

regulates proliferation and apoptosis through IRS-1 inhibition in colon cancer cells. PLoS One. 1239 

2017;12(4):e0176096. 1240 

154. Zhu H, Gui Q, Hui X, Wang X, Jiang J, Ding L, Sun X, Wang Y, Chen H. TGF-beta1/Smad3 1241 

Signaling Pathway Suppresses Cell Apoptosis in Cerebral Ischemic Stroke Rats. Med Sci Monit. 1242 

2017;23:366-76. 1243 

55

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted November 22, 2022. ; https://doi.org/10.1101/2022.11.22.517520doi: bioRxiv preprint 

https://doi.org/10.1101/2022.11.22.517520
http://creativecommons.org/licenses/by/4.0/


 

 

155. Wang J, Hossain M, Thanabalasuriar A, Gunzer M, Meininger C, Kubes P. Visualizing the function 1244 

and fate of neutrophils in sterile injury and repair. Science. 2017;358(6359):111-6. 1245 

156. Capucetti A, Albano F, Bonecchi R. Multiple Roles for Chemokines in Neutrophil Biology. Front 1246 

Immunol. 2020;11:1259. 1247 

157. Gardai SJ, McPhillips KA, Frasch SC, Janssen WJ, Starefeldt A, Murphy-Ullrich JE, Bratton DL, 1248 

Oldenborg PA, Michalak M, Henson PM. Cell-surface calreticulin initiates clearance of viable or 1249 

apoptotic cells through trans-activation of LRP on the phagocyte. Cell. 2005;123(2):321-34. 1250 

158. Ramirez-Ortiz ZG, Pendergraft WF, 3rd, Prasad A, Byrne MH, Iram T, Blanchette CJ, Luster AD, 1251 

Hacohen N, El Khoury J, Means TK. The scavenger receptor SCARF1 mediates the clearance of 1252 

apoptotic cells and prevents autoimmunity. Nat Immunol. 2013;14(9):917-26. 1253 

159. Sun BH, Zhao XP, Wang BJ, Yang DL, Hao LJ. FADD and TRADD expression and apoptosis in 1254 

primary hepatocellular carcinoma. World J Gastroenterol. 2000;6(2):223-7. 1255 

160. Croker BA, O'Donnell JA, Nowell CJ, Metcalf D, Dewson G, Campbell KJ, Rogers KL, Hu Y, 1256 

Smyth GK, Zhang JG, White M, Lackovic K, Cengia LH, O'Reilly LA, Bouillet P, Cory S, Strasser 1257 

A, Roberts AW. Fas-mediated neutrophil apoptosis is accelerated by Bid, Bak, and Bax and 1258 

inhibited by Bcl-2 and Mcl-1. Proc Natl Acad Sci U S A. 2011;108(32):13135-40. 1259 

161. Xu J, Chi F, Guo T, Punj V, Lee WN, French SW, Tsukamoto H. NOTCH reprograms 1260 

mitochondrial metabolism for proinflammatory macrophage activation. J Clin Invest. 1261 

2015;125(4):1579-90. 1262 

162. Gamrekelashvili J, Kapanadze T, Sablotny S, Ratiu C, Dastagir K, Lochner M, Karbach S, Wenzel 1263 

P, Sitnow A, Fleig S, Sparwasser T, Kalinke U, Holzmann B, Haller H, Limbourg FP. Notch and 1264 

TLR signaling coordinate monocyte cell fate and inflammation. Elife. 2020;9. 1265 

163. Sallin P, de Preux Charles AS, Duruz V, Pfefferli C, Jazwinska A. A dual epimorphic and 1266 

compensatory mode of heart regeneration in zebrafish. Dev Biol. 2015;399(1):27-40. 1267 

164. Yan X, Anzai A, Katsumata Y, Matsuhashi T, Ito K, Endo J, Yamamoto T, Takeshima A, Shinmura 1268 

K, Shen W, Fukuda K, Sano M. Temporal dynamics of cardiac immune cell accumulation 1269 

following acute myocardial infarction. J Mol Cell Cardiol. 2013;62:24-35. 1270 

165. Mathias JR, Perrin BJ, Liu TX, Kanki J, Look AT, Huttenlocher A. Resolution of inflammation by 1271 

retrograde chemotaxis of neutrophils in transgenic zebrafish. J Leukoc Biol. 2006;80(6):1281-8. 1272 

166. Sugiyama S, Okada Y, Sukhova GK, Virmani R, Heinecke JW, Libby P. Macrophage 1273 

myeloperoxidase regulation by granulocyte macrophage colony-stimulating factor in human 1274 

atherosclerosis and implications in acute coronary syndromes. Am J Pathol. 2001;158(3):879-91. 1275 

167. Marin-Juez R, El-Sammak H, Helker CSM, Kamezaki A, Mullapuli ST, Bibli SI, Foglia MJ, 1276 

Fleming I, Poss KD, Stainier DYR. Coronary Revascularization During Heart Regeneration Is 1277 

Regulated by Epicardial and Endocardial Cues and Forms a Scaffold for Cardiomyocyte 1278 

Repopulation. Dev Cell. 2019;51(4):503-15 e4. 1279 

56

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted November 22, 2022. ; https://doi.org/10.1101/2022.11.22.517520doi: bioRxiv preprint 

https://doi.org/10.1101/2022.11.22.517520
http://creativecommons.org/licenses/by/4.0/


 

 

168. Allanki S, Strilic B, Scheinberger L, Onderwater YL, Marks A, Gunther S, Preussner J, Kikhi K, 1280 

Looso M, Stainier DYR, Reischauer S. Interleukin-11 signaling promotes cellular reprogramming 1281 

and limits fibrotic scarring during tissue regeneration. Sci Adv. 2021;7(37):eabg6497. 1282 

169. Porrello A, Leslie PL, Harrison EB, Gorentla BK, Kattula S, Ghosh SK, Azam SH, Holtzhausen 1283 

A, Chao YL, Hayward MC, Waugh TA, Bae S, Godfrey V, Randell SH, Oderup C, Makowski L, 1284 

Weiss J, Wilkerson MD, Hayes DN, Earp HS, Baldwin AS, Wolberg AS, Pecot CV. Factor XIIIA-1285 

expressing inflammatory monocytes promote lung squamous cancer through fibrin cross-linking. 1286 

Nat Commun. 2018;9(1):1988. 1287 

170. Chen WC, Wang Z, Missinato MA, Park DW, Long DW, Liu HJ, Zeng X, Yates NA, Kim K, Wang 1288 

Y. Decellularized zebrafish cardiac extracellular matrix induces mammalian heart regeneration. 1289 

Sci Adv. 2016;2(11):e1600844. 1290 

 1291 

57

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted November 22, 2022. ; https://doi.org/10.1101/2022.11.22.517520doi: bioRxiv preprint 

https://doi.org/10.1101/2022.11.22.517520
http://creativecommons.org/licenses/by/4.0/

