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Abstract

Tissue repair after myocardial infarction entails a vigorous angiogenic response involving as yet 

incompletely defined immune cell-endothelial cell interactions. We identify the monocyte and 

macrophage-derived cytokine meteorin-like (METRNL) as a driver of postinfarction angiogenesis 

and high-affinity ligand for the stem cell factor receptor KIT receptor tyrosine kinase (KIT). 

METRNL’s angiogenic effects on cultured human endothelial cells were mediated through KIT 

and its downstream signaling pathways. In a mouse model of myocardial infarction, METRNL 

promoted infarct repair by selectively expanding the KIT-expressing endothelial cell population 

in the infarct border zone. Metrnl-deficient mice failed to mount this KIT-dependent angiogenic 

response and developed severe postinfarction heart failure. Our data establish METRNL as a KIT 

receptor ligand in the context of ischemic tissue injury.

One-Sentence Summary:

Meteorin-like functions as a high-affinity ligand for the stem cell factor receptor KIT in 

endothelial cells.

Acute myocardial infarction (MI) is a common cardiac emergency and leading cause of heart 

failure (1). In acute MI, thrombotic occlusion of a coronary artery evokes ischemic cell 

death in the nonperfused myocardium. The adult mammalian heart has limited capacity for 

regeneration after ischemic injury and therefore heals by scar formation (2, 3).

Tissue repair after MI involves a vigorous angiogenic response that commences in the 

infarct border zone and extends into the necrotic infarct core. Neovessel formation after 

MI mitigates scarring and worsening of heart function and may represent a therapeutic 

target (4). Monocytes (Mo) and macrophages (Mph) accumulating in the infarct region 

drive postinfarction angiogenesis (5) by secreting proteins imparting signals to nearby 

endothelial cells (ECs) expressing their cognate receptors (6, 7). The full complexity of 

this intercellular crosstalk shaping angiogenesis and functional recovery after MI remains 

incompletely understood (8, 9).

We conducted a bioinformatic secretome analysis in a mouse model of acute MI to 

discover previously uncharacterized myeloid cell-derived growth factors driving infarct 

repair (fig. S1, A and B). We thus identified the 30 kDa protein meteorin-like (METRNL) 

as being strongly expressed by myeloid cells in the infarct region of the left ventricle 

(table S1). METRNL is known to be secreted by MPh during inflammation (10–12) and to 

promote metabolic adaptation and tissue protection under stressful conditions (12–14). The 

METRNL receptor is unknown.

METRNL was weakly expressed in the heart under sham-operated baseline conditions 

but strongly induced after MI (fig. S2A). METRNL was also abundantly expressed in 

myocardial tissue specimens from patients with acute MI (fig. S2B). As shown by confocal 

microscopy, METRNL-expressing cells co-expressed the myeloid cell marker CD11b and 
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were often located in the vicinity of ECs in the infarct border zone (Fig. 1A). Quantitative 

reverse transcription polymerase chain reaction analysis identified Mo and Mph as the 

main Metrnl mRNA-expressing cell types in the infarct region, bone marrow, spleen, and 

peripheral blood (fig. S3A). Metrnl was broadly expressed in Mo and Mph clusters defined 

by single-cell RNA sequencing in the infarcted heart (fig. S3B). Delineating Mo and Mph 

subsets based on chemokine (C-C motif) receptor 2 (CCR2) and chemokine (C-X3-C motif) 

receptor 1 (CX3CR1) expression (15), Metrnl was more strongly expressed in CCR2high Mo 

and CCR2high CX3CR1high/low Mph than in CCR2low CX3CR1high Mph (fig. S3C).

We subjected Metrnl-deficient (Metrnl−/−) mice to acute MI to explore METRNL’s function 

during infarct repair. Metrnl−/− mice breed normally and display no apparent phenotype 

(11, 12). Indeed, Metrnl−/− mice had a normal heart size and preserved left ventricular 

(LV) function under sham-operated baseline conditions (table S2). After MI, however, 

Metrnl−/− mice developed larger infarct scars than their wild-type littermates (fig. S4A), 

with more pronounced LV dilatation and contractile dysfunction, as demonstrated by 

microcatheterization (fig. S4B and table S2) and high-resolution echocardiography (fig. 

S4, C and D). This deleterious response was not related to differences in infarct size or 

cardiomyocyte apoptosis in the infarct border zone 24 hours after injury (fig. S4, E and F) 

or altered inflammatory cell accumulation in the infarct region (fig. S4G). Yet, new capillary 

formation in the infarct border zone was impaired in Metrnl−/− mice (Fig. 1B and fig. 

S4H). Myocardial capillary density under baseline conditions (Fig. 1B) or remote from the 

infarct region (fig. S4I) was not reduced in Metrnl−/− mice, indicating that Metrnl deletion 

specifically impaired angiogenesis after ischemic injury.

Transplanting Metrnl−/− mice with wild-type bone marrow cells rescued the angiogenic 

defect (Fig. 1C) and ameliorated LV scarring and remodeling after MI (fig. S5, A to C). 

Conversely, transplanting wild-type mice with Metrnl−/− bone marrow cells or deleting 

Metrnl selectively in myeloid cells by crossing Metrnlfl/fl mice with LysMCre/+ mice (fig. 

S6, A and B) impaired postinfarction angiogenesis (Fig. 1, C and D) and worsened LV 

scarring and remodeling (fig. S5, A to C, and fig. S6, C to E). Together, these findings show 

that myeloid cell-derived METRNL promotes angiogenesis, tissue repair, and functional 

adaptation after MI.

METRNL dose-dependently stimulated human coronary artery EC proliferation and 

migration after scratch injury (fig. S7, A and B), indicating that the protein directly acts 

on ECs. The sigmoidal dose-response relationships and METRNL’s low half-maximal 

effective concentration (EC50 below 1 ng/mL) suggested that METRNL signals through 

a high-affinity receptor. Using chemical cross-linking mass spectrometry, we identified KIT 

receptor tyrosine kinase (KIT) as a METRNL cell surface receptor candidate in ECs (fig. S8, 

A and B). KIT is the receptor for stem cell factor (SCF, also known as KIT ligand). KIT is 

expressed by various cell types, including hematopoietic stem and progenitor cells and germ 

cells. SCF signaling via KIT plays multifaceted roles during development and is important 

for normal hematopoiesis and fertility (16). The majority of KIT-expressing cells in the adult 

mouse myocardium are ECs that retain their endothelial identity after MI (17–20).
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Coimmunoprecipitation experiments in HEK-293 cells expressing METRNL and KIT 

confirmed the physical interaction between the two proteins (fig. S9, A and B). After 

incubating human umbilical vein EC lysates containing endogenous KIT (21) with 

METRNL or SCF, we could copurify both ligands by KIT immunoprecipitation (fig. S9C). 

To assess whether METRNL binds to KIT’s extracellular domain, we prepared conditioned 

supernatants from HEK-293 cells expressing METRNL, SCF, vascular endothelial growth 

factor A (VEGFA), and/or a secreted KIT-extracellular domain-Fc fragment fusion protein 

(KIT-ECD-Fc). Pulling-down KIT-ECD-Fc from the supernatants, we copurified METRNL 

and SCF, but not VEGFA (Fig. 2A). Microscale thermophoresis showed that METRNL and 

SCF bind to KIT’s extracellular domain with similarly high affinity (Fig. 2B and fig. S9D).

We next explored whether METRNL mediates its angiogenic effects via KIT. In line with 

previous studies linking endothelial KIT activation to angiogenesis (21, 22), SCF stimulated 

human coronary artery EC proliferation and migration after scratch injury (fig. S7, C and 

D) as we had observed with METRNL (fig. S7, A and B). Small interfering RNA-mediated 

downregulation of KIT curtailed METRNL and SCF’s angiogenic effects but did not affect 

EC responses to VEGFA (fig. S7, E and F).

SCF stimulation induces KIT homodimerization and transphosphorylation of tyrosine 

residues (Y568/Y570) in the juxtamembrane region of the receptor (23), thus creating 

a docking site for SRC family kinases (24). Treating human coronary artery ECs with 

METRNL or SCF induced KIT (Y568/Y570) phosphorylation with similar kinetics (fig. 

S10A). Adding recombinant KIT-ECD-Fc to the culture medium prevented METRNL and 

SCF from inducing KIT (Y568/Y570) phosphorylation (Fig. 3A), consistent with the idea 

that transmembrane KIT and KIT-ECD-Fc compete for METRNL and SCF binding. Indeed, 

recombinant KIT-ECD-Fc dose-dependently inhibited the angiogenic effects of METRNL 

and SCF, but not those of VEGFA (Fig. 3B).

Downstream of KIT, both METRNL and SCF induced SRC (Y416) and AKT1 (S473) 

phosphorylation, again following comparable signaling kinetic trajectories (fig. S10, B and 

C). To gain a broader perspective, we applied high-resolution mass spectrometry to examine 

protein phosphorylation dynamics in human coronary artery ECs stimulated with METRNL, 

SCF, or VEGFA. In a principal component analysis based on 4,750 phosphosites distributed 

among 1,891 different proteins, METRNL and SCF’s phosphoproteome signatures clustered 

together and were segregated from VEGFA’s signatures in principal component space 

(Fig. 3C). Unsupervised hierarchical clustering and plotting the data in a correlation 

matrix confirmed that the phosphoproteomic responses to METRNL and SCF were closely 

related and distinct from the response to VEGFA (fig. S11, A and B). METRNL and 

SCF’s angiogenic effects are thus mediated through KIT and shared downstream signaling 

pathways.

We used single-cell RNA sequencing to identify Kit-expressing ECs in the adult mouse 

myocardium. Whereas few ECs, scattered across several EC clusters, expressed Kit under 

baseline conditions, the number of Kit-expressing ECs markedly increased after MI (Fig. 

4A). Kit was the only gene that was differentially expressed (log2 ratio > 1, P < 0.05) in 

Kit-expressing vs. Kit-nonexpressing ECs under baseline conditions. After MI, however, 
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genes related to cell proliferation and migration were highly enriched in Kit-expressing ECs, 

indicating that the cells had become activated (table S3).

To explore whether KIT expression determines EC susceptibility to METRNL and SCF 

stimulation, we isolated cardiac ECs from c-kitH2B-tdTomato/+ knock-in mice. The nuclear 

tdTomato signal in these mice faithfully recapitulates the expression pattern of endogenous 

KIT (17). Using click chemistry to fluorescently label EdU+ proliferating ECs, we found 

that METRNL and SCF stimulated c-kitH2B-tdTomato-positive but not c-kitH2B-tdTomato-

negative EC proliferation (fig. S12). To survey KIT-expressing EC behavior in the infarct 

border zone, we subjected c-kitH2B-tdTomato/+ mice to acute MI. As shown by single-cell 

RNA sequencing, c-kitH2B-tdTomato-negative ECs outnumbered c-kitH2B-tdTomato-positive 

ECs under baseline conditions and after MI (Fig. 4B). Yet, expansion of both populations 

contributed about equally to the increase in capillary density in the infarct border zone 

(Fig. 4B). Treating c-kitH2B-tdTomato/+ mice with KIT-ECD-Fc (100 μg into the LV cavity 

immediately after MI) selectively prevented c-kitH2B-tdTomato-positive EC expansion in the 

infarct border zone (Fig. 4B) and worsened LV dysfunction after MI (table S4), indicating 

that growth factor(s) signaling via KIT stimulate KIT-expressing EC expansion and augment 

heart function after MI.

Unlike METRNL, SCF was expressed by ECs, fibroblasts, and cardiomyocytes in the infarct 

region (fig. S13A) and its expression did not increase after MI (fig. S13B). Further, we 

observed no upregulation of SCF in the infarct region of Metrnl−/− mice (fig. S13C). To 

explore therefore if METRNL drives KIT-expressing EC expansion after MI, we crossed the 

c-kitH2B-tdTomato allele into Metrnl−/− mice. Metrnl deletion did not impact c-kitH2B-tdTomato-

positive or -negative EC densities in the myocardium under baseline conditions (Fig. 4C), 

indicating that METRNL is not necessary for establishing either cell population during 

development. After MI, however, c-kitH2B-tdTomato-positive EC numbers failed to increase in 

Metrnl−/− mice whereas c-kitH2B-tdTomato-negative EC expansion was not affected (Fig. 4C).

To explore METRNL’s therapeutic potential, we treated heart failure-prone FVB/N mice 

(25) with METRNL after MI (bolus injection into the LV cavity immediately after MI, 

followed by subcutaneous infusion) (fig. S14A). METRNL treatment enhanced infarct 

border zone capillarization (fig. S14B), limited scar formation (fig. S14C), and exerted 

sustained beneficial effects on LV function (table S5). In c-kitH2B-tdTomato/+ reporter 

mice, these therapeutic effects were associated with selective expansion of c-kitH2B-tdTomato-

positive ECs in the infarct border zone (fig. S14D), showing that endogenous METRNL’s 

effects on angiogenesis and heart function after MI can be therapeutically enhanced. Infarct 

size and cardiomyocyte apoptosis in the infarct border zone 24 hours after injury (fig. S14, 

E and F) and cardiomyocyte cell cycle activity in the left ventricle during the first week 

after MI (fig. S14, G and H) were not affected by METRNL therapy. Of note, treating 

c-kitH2B-tdTomato/+ mice with SCF expanded the c-kitH2B-tdTomato-positive EC population 

in the infarct border zone and improved systolic function as did treating the mice with 

METRNL (fig. S14, I and J). Increasing the availability of either ligand therefore promotes 

similar beneficial effects after MI.
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In summary, we define a METRNL-based crosstalk between myeloid cells and ECs 

promoting tissue repair after MI. We identify KIT as the cell surface receptor mediating 

METRNL’s angiogenic effects. While METRNL and SCF bind to KIT with high affinity, 

engendering concordant phosphoproteome signatures in cultured human ECs, both ligands 

exert non-redundant functions during development and after injury. In contrast to Scf-
deficient mice, which die of severe anemia around birth (26), Metrnl-deficient mice develop 

normally with no overt hematological abnormalities (fig. S15 and table S6). After MI, 

myeloid cell-derived METRNL drives expansion of the KIT-expressing EC population in 

the infarct border zone. This KIT-dependent angiogenic response is severely blunted in 

Metrnl-deficient mice, indicating a limited role for SCF in this setting, in line with its 

persistently low cardiac expression after MI (fig. S13 and ref. 27). Myeloid cell production 

of METRNL may thus provide a mechanism for activating endothelial KIT in the context of 

tissue injury and inflammation. Further studies may reveal other cell types and pathological 

conditions in which METRNL-KIT signaling is important.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Myeloid cell-derived METRNL promotes angiogenesis after myocardial infarction.
(A) Confocal immunofluorescence microscopy images taken from the infarct border zone 

3 days after myocardial infarction (MI) in wild-type (WT) or M etrnl−/− mice. Sections 

were stained with DAPI, fluorescein-labeled isolectin B4 (IB4), and antibodies against 

METRNL and CD11b. 92 ± 5% of the METRNL-expressing cells co-expressed CD11b 

(data from 4 mice). Scale bars, 25 μm. (B) WT and Metrnl−/− mice underwent sham or 

MI surgery and were followed for 6 (sham) or up to 28 days (MI). Fluorescent images 

depict CD31+ endothelial cells in the infarct border zone on day 28. Extracellular matrix 

and cardiac myocyte (CM) borders are highlighted by WGA staining. Scale bar, 50 μm. 

Summary data are from 5 mice per group. One-way ANOVA with Dunnett test (MI vs. 

same genotype sham), independent-samples t test (WT vs. Metrnl−/−). (C) Bone marrow 

cells from Metrnl−/− (knockout, KO) or WT mice were transplanted into (→) lethally 

irradiated KO or WT recipients. MI was induced after bone marrow reconstitution and 

CD31+ capillary density in the infarct border zone was determined on day 28. Independent-

samples t test. D) CD31+ capillary density in the infarct border zone in Metrnlfl/fl mice and 

Metrnlfl/fl LysMCre/+ (Metrnlfl/fl Cre) mice on day 28. Two-way ANOVA with Tukey test. (B 

to D) Data are means ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001.
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Fig. 2. METRNL binds to the extracellular domain of KIT.
(A) Conditioned supernatants (SN) were prepared from HEK-293 cells transfected with 

expression plasmids encoding human KIT-extracellular domain-Fc fragment fusion protein 

(KIT-ECD-Fc), METRNL, stem cell factor (SCF), and/or vascular endothelial growth factor 

A (VEGFA). Pull-down of KIT-ECD-Fc using protein G-coated beads copurified METRNL 

and SCF. Exemplary results from 3 experiments. (B) Protein-protein interaction analysis 

by microscale thermophoresis. Binding curves illustrate the interaction of human METRNL 

and SCF with human KIT-ECD-Fc. Human VEGFA did not interact with KIT-ECD-Fc, nor 

did METRNL with an IgG1-Fc control protein. Data are means ± SEM from 3–4 technical 

replicates; 2 additional experiments yielded similar results.
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Fig. 3. METRNL and SCF signaling through KIT in endothelial cells.
(A) Expression of P-KIT (Y568/Y570) and α-tubulin in human coronary artery endothelial 

cells (HCAECs) stimulated for 5 min with METRNL (10 ng/mL) or stem cell factor 

(SCF, 10 ng/mL) in the absence or presence of recombinant Fc fragment (10 μg/mL) or 

KIT-extracellular domain-Fc fragment fusion protein (KIT-ECD-Fc, 10 μg/mL). Exemplary 

results from 3 experiments. (B) BrdU incorporation and recovery after scratch injury of 

HCAECs stimulated with METRNL, SCF, or vascular endothelial growth factor (VEGFA, 

25 ng/mL) in the absence or presence of KIT-ECD-Fc. Data are means ± SEM from 4 

experiments. (C) Principal component analysis of phosphoproteome data sets from HCAECs 

stimulated with METRNL, SCF, or VEGFA (4 technical replicates per condition).
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Fig. 4. METRNL expands the KIT-expressing endothelial cell population after myocardial 
infarction.
(A) t-SNE plots depicting all cardiac endothelial cell (EC) populations and Kit-expressing 

cardiac ECs (colored in blue) 3 days after sham or myocardial infarction (MI) surgery in 

wild-type mice. Cluster #5 comprised a high number of Kit-expressing ECs (arrowheads). 

(B) c-kitH2B-tdTomato/+ mice underwent sham or MI surgery and were treated with Fc 

fragment or KIT-extracellular domain-Fc fragment fusion protein (KIT-ECD-Fc, 100μg 

into the left ventricular cavity each). Fluorescent images and summary data depicting 

c-kitH2B-tdTomato/+-positive (arrow-heads) and c-kitH2B-tdTomato/+-negative CD31+ ECs in 

the infarct border zone on day 6. Extracellular matrix and cardimyocyte (CM) borders are 

highlighted by WGA staining. Scale bar, 100 μm. One-way ANOVA with Tukey test. (C) 

c-kitH2B-tdTomato/+-positive and c-kitH2B-tdTomato/+-negative CD31+ ECs in the infarct border 

zone in c-kitH2B-tdTomato/+ Metrnl+/+ (WT) and c-kitH2B-tdTomato/+ Metrnl−/− (Metrnl−/−) 

mice on day 6. (B and C) Summary data are means ± SEM. Two-way ANOVA with Tukey 

test. *P < 0.05, **P < 0.01, ***P < 0.001.
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