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Abstract

Rationale—It is now recognized that macrophages residing within developing and adult tissues 

are derived from diverse progenitors including those of embryonic origin. Although the functions 

of macrophages in adult organisms are well studied, the functions of macrophages during organ 

development remain largely undefined. Moreover, it is unclear whether distinct macrophage 

lineages have differing functions.

Objective—To address these issues, we investigated the functions of macrophage subsets 

resident within the developing heart, an organ replete with embryonic-derived macrophages.

Methods and Results—Using a combination of flow cytometry, immunostaining, and genetic 

lineage tracing, we demonstrate that the developing heart contains a complex array of embryonic 

macrophage subsets that can be divided into chemokine (C-C motif) receptor 2− and chemokine 

(C-C motif) receptor 2+ macrophages derived from primitive yolk sac, recombination activating 

gene 1+ lymphomyeloid, and Fms-like tyrosine kinase 3+ fetal monocyte lineages. Functionally, 

yolk sac–derived chemokine (C-C motif) receptor 2− macrophages are instrumental in coronary 

development where they are required for remodeling of the primitive coronary plexus. 

Mechanistically, chemokine (C-C motif) receptor 2− macrophages are recruited to coronary blood 

vessels at the onset of coronary perfusion where they mediate coronary plexus remodeling through 

selective expansion of perfused vasculature. We further demonstrate that insulin like growth factor 

signaling may mediate the proangiogenic properties of embryonic-derived macrophages.
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Conclusions—Together, these findings demonstrate that the embryonic heart contains distinct 

lineages of embryonic macrophages with unique functions and reveal a novel mechanism that 

governs coronary development.
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It is now recognized that tissue macrophages comprised a heterogeneous group of cells 

derived from distinct developmental lineages including monocyte-derived and embryonic-

derived subsets.1,2 Monocyte-derived macrophages originate from definitive hematopoietic 

progenitors and are recruited to tissues through established chemokine signaling 

pathways.3,4 In contrast, embryonic-derived macrophages reside within tissues independent 

of monocyte input and originate from several potential lineages including primitive yolk sac, 

recombination activating gene 1 (Rag1)+ lymphomyeloid, and fetal liver monocyte 

progenitors.5–10

Previous studies have established that the earliest macrophages are derived from a bipotent 

erythromyeloid progenitor located within the early yolk sac.9 This lineage is distinct from 

other embryonic lineages in that it does not require the transcription factor MYB.9 Yolk sac–

derived macrophages are thought to migrate outside of the yolk sac during early embryonic 

periods and reside within a subset of developing organs including the brain, dermis, and 

heart. Within the brain, yolk sac–derived macrophages differentiate into microglia where 

they persist throughout life independent of blood monocyte input. Intriguingly, although 

yolk sac–derived macrophages occupy the early embryonic dermis, they seem to represent a 

transient lineage as they are largely replaced by other embryonic macrophage lineages.7 

Interestingly, yolk sac–derived macrophages exist within the adult heart in concert with 

other macrophage lineages including adult monocyte-derived subsets.1,11,12

More recent studies have focused attention away from early yolk sac lineages and suggested 

that the majority of developing organs contain macrophages derived from later progenitors 

including fetal monocytes.13 These studies have demonstrated that fetal monocytes arise 

from a distinct yolk sac–derived erythromyeloid progenitor that migrates from the yolk sac 

to the liver during midgestation.13 For example, although the lung contains a small yolk sac–

derived macrophage population, the majority of alveolar macrophages are derived from fetal 

monocyte-derived macrophages that enter the tissue during neonatal periods.14 In addition, 

Langerhans cells residing within the skin are also derived from fetal monocytes emigrating 

from the fetal liver.7 Despite intensive investigation, the exact macrophage composition of 

many organs remains to be fully elucidated. Moreover, it is not yet clear whether 

macrophages derived from Rag1+ lymphomyeloid progenitors and those derived from 

hemogenic endothelium or aorto-gonad-mesonephros progenitors significantly contribute to 

tissue resident macrophages.15

Although the roles of monocyte-derived macrophages are well described, the endogenous 

functions of embryonic-derived macrophages remain largely undefined. We have recently 

demonstrated that macrophages derived from early embryonic progenitors are essential for 

tissue repair and functional restoration of the injured neonatal heart.11 However, it remains 
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unclear whether embryonic macrophages play important roles during normal tissue 

development. Furthermore, no studies to date have addressed whether distinct embryonic 

macrophage subsets might have differing functions.

To define physiological functions of embryonic-derived macrophages, we focused on the 

developing heart, an organ that harbors significant numbers of embryonic-derived 

macrophages.11,12,16 We demonstrate that the developing heart contains a complex array of 

embryonic macrophage subsets that can be divided into chemokine (C-C motif) receptor 2 

(CCR2)− and CCR2+ macrophage subsets derived from distinct lineages. We further show 

that yolk sac–derived CCR2− macrophages are proangiogenic and are required for coronary 

development where they mediate remodeling of the primitive coronary plexus by promoting 

the selective expansion of perfused vasculature. Together, our findings indicate that the 

developing heart contains distinct lineages of embryonic macrophages with differing 

functions that are critical for proper organ development.

Methods

Mouse Strains

Mice were bred and maintained at the Washington University School of Medicine and the 

University of Oxford, and all experimental procedures were done in accordance with the 

animal use oversight committee. Mouse strains utilized included reverse orientation splice 

acceptor (Rosa) 26-td, Fms-like tyrosine kinase (Flt) 3-Cre, colony-stimulating factor 1 

receptor (CSF1R)-murine estrogen receptor Cre (MerCre), LysM-Cre, CX3C chemokine 

receptor 1 (CX3CR1)GFP, Rag1-Cre, Rosa26-yellow florescent protein, Csf1op, Ccr2GFP, 

and Ccr2−/−.4,5,12,17–22 All mice were genotyped according to established protocols, and 

littermates were used as controls. Macrophage lineage tracing was performed by mating 

Rosa26-td and Rosa26-yellow florescent protein mice with Flt3-Cre, CSF1R-MerCre mice, 

or Rag1-Cre. Embryonic macrophages were labeled by treating pregnant CSF1R-MerCre/

Rosa26-td mice with 0.1-mg tamoxifen/g body weight (Sigma) by oral gavage at E7.5.

Immunohistochemistry and Vascular Imaging

Embryonic and adult hearts were harvested and washed in PBS. Tissues were then fixed in 

2% paraformaldehyde overnight at 4°C, embedded in OCT, infiltrated with sucrose, and 

frozen. Twelve-micrometer cryosections were then obtained and subjected to 

immunostaining. Primary antibodies used included platelet endothelial cell adhesion 

molecule 1:200 (BD), smooth muscle actin 1:400 (Sigma), bromodeoxyuridine 1:100 

(Abcam), CD68 1:400 (Serotec), platelet-derived growth factor receptor-β 1:200 (R&D), 

and lymphatic vessel endothelial hyaluronan receptor 1 1:500 (Abcam). 

Immunofluorescence was visualized on a Zeiss confocal microscopy system. 

Bromodeoxyuridine-positive cells, blood vessel density, and macrophages were quantified 

by examining at least 4 similarly oriented sections from 4 independent samples in blinded 

fashion.

Whole-mount platelet endothelial cell adhesion molecule staining was performed as 

previously described.23 After staining, E13.5 and E17.5 hearts were frozen in OCT and 12-
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μm cryosections obtained. Quantitative imaging was performed using Zeiss Axiovision 

software. At least 5 sections from 4 independent biological specimens were examined in 

blinded fashion per experimental group.

For postnatal coronary imaging, anesthetized mice were injected IV with 5 mg/kg of 

fluorescein isothiocyanate (FITC)-dextran (Sigma 150 000 MW) 5 minutes before tissue 

harvest. The hearts were then fixed and imaged on a Zeiss Discovery V.12 stereomicroscope. 

For embryonic coronary imaging, E14.5 embryos were dissected in warmed PBS with the 

placenta and umbilical cord left intact. The umbilical vein was then injected with 50 μL of 

FITC-lectin (Vector Laboratories) using a 33-gauge needle. Embryonic hearts were then 

harvested, fixed, cryosections costained, and imaged on a Zeiss confocal microscope. 

Endocardial staining was utilized to confirm successful FITC-lectin injection.

Flow Cytometry, Microarray, and Reverse Transcription Polymerase Chain Reaction Assays

For flow cytometry experiments, mice were euthanized by cervical dislocation. Hearts were 

then perfused with cold PBS, finely minced, and digested with Collagenase D (Roche) and 

DNAse I (CalBiochem or Sigma) for 15 to 45 minutes at 37°C. The digested material was 

filtered through 40- to 50-μmol/L filters and pelleted by centrifugation (400g for 5 minutes 

at 4°C) in HBSS supplemented with 2% FCS+0.2% BSA or DMEM supplemented with 

0.5% FCS. Red blood cells were lysed in ACK lysis buffer (Invitrogen) or ammonium 

chloride (Stemcell Technologies) and then resuspended in FACS buffer (PBS containing 2% 

to 5% FCS and 2 mmol/L EDTA). Samples were incubated with Fc block (BD), labeled with 

fluorescently conjugated antibodies (Online Table 1) for 25 to 30 minutes at 4°C, and 

washed twice in FACS buffer. Flow cytometry analysis was done on a BD LSRII analyzer 

and data analyzed using FlowJo software. After gating on CD45+ cells, doublets were 

excluded, live cells were analyzed using DAPI (4′,6-diamidino-2-phenylindole) dead/live 

exclusion, and macrophages identified based on CD64 and F4/80 expression as previously 

described.11

Cell sorting was performed using a MoFlo flow cytometry instrument (Beckman Coulter). 

Cytospin preparations and flow cytometry analysis were utilized to measure sample purity. 

For RNA isolation, macrophages were directly sorted into the QLT buffer and RNA isolated 

using the RNeay micro kit (Qiagen) per manufacturer’s instructions. Gene expression 

profiling was performed using microarray analysis. RNA was amplified using the WTA 

(Sigma) system and hybridized to Agilent 8X60 gene chips. Data analysis was performed 

using Partek genome suite software. For reverse transcription polymerase chain reaction 

experiments, cDNA was synthesized using the high-capacity cDNA reverse transcription kit 

(Ambion). Quantitative reverse transcription polymerase chain reaction was performed on an 

ABI 7200 machine using SYBR green-based assays. SYBR green primers were obtained 

from IDT. All samples were normalized to Gapdh and then scaled relative to controls, where 

control samples were set at a value of 1. Thus, results for all experimental samples were 

graphed as relative expression compared with control.

For macrophage culture experiments, samples were sorted directly into DMEM 10% FBS. 

Macrophages were plated at a density of 20 000 cells per well of a 96-well plate and allowed 
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to adhere for 24 hours. To obtain macrophage conditioned media, cell were incubated in 

DMEM 1% FBS for 48 hours.

Matrigel Angiogenesis and Scratch Assays

To determine whether embryonic CCR2− macrophage conditioned media was sufficient to 

stimulate angiogenesis in vitro, mouse coronary endothelial cells24 were stimulated with 

control media or macrophage conditioned media for 24 hours and plated on growth factor 

reduced Matrigel (BD) at a density of 2×104 cells/mL in a 24-well plate format. Photographs 

were acquired 8 hours after plating and the number of tube segments/10× field quantified. 

For endothelial scratch assays, mouse coronary endothelial cells were seeded on 12-well 

plates and grown to 90% confluency. A pipette tip was used for wounding. Twenty four 

hours after wounding, the cells were fixed, stained with 1% crystal violet, and photographs 

obtained. The wounded area was examined for the presence of crystal violet staining. Four 

independent samples were included in each experimental group, and assays were repeated at 

least 2× to ensure technical accuracy. Insulin like growth factor (IGF) 1, IGF2, pleiotrophin, 

and platelet factor 4 protein was obtained from R&D and utilized at concentrations 

recommended by the manufacturer. IGF receptor 1 inhibitor was obtained from Tocris.

Statistical Analysis

Data are expressed as mean±SD. Student t test or ANOVA was used for comparisons 

between groups. P values of <0.05 were considered significant. Bonferroni correction was 

performed when multiple hypotheses were tested. In these cases, the type I error (α=0.05) 

was split equally among each test.

Antibodies Used for Flow Cytometry

Antibodies used for flow cytometry is shown in the Table.

Results

To establish the timing and precise composition of macrophage subsets that reside within the 

developing heart, we utilized established macrophage reporter mice in combination with 

flow cytometry. Analysis of CX3CR1-green florescent protein (GFP) mice18 demonstrated 

that macrophages were first detected in the heart on embryonic day 12.5 (E12.5) and persist 

within the ventricular myocardium throughout development (Figure 1A). Flow cytometry 

revealed that the vast majority of CD45+ immune cells within the developing heart 

coexpressed CX3CR1-GFP+ and the macrophage antigen F4/80 and increased in abundance 

between E12.5 and E14.5 (Figure 1B and 1C).

To decipher whether the developing heart contains a single macrophage population or 

distinct macrophage subsets, we explored several markers previously reported to distinguish 

between macrophage populations. Among the tested markers, CCR2, which we previously 

found to identify distinct macrophage subsets in the adult heart,11,12,16 readily identified 2 

distinct macrophage subsets in the embryonic heart. Flow cytometric analysis of CCR2-GFP 

mice12 revealed that CCR2− macrophages exclusively populated the developing heart at 

E12.5. In contrast, at E14.5, the heart contained distinct CCR2− and CCR2+ macrophage 
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subsets, the latter of which expressed the monocyte marker Ly6C (Figure 1D and 1E). CD68 

immunostaining confirmed that CX3CR1-GFP and CCR2-GFP specifically labeled 

macrophages in the developing heart (Online Figure IA and IB). Quantification of mean 

florescent intensity revealed that CCR2− macrophages expressed higher levels of CX3CR1-

GFP than CCR2+ macrophages (Figure 1F and 1G). CCR2− and CCR2+ macrophage subsets 

expressed similar levels of the macrophage markers CD64, MertK, and CD11c, but did not 

express markers of neutrophils (Ly6G) or eosinophils (Siglec F). Of note, neither CCR2− nor 

CCR2+ macrophages expressed Tie2, a marker recently reported to be expressed by 

primitive erythromyeloid macrophage progenitors25 (Figure 1H; Online Figure IC). 

Immunostaining analysis demonstrated that CCR2− and CCR2+ macrophages were localized 

within different regions of the embryonic heart. CCR2− macrophages were found almost 

exclusively within the myocardial wall, whereas CCR2+ macrophages were located almost 

entirely within the trabecular projections of the endocardium (Figure 1I–1K).

To determine whether CCR2− and CCR2+ embryonic cardiac macrophages represent 

functionally distinct populations, we purified each macrophage subset using flow cytometry 

(Figure 2A) and performed microarray gene expression profiling. Principal component and 

hierarchical clustering analyses revealed that CCR2− and CCR2+ macrophage subsets 

represented distinct populations with significantly different gene expression profiles (Figure 

2B and 2C). Using a 1.5-fold change cutoff, 674 genes were differentially expressed in 

CCR2− and CCR2+ macrophages, respectively (Figure 2D). Pathway analysis demonstrated 

that many of the differentially expressed genes belonged to pathways implicated in wound 

healing, inflammation, cell death, and metabolic processes (Online Figure IIA). Further 

delineation of genes associated with monocyte and macrophage function demonstrated that 

CCR2− macrophages differentially expressed transcripts previously associated with yolk 

sac–derived and resident macrophage subsets including Cx3cr1, Lyve1, Emr1, Cd207, and 

Ccl12.9,26 In contrast, CCR2+ macrophages differentially expressed transcripts associated 

with monocytes and monocyte-derived macrophages including Ly6c, Cxcr2, Sell, Irf5, and 

Nr4a1 (Figure 2E; Online Figure IIB).9,11,12,27,28

Based on our gene expression profiling data, we hypothesized that CCR2− macrophages are 

derived from yolk sac progenitors, whereas CCR2+ macrophages are derived from fetal 

monocyte progenitors. To test this hypothesis, we performed detailed flow cytometry and 

genetic lineage tracing. Previous studies have revealed that within the embryo 

F4/80highCD11blow macrophages are derived from yolk sac progenitors, whereas 

F4/80lowCD11bhigh macrophages are of fetal monocyte origin.9 Consistent with this notion, 

detailed flow cytometric analysis showed that embryonic cardiac macrophages can be 

divided into F4/80highCD11blow and F4/80lowCD11bhigh subsets. The F4/80highCD11blow 

subset contains exclusively CCR2−Ly6C− macrophages suggesting that these cells are of 

yolk sac origin, whereas the F4/80lowCD11bhigh subset predominately consists of 

CCR2+Ly6C+ macrophages consistent with fetal monocyte origin (Figure 2F and 2G).

To more directly define the developmental origin of embryonic cardiac macrophages, we 

performed genetic lineage tracing. We took advantage of the exclusive localization of 

CCR2− (compact myocardium) and CCR2+ (trabeculae) macrophages and utilized 

immunostaining techniques to decipher-specific contributions to each of these macrophage 
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subsets. Administration of tamoxifen to pregnant Rosa26-tdCsf1R-MerCre mice19 at E7.5 

(approximate timing of yolk sac hematopoiesis) demonstrated labeling of macrophages 

located within the compact myocardium (which are CCR2−; Figure 1J and 1K), but not 

macrophages located within the trabeculae (which are CCR2+; Figure 1J and 1K) at E14.5. 

Importantly, the percentage of macrophages located within the compact myocardium that 

were labeled by Rosa26-tdCsf1R-MerCre mice was similar to that of macrophages located 

within the yolk sac (Figure 3A and 3B; Online Figure IIIA). Together, these data support the 

conclusion that CCR2− macrophages are derived from yolk sac progenitors. To define the 

origins of trabecular (CCR2+) macrophages, we performed genetic lineage tracing with Flt3-

Cre4 and Rag1-Cr2e5 mice to examine the contribution of definitive hematopoietic and the 

recently described lymphomyeloid lineages, respectively. Analysis of Rosa26-tdFlt3-Cre mice 

at E14.5 revealed significant contribution to the CCR2+ macrophage population suggesting 

that they are largely derived from fetal monocyte progenitors (Figure 3C and 3D; Online 

Figure IIIB). Immunostaining analysis of Rosa26-yellow florescent proteinRag1-Cre mice at 

E14.5 demonstrated infrequent labeling of macrophages located within the trabeculae, 

suggesting that only a minority of CCR2+ macrophages are derived from Rag1+ 

lymphomyeloid progenitors (Figure 3E). Consistent with this conclusion, flow cytometric 

analysis confirmed that <10% of CCR2+ macrophages express yellow florescent protein 

(Figure 3F).

To decipher whether embryonic macrophages are functionally required for heart 

development, we examined control, Csf1op/op,20 and Ccr2−/−29 embryos. Compared with 

controls, Csf1op/op embryos lacked all macrophages, whereas Ccr2−/− embryos had a 

specific reduction in CCR2+ macrophages located within the trabecular myocardium (Figure 

4A–4D). Based on recent data implicating embryonic-derived macrophages in coronary 

angiogenesis,11,30 we focused on coronary development. Smooth muscle actin 

immunostaining at postnatal day 21 (P21) demonstrated that compared with controls and 

Ccr2−/− hearts, Csf1op/op hearts contained fewer smooth muscle–coated coronary arterioles 

(Figure 4E and 4F). Detailed examination of the microvasculature revealed that although 

Csf1op/op hearts contained similar capillary density compared with control and Ccr2−/− 

hearts (Figure 4G and 4H), the microvasculature of Csf1op/op hearts displayed exaggerated 

branching and connectivity (Figure 4I and 4J). Consistent with aberrant microvascular 

patterning, imaging of P21 hearts perfused with FITC-dextran revealed that Csf1op/op hearts 

displayed excessive coronary artery branching compared to control and Ccr2−/− hearts 

(Figure 4K–4L). Together, these data indicate that macrophages are essential for coronary 

patterning at the microvascular and macrovascular level and suggest that yolk sac–derived 

CCR2− macrophages mediate this developmental process.

To define the mechanistic basis by which macrophages contribute to coronary development, 

we performed whole-mount platelet endothelial cell adhesion molecule/CD31 

immunostaining on control and Csf1op/op embryonic hearts. Compared with controls, 

Csf1op/op hearts displayed normal coronary plexus development at E13.5, but aberrant 

coronary patterning at E17.5, suggesting a defect in coronary remodeling (Figure 5A). 

Quantitative analysis of coronary plexus density and patterning revealed that at E13.5 

control and Csf1op/op hearts had similar coronary density and distribution of blood vessel 

sizes. However, at E17.5, Csf1op/op hearts displayed increased coronary vessel density 
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compared with controls and failure of the vascular plexus to remodel into blood vessels of 

varying diameter. Notably, Csf1op/op hearts displayed blood vessel diameters that were 

indistinguishable from those of the E13.5 primitive vascular plexus with reduced numbers of 

small and large diameter blood vessels and increased numbers of medium diameter blood 

vessels (Figure 5B–5D). Examination of an independent model of macrophage deficiency 

(Rosa26-DTALysM-Cre)17,31 revealed a phenotype identical to that of Csf1op/op mice (Figure 

5E and 5F). Consistent with a specific role for CCR2− macrophages, platelet endothelial cell 

adhesion molecule immunostaining of Ccr2−/− hearts revealed normal coronary plexus 

development and remodeling (Online Figure IV).

To understand how embryonic macrophages might govern coronary remodeling, we 

examined the precise localization of macrophage with respect to the coronary vasculature. 

Previous work has suggested that the coronary plexus develops in the absence of blood flow 

and that the onset of coronary perfusion occurs coincident with coronary plexus 

remodeling.17,31 Indeed, analysis of E14.5 hearts obtained from embryos perfused with 

rhodamine conjugated lectin and subsequently stained after sectioning with FITC-

conjugated lectin demonstrated that coronary perfusion begins in a subset of coronary 

vasculature at ≈E14.5. By E17.5, the entire coronary system is perfused (Figure 6A). 

Intriguingly, examination of CX3CR1-GFP embryos revealed that although macrophages are 

located adjacent to coronary endothelial cells, they are selectively associated with perfused 

coronary vasculature (Figure 6B and 6C). Based on these data, we hypothesized that 

macrophages may govern coronary remodeling by selectively interacting with perfused 

coronary vasculature. Consistent with this notion, analysis of coronary endothelial 

proliferation in control and Csf1op/op hearts revealed that although control hearts displayed 

selective proliferation of perfused vasculature, hearts that lacked macrophages demonstrated 

reduced proliferation of perfused vasculature and marked increased proliferation of 

nonperfused vasculature (Figure 6D). Other important contributors to coronary remodeling 

including pericyte and smooth muscle cell differentiation32–34 were grossly unaffected by 

macrophage deficiency (Online Figure V).

To identify potential macrophage-derived effector molecules that mediate coronary 

remodeling, we utilized our microarray expression data to identify secreted growth factors 

that are expressed by embryonic macrophages and have previously been implicated in 

angiogenesis. Among the identified genes, quantitative reverse transcription polymerase 

chain reaction assays revealed that insulin-like growth factors 1 and 2 (Igf1, Igf2), Ptn, and 

Pf4 were strongly expressed in embryonic CCR2− cardiac macrophages. Importantly, these 

factors were also expressed in neonatal CCR2− cardiac macrophages, a population that we 

have previously shown to be proangiogenic. In contrast, minimal expression of Igf1, Igf2, 

Ptn, and Pf4 was found in adult CCR2+ cardiac macrophages, a subset that lacks 

proangiogenic activity11 (Figure 7A; Online Figure VIA). To test whether these growth 

factors possess proangiogenic activity toward coronary endothelial cells, we performed a set 

of in vitro assays. Matrigel tube and endothelial cell migration assays demonstrated that only 

IGF1 and IGF2 possessed proangiogenic activity toward cultured coronary endothelial cells 

(Online Figure VIB–VIE), suggesting that IGF ligands may be one of the relevant 

macrophage effector molecules. Consistent with these findings, IGF1 ELISA revealed that 

conditioned media obtained from embryonic and neonatal CCR2− macrophage populations 
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contained higher concentrations of IGF1 protein than conditioned media obtained from adult 

CCR2+ macrophages (Figure 7B).

Examination of classic proangiogenic growth factor expression revealed that both CCR2− 

and CCR2+ embryonic macrophages expressed significant and comparable levels of vascular 

endothelial growth factor-a and platelet derived growth factor-β mRNA. CCR2− and CCR2+ 

macrophages expressed minimal levels of vascular endothelial growth factor-c, placenta 

growth factor, angiopoietin 1, and angiopoietin 2 (Figure 7C). Intriguingly, embryonic and 

adult CCR2+ macrophages expressed significantly higher levels of the angiogenesis 

inhibitor, soluble Flt1 than CCR2− macrophage subsets (Figure 7D).

To determine whether IGF1 and IGF2 expression was conserved in adult cardiac 

macrophage subsets that possess proangiogenic activity, we purified CCR2− and CCR2+ 

macrophage populations using flow cytometry. CCR2− macrophages were further divided 

into embryonic-derived (Flt-Cre negative) and monocyte-derived (Flt3-Cre positive) 

macrophage subsets (Figure 7E and 7F). Consistent with a previous study11 demonstrating 

that CCR2− macrophages resident within the adult heart are proangiogenic, CCR2− 

macrophage subsets expressed higher levels of Igf1 mRNA than CCR2+ macrophages. Of 

note, embryonic-derived CCR2− macrophages expressed slightly higher levels of Igf1 

mRNA than monocyte-derived CCR2− macrophages. Igf2 mRNA expression could not be 

detected in CCR2− or CCR2+ adult cardiac macrophages (Figure 7G).

Together, the above data suggested that cardiac macrophage-derived IGF signals may 

mediate the proangiogenic activities of embryonic cardiac macrophages. To decipher 

whether IGF signaling is necessary for the proangiogenic activity of embryonic 

macrophages within the heart, we focused on CCR2− macrophages as they are located in 

close proximity to the coronary vasculature and are required for coronary development. We 

examined whether inhibition of IGF1 receptor signaling abrogated the proangiogenic effects 

of CCR2− embryonic macrophages in vitro. Consistent with the proangiogenic potential of 

CCR2− embryonic macrophages, conditioned media obtained from this macrophage subset 

was sufficient to stimulate coronary endothelial cell tube formation and migration in vitro. 

However, addition of an IGF1 receptor–specific inhibitor abolished the ability of CCR2+ 

embryonic macrophage conditioned media to stimulate coronary endothelial cell tube 

formation and migration (Figure 7H–7K) implicating IGF ligands as a potentially relevant 

proangiogenic signal by which CCR2− embryonic macrophages might mediate coronary 

development.

Discussion

Together, our results reveal that functionally distinct lineages of embryonic macrophages 

populate the developing heart and are required for proper cardiac development. Specifically, 

we demonstrate that the developing heart contains distinct lineages of embryonic 

macrophages with contributions from primitive yolk sac, fetal monocyte, and 

lymphomyeloid progenitors. Functionally, yolk sac–derived CCR2− macrophages are 

essential for coronary maturation where they promote remodeling of the primitive coronary 

plexus through the selective expansion of perfused coronary vasculature. In contrast, CCR2+ 
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macrophages are derived from fetal monocytes including from Rag1+ lymphomyeloid 

progenitors and seem to be dispensable for heart development. Collectively, these data 

define the composition of cardiac embryonic-derived macrophages, determine when each 

lineage takes residence within the myocardium, and identify a novel role for embryonic-

derived macrophages in heart development. In addition, we provide evidence supporting a 

new mechanism that mediates coronary plexus remodeling and functional maturation of the 

coronary vasculature. Finally, our results implicate IGF signaling as a potential macrophage-

derived mediator of coronary angiogenesis.

In contrast to previous studies reporting that developing tissues primarily contain a single 

embryonic macrophage lineage (ie, yolk sac or fetal monocyte derived),6,7,13,25 our findings 

indicate that within the heart multiple and distinct embryonic macrophage lineages coexist. 

Interestingly, CCR2− and CCR2+ macrophages entered the heart at different developmental 

time points. CCR2− macrophages were first apparent within the heart at E12.5 and were 

localized within the subepicardial space, whereas CCR2+ macrophages were observed 

within the endocardium beginning at E14.5. After entering the developing heart, CCR2− and 

CCR2+ macrophages seemed to occupy separate niches. Namely, CCR2− yolk sac–derived 

macrophages were closely associated with the coronary vasculature, whereas CCR2+ 

macrophages derived from fetal monocytes and Rag1+ progenitors were located in close 

proximity to the endocardial trabeculae. The exact mechanisms that govern recruitment of 

CCR2− and CCR2+ macrophages to the developing heart and signals that control their 

localization within the myocardium are not yet clear, but undoubtedly will be the topic of 

future investigation.

Transcriptional profiling of CCR2− and CCR2+ embryonic-derived cardiac macrophages 

supported the concept that these macrophage subsets may have distinct functions. Consistent 

with previous literature, our findings demonstrate a role for CCR2− embryonic-derived 

macrophages in vascular growth and maturation. Previous studies focused on mouse 

hindbrain and retina development have revealed an essential role for microglia in CNS 

vascular branching.35–37 Mice deficient in microglia (Csf1op/op and Pu.1−/−) had reduced 

vascular branch points in the ventricular and retina vascular plexus. Within these systems, 

vascular endothelial growth factor signaling did not seem to influence microglia numbers, 

location, or function. Instead, zebrafish studies implicated that macrophages may assist in 

bridging anastomotic connections between endothelial tip cells.35 Intriguingly, within the 

postnatal deep retinal vascular plexus microglia suppress angiogenic sprouting through a 

WNT-FLT1–dependent pathway,38 indicating that the effects of primitive macrophages on 

the developing vasculature may be context dependent.

In contrast to the roles of microglia in CNS vascular development, within the developing 

heart, CCR2− macrophages did not stimulate branching of the primitive capillary plexus. 

Instead, they were essential for remodeling of the vascular plexus into a mature vascular tree 

containing vessels of differing diameters. In contrast to coronary plexus development, less is 

known about cellular molecular mechanisms that govern remodeling of the primitive 

coronary plexus. Several studies have indicated that signaling pathways that regulate the 

differentiation of pericytes and smooth muscle cells (transforming growth factor-β, platelet-

derived growth factor receptor-α, NOTCH1, NOTCH3, WNT, myocardin-related 
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transcription factor) are essential for coronary remodeling.32–34,39,40 Our findings identify a 

novel role for embryonic macrophages in this important process.

Mechanistically, CCR2− macrophages regulated coronary remodeling in a potentially flow-

dependent manner. Specifically, macrophages preferentially promoted the expansion of 

perfused blood vessels at the expense of blood vessels receiving no or minimal perfusion. In 

the absence of macrophages, perfused coronary plexus vasculature proliferated at slower 

rates. Importantly, vasculature not receiving perfusion continued to proliferate at high rates 

accounting for the expanded vascular network in Csf1op/op mice. These data suggest that 

macrophages directly or indirectly regulate coronary endothelial cell proliferation. Although 

we did not observe defects in pericyte or smooth muscle cell differentiation, it remains 

possible that macrophages may interact with vascular supporting cells to promote branching 

and growth of perfused vasculature.

Using a gene expression-based approach, we identified IGF1 and IGF2 as potential 

mediators by which CCR2− cardiac macrophages mediate coronary remodeling. Consistent 

with this notion, IGF1 and IGF2 were sufficient to stimulate coronary endothelial tube 

formation in vitro. Moreover, IGF signaling was necessary for the proangiogenic effects of 

CCR2− macrophages in vitro. Consistent with previous literature, IGF signaling was a potent 

stimulus for coronary endothelial cell migration.41 Based on these data, we hypothesize that 

macrophage-derived IGF signals may selectively mediate the selective expansion of perfused 

coronary vasculature by stimulating endothelial cell migration to sites of vascular perfusion 

and subsequent incorporation of endothelial cells into areas of active remodeling. In 

addition, we demonstrated that CCR2− macrophages resident within the adult heart also 

express significant levels of IGF1 and have previously been shown to possess proangiogenic 

activity.11 Intriguingly, both embryonic-derived and monocyte-derived macrophages 

expressed IGF1, suggesting that monocytes may be able to take on an embryonic 

macrophage-like phenotype. These data support but do not confirm the possibility that IGF 

ligands constitute the relevant proangiogenic signals secreted by CCR2− cardiac 

macrophages. Future studies will be required to determine whether macrophage-derived IGF 

signals are necessary for coronary remodeling in vivo using conditional gene targeting.

Although we demonstrated that CCR2− macrophages are critical regulators of coronary 

vessel maturation, the exact function of CCR2+ macrophages was not readily apparent. 

Specifically, we were unable to identify defects in heart development using CCR2-deficient 

mice. Because Ccr2−/− mice displayed reduced (but not absent) numbers of CCR2+ 

macrophages, our conclusions may be limited as it is possible that a small number of CCR2+ 

macrophages is sufficient to perform their endogenous functions. Few tools exist to address 

the endogenous functions of CCR2+ macrophages derived from fetal monocyte and Rag1+ 

progenitors. Myb−/− mice contain only yolk sac–derived macrophages, but display mortality 

during midgestation (E15.5–E16.5),9,42 precluding their use to address the functions of 

CCR2+ macrophages during later stages of heart development. It is also plausible that 

CCR2+ macrophages may play a specific role in the context of embryonic cardiac injury, a 

possibility that was not examined in this study.
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Several important questions remain, including how are CCR2− macrophages selectively 

recruited to perfused vasculature? Recent studies have revealed that perfused coronary 

endothelium expresses the Notch ligand Jagged-1, which is required for pericyte 

differentiation into smooth muscle cells at the onset of coronary perfusion.40 Intriguingly, 

within the retina, microglia express significant levels of Notch1, which is required for 

recruitment of microglia to sites of vascular branching.43 These data indicate that Notch 

signaling is essential for macrophage trafficking. Future studies will be required to 

determine whether Notch signals are responsible for migration of CCR2− macrophages to 

perfused coronary vasculature.

In conclusion, our findings indicate that multiple lineages of embryonic-derived 

macrophages exist within the developing heart, and that CCR2− yolk sac–derived 

macrophages are essential regulators of coronary development. In conjunction with previous 

work identifying an essential proangiogenic role for yolk sac–derived macrophages in the 

context of neonatal cardiac injury,11 our study suggests that regulation of coronary growth 

may represent a conserved function of primitive yolk sac–derived cardiac macrophages 

present in the developing and adult heart. Future studies will be required to determine 

whether embryonic-derived macrophages resident in the adult heart similarly mediate 

coronary angiogenesis and arteriogenesis under physiological and pathological conditions.
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Refer to Web version on PubMed Central for supplementary material.
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Nonstandard Abbreviations and Acronyms

CCR2 chemokine (C-C motif) receptor 2

CSF1R colony-stimulating factor 1 receptor

CX3CR1 CX3C chemokine receptor 1

FITC fluorescein isothiocyanate

GFP green florescent protein

IGF insulin like growth factor
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Rag1 recombination activating gene 1

ROSA reverse orientation splice acceptor
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Novelty and Significance

What Is Known?

• Distinct subsets of macrophages derived from embryonic and definitive 

hematopoietic progenitors reside within various tissues of the body including 

the heart.

• The exact origins of cardiac embryonic-derived macrophages, timing by 

which these cells enter the heart, and their normal functions remain poorly 

defined.

What New Information Does This Article Contribute?

• Identified the relevant subsets and respective developmental origins of 

macrophages that reside within the fetal heart.

• Deciphered the function of embryonic macrophages during heart 

development.

• Demonstrated that yolk sac–derived macrophages have a conserved role in 

regulating coronary angiogenesis possibly through regulation of insulin like 

growth factor 1 signaling

Recently, an important paradigm has emerged in the macrophage field: organs are replete 

with resident macrophages of embryonic origin, distinct from monocyte-derived 

macrophages. The literature is now filled with publications and reviews outlining various 

embryonic macrophage lineages. However, the functional relevance of each of these cell 

types remains to be elucidated. We have taken this important next step and defined the 

exact origins of embryonic-derived macrophages within the heart and delineated their 

respective functions. We demonstrate that the developing heart contains a complex array 

of embryonic macrophage subsets derived from early yolk sac and fetal liver progenitors. 

Within the developing heart, yolk sac–derived macrophages are instrumental in coronary 

development where they are required for remodeling and patterning of the primitive 

coronary plexus. In contrast, macrophages derived from lymphomyeloid and fetal 

monocyte progenitors and seem to be dispensable for heart development. 

Mechanistically, yolk sac–derived macrophages are recruited to the developing coronary 

vasculature at the onset of blood vessel perfusion where they mediate vascular 

remodeling and maturation through selective expansion of perfused vasculature. 

Together, these findings demonstrate that the embryonic heart contains distinct lineages 

of embryonic macrophages with unique functions and reveals a conserved role for yolk 

sac–derived macrophages in coronary angiogenesis.
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Figure 1. Distinct chemokine (C-C motif) receptor 2 (CCR2)− and CCR2+ macrophages populate 
the embryonic heart
A, CX3C chemokine receptor 1 (CX3CR1)-green florescent protein (GFP) embryos 

demonstrating that macrophages are present in the embryonic heart beginning after E10.5. 

DAPI (4′,6-diamidino-2-phenylindole), blue; CX3CR1-GFP, yellow; B, Flow cytometry 

analysis of gated CD45+ cells from the embryonic heart showing that all CD45+ cells 

express CX3CR1-GFP and F4/80. C, Quantification of the number of CX3CR1-GFP+ 

macrophages per 20× field at E12.5 and E14.5. *P<0.05. D, Flow cytometry demonstrating 

that at E12.5 the embryonic heart contains a single CCR2− MHC-IIlow macrophage subset, 

whereas at E14.5, the embryonic heart contains CCR2− MHC-IIlow and CCR2+ major 

histocompatibility complex (MHC)-IIlow macrophage subsets. E, CCR2+ macrophage 

coexpress Ly6C. F and G, Quantification of mean florescent intensity (MFI) demonstrating 

that CCR2− macrophages express CX3CR1-GFP to a greater extent to that of CCR2+ 

macrophages. *P<0.05 compared with control, **P<0.05 compared with all other groups. H, 
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CCR2− and CCR2+ macrophages express CD64, MertK, and CD11c. Gray: isotype control, 

blue: designated antibody. I, Analysis of CCR2-GFP embryos revealing that CCR2+ 

macrophages are specifically located adjacent to the endocardial trabeculae at E14.5 and 

E16.5. J and K, Immunostaining for CCR2-GFP (yellow) and CD68 (red) demonstrating 

that CCR2+ macrophages exclusively reside within the endocardial trabeculae and CCR2− 

macrophages in the compact myocardium. *P<0.05. A, I, and J: ×20 magnification. Each 

experiment included at least 4 independent biological replicates. Endo indicates 

endocardium; and Epi, epicardium.
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Figure 2. Gene expression profiling of embryonic cardiac macrophages
A, Cytospin specimens of chemokine (C-C motif) receptor 2 (CCR2)− and CCR2+ 

macrophage subsets sorted by flow cytometry demonstrating robust purification of cell 

populations. B and C, Principal components analysis (PCA) (B) and hierarchical clustering 

(C) analyses showing that CCR2− and CCR2+ macrophages have distinct gene expression 

profiles. D, Significance analysis of microarrays plot highlighting the number of genes 

upregulated in CCR2− (blue, n=163) and CCR2+ (red, n=511) macrophages. E, Heat map 

depicting monocyte and macrophage-associated genes that distinguish embryonic CCR2− 

and CCR2+ macrophages. F and G, Flow cytometry at E14.5 revealing the surface 

phenotype of CCR2− macrophages (blue): F4/80highCD11blowLy6Cneg and CCR2+ 

macrophages (red): F4/80lowCD11bhighLy6Cpos. Microarray experiments included 4 

biologically independent samples each of which containing 4 to 6 E14.5 hearts. FDR 

indicates false discovery rate.
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Figure 3. Developmental origins of embryonic cardiac macrophages
A, Genetic lineage tracing using colony-stimulating factor 1 receptor (Csf1R)-murine 

estrogen receptor Cre (MerCre); reverse orientation splice acceptor (Rosa) 26-td (green) 

demonstrating that tamoxifen administration at E7.5 exclusively labels a subset of CD68+ 

macrophages (red) located within the compact myocardium and does not label CD68+ 

macrophages located in the trabeculae. Immunostaining was performed at E14.5. B, 

Quantification of the percent of total macrophages labeled by Csf1R-MerCre; Rosa26-td 

reveals that cardiac macrophages located within the myocardium are labeled at a frequency 

similar to yolk sac macrophages. Five independent hearts were included in the quantitative 

analysis. C, Fms-like tyrosine kinase (Flt) 3-Cre lineage tracing at E14.5 (yellow) 

demonstrating exclusive labeling of CD68+ macrophages (red) located in the trabeculae. D, 

Quantification of CD68 and Flt3-Cre/Rosa26td staining showing that >60% of macrophages 

located within the trabeculae are Flt3-Cre/Rosa26td positive. In contrast, only rare cells were 

labeled in the compact myocardium and yolk sac. Five independent hearts were included in 

the quantitative analysis. E, Recombination activating gene 1 (Rag1)-Cre lineage tracing at 

E14.5 (yellow) revealing infrequent labeling of CD68+ macrophages (red) located within the 

trabeculae. F, Flow cytometry analysis of CD45+, CD11b+, F4/80+ cells demonstrating that 

Rag1-Cre labels <10% of chemokine (C-C motif) receptor 2 (CCR2)+ macrophages. 

Quantitation is based on 3 independent pools of Rag1-Cre; Rosa26-yellow florescent protein 
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(YFP) embryonic hearts. A, C, and E, ×20 magnification. *P<0.05 compared with all other 

groups. DAPI indicates 4′,6-diamidino-2-phenylindole.
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Figure 4. Embryonic cardiac macrophages are essential for coronary patterning
A and B, CD68 immunostaining (A) and quantification (B) at E16.5 demonstrating that 

Csf1op/op embryos lack all macrophage subsets, whereas Ccr2−/− embryos specifically have 

decreased numbers of macrophages within the trabeculae. C and D, chemokine (C-C motif) 

receptor 2 (CCR2)-green florescent protein (GFP) reporter imaging at E16.5 demonstrating 

marked reductions in the number of CCR2+ macrophages (yellow) in Csf1op/op and Ccr2−/− 

hearts. E and F, Smooth muscle (SM) actin immunostaining at P21 showing reduced 

number of smooth muscle+ arterioles in Csf1op/op hearts. G and H, Platelet endothelial cell 

adhesion molecule (PECAM) immunostaining at P21 showing unaffected capillary density 

between genotypes. I, Compressed z-stack images of hearts perfused with fluorescein 

isothiocyanate (FITC)-dextran demonstrating increased connections (arrow: bridging blood 

vessels) within the microvasculature. Photographs were obtained from areas of the heart 

where cardiomyocytes were oriented in parallel. J, Quantification of bridging blood vessels. 
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K and L, FITC dextran perfusion at P21 revealing excessive coronary branching in Csf1op/op 

mice. Major branches were defined as primary and secondary branches arising from the left 

anterior descending artery. E, ×10 magnification. A, C, G, and I: ×20 magnification. 

*P<0.05 compared with controls. Each experiment included at least 5 hearts per genotype. 

WT indicates wild-type.
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Figure 5. Embryonic macrophages function to remodel the developing coronary vascular plexus
A, Platelet endothelial cell adhesion molecule (PECAM) whole-mount immunostaining 

demonstrating normal coronary plexus development at E13.5 and aberrant coronary 

patterning at E17.5 in Csf1op/op hearts. Arrowhead denotes expected location of a mature 

coronary vessel. B, Cryosections of PECAM-stained embryonic hearts demonstrating 

increased capillary density and failure of the coronary plexus to remodel into blood vessels 

of varying diameters at E17.5 in Csf1op/op hearts. C and D, Quantification of coronary 

density (C) and blood vessel diameter (D) in control and Csf1op/op hearts. Csf1op/op hearts 

have increased coronary density at E17.5 and display failure to remodel the vascular plexus 

into larger and smaller blood vessels. E and F, PECAM immunostaining demonstrating 

increased coronary vascular plexus density (E) and defective coronary plexus remodeling 

(F) in reverse orientation splice acceptor (Rosa) 26-DTALysM-Cre hearts at E17.5. Each 

experiment included at least 5 hearts per genotype. B, ×20 magnification. *P<0.05 compared 

with controls.
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Figure 6. Chemokine (C-C motif) receptor 2 (CCR2)− embryonic macrophages are selectively 
associated with perfused coronary plexus vasculature
A, Simultaneous imaging of total coronary vasculature (green, fluorescein isothiocyanate-

lectin staining) and perfused coronary vasculature (magenta, perfused rhodamine-lectin) 

demonstrating the onset of coronary perfusion at approximately E14.5. Arrowheads denote 

the endocardium. B, Perfused (magenta) and total (red) lectin imagining at E14.5 revealing 

that CX3C chemokine receptor 1 (CX3CR1)-green florescent protein (GFP)+ macrophages 

are selectively associated with perfused coronary vasculature. C, Quantification of the 

percent of macrophages localized adjacent to perfused and nonperfused coronary plexus 

vasculature. D, Bromodeoxyuridine (BrdU) immunostaining showing reduced proliferation 

of perfused coronary vasculature and markedly increased proliferation of nonperfused 

vasculature in Csf1op/op hearts. Each experiment included at least 5 hearts. A and B, ×20 

magnification. *P<0.05 compared with controls.
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Figure 7. Insulin like growth factor (IGF) ligands constitute a proangiogenic cardiac 
macrophage-derived signal
A, Quantitative reverse transcription polymerase chain reaction (RT-PCR) revealing selective 

expression of Igf1 and Igf2 mRNA in embryonic chemokine (C-C motif) receptor 2 

(CCR2)− and neonatal CCR2− macrophages. B, IGF1 ELISA demonstrating that 

conditioned media obtained from embryonic CCR2− and neonatal CCR2− macrophages 

contains higher concentrations of IGF1 protein compared with conditioned media obtained 

from adult CCR2+ macrophages. n=4 for each macrophage population. *P<0.05 compared 

with adult CCR2+ macrophages. **P<0.05 compared with all other groups. C, Heat map 

depicting proangiogenic growth factor expression in embryonic CCR2− and CCR2+ 

macrophages. D, Quantitative RT-PCR demonstrating that embryonic and adult CCR2+ 

macrophages express higher levels of the angiogenesis inhibitor, soluble Flt1. E and F, Flow 

cytometry of adult cardiac macrophages revealing the presence of CCR2− and CCR2+ 

Leid et al. Page 26

Circ Res. Author manuscript; available in PMC 2017 August 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



macrophage populations. Lineage tracing shows that CCR2− macrophages can be divided 

into embryonic-derived (Flt3-Cre negative) and monocyte-derived (Flt3-Cre positive) 

subsets, whereas CCR2+ macrophages are exclusively monocyte derived. Macrophages were 

identified as CD45+ CD64+ Ly6G− cells. G, Quantitative RT-PCR demonstrating increased 

expression of Igf1 in CCR2− macrophages compared with CCR2+ macrophages. CCR2− 

embryonic-derived macrophages express slightly higher levels of Igf1 mRNA compared 

with CCR2− monocyte-derived macrophages. Igf2 expression could not be detected in adult 

cardiac macrophages. *P<0.05 to adult CCR2+ macrophages. **P<0.05 compared with all 

other groups. G, Matrigel angiogenesis assays demonstrating that inhibition of IGF signaling 

suppresses the ability of CCR2− embryonic macrophage conditioned media to stimulate 

endothelial cell tube formation in vitro. H, Endothelial scratch assays revealing that 

inhibition of IGF signaling suppresses the ability of CCR2− embryonic macrophage 

conditioned media to stimulate endothelial cell migration in vitro. I and J, Quantitative 

analysis of Matrigel angiogenesis (I) and scratch assays (J). Each experiment included at 

least 5 biological replicates. H and I, ×20 magnification. *P<0.05 compared with vehicle 

control.
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Table

Antibodies Used for Flow Cytometry

Antibody Clone Supplier

CD45 30-F11 Biolegend

CD45.2 104 eBioscience

CD64 X54-5/7.1 Biolegend

F4/80 C1:A3-1 and BM8 eBioscience

MHC-II (I-Ab) AF6-120.1 Biolegend

CCR2 475301 R&D

MerTK 108928 R&D

Ly6G 1A8 Biolegend

Ly6C HK1.4 Biolegend

CD11c N418 Biolegend

Siglec F E50-2440 BD Biosciences

CD11b M1/70 eBiosceince

CD16/CD32 2.4G2 BD Biosciences

Tie2 Tek4 Biolegend
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