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SUMMARY 

Converging evidence indicates that extra-embryonic yolk sac is the source of both 

macrophages and endothelial cells in adult mouse tissues. Prevailing views are that these yolk 

sac-derived cells are maintained after birth by proliferative self-renewal in their differentiated 

states. Here we identify clonogenic, self-renewing endothelial-macrophage (EndoMac) 

progenitor cells in postnatal mouse aorta, heart and lung, that are independent of definitive 

hematopoiesis and derive from a CX3CR1+ and CSF1R+ yolk sac source. These bipotent 

progenitors are highly proliferative and vasculogenic, contributing to adventitial 

neovascularization in the aortic wall and forming perfused blood vessels after adoptive 

transfer into ischemic tissue. We establish a regulatory role for angiotensin II, which 

enhances their clonogenic, self-renewal and differentiation properties. Our findings 

demonstrate that tissue-resident EndoMac progenitors participate in local inflammatory and 

vasculogenic responses by contributing to the renewal and expansion of yolk sac-derived 

macrophages and endothelial cells postnatally.  
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INTRODUCTION 

Among diverse roles, macrophages are integral to development of blood and lymphatic 

vessels during normal organogenesis and responses to tissue injury, ischemia and other 

diseases (Cahill et al., 2021; Fantin et al., 2010; Gurevich et al., 2018; Qian and Pollard, 

2010). They proliferate and assemble around neovessels, producing angiogenic factors and 

supporting endothelial anastomoses and vascular remodeling (Fantin et al., 2010). In return, 

endothelial cells help regulate the self-renewal of hematopoietic stem cells (HSCs) and their 

differentiation into macrophages (He et al., 2012). Understanding how macrophage-

endothelial interactions arise is important to more effectively target inflammation and 

neovascularization in different pathophysiological conditions.  

 

Historically, circulating monocytes were thought to be the source of tissue macrophages (van 

Furth and Cohn, 1968). Monocytes derive from definitive hematopoiesis, which originates 

embryonically with emergence of HSC clusters from the endothelium of the aorta-gonad-

mesonephros (AGM) at around embryonic day (E) 10.5 in mice (Boisset et al., 2010; 

Medvinsky et al., 2011; Taoudi et al., 2008). These HSCs seed fetal liver before colonizing 

bone marrow (BM) perinatally, the main hematopoietic organ after birth (Medvinsky et al., 

2011). Numerous studies have now established that HSC-monocyte ancestry does not 

account for all tissue macrophages (Ensan et al., 2016; Epelman et al., 2014; Ginhoux et al., 

2010; Gomez Perdiguero et al., 2015; Hashimoto et al., 2013; Schulz et al., 2012; Yona et al., 

2013). During embryogenesis, extra-embryonic yolk sac (YS) is the first site to produce 

macrophages via distinct developmental programs. This begins with primitive macrophage 

precursors in YS blood islands between E7.0 and E8.25 (Bertrand et al., 2005; Hoeffel and 

Ginhoux, 2018), followed by erythromyeloid progenitors (EMPs) which bud from specialized 

YS hemogenic endothelium (Kasaai et al., 2017) and comprise two waves (Hoeffel and 
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Ginhoux, 2018). From E7.5, early c-Kit+CSF1R+ EMPs produce erythrocytes, 

megakaryocytes and YS macrophages in a process that is independent of the transcription 

factor, Myb (Gomez Perdiguero et al., 2015; Iturri et al., 2021; Schulz et al., 2012). This does 

not involve monocyte intermediates but rather sequential differentiation into CX3CR1+ pre-

macrophages and mature F4/80Hi macrophages (Bertrand et al., 2005; Mass et al., 2016; 

McGrath et al., 2015; Palis et al., 1999). Macrophage progenitors, in both multipotent EMP 

and pre-macrophage stages, expand in YS and circulate to embryonic tissues to complete 

their maturation (Stremmel et al., 2018). This migration peaks around E10.5 and is mostly 

complete by E12.5. From E8.5, late Myb+c-Kit+CSF1RLo EMPs also differentiate into YS 

macrophages and traffic to liver, where they expand and generate lineage-specific 

hematopoietic progenitors and fetal blood cells, including monocytes (Hoeffel et al., 2015; 

McGrath et al., 2015).  

 

Long-lived populations of YS-derived macrophages persist in adult tissues, including brain, 

skin, liver, heart, lung and aortic adventitia (Ensan et al., 2016; Epelman et al., 2014; 

Ginhoux et al., 2010; Gomez Perdiguero et al., 2015; Guilliams et al., 2013; Hashimoto et al., 

2013; Schulz et al., 2012; Yona et al., 2013). These are maintained independently of BM 

hematopoiesis through local proliferation and seemingly, by self-renewal (Sieweke and 

Allen, 2013). With the exception of brain microglia that originate from the initial pool of YS-

derived macrophages (Ginhoux et al., 2010), controversy remains as to whether other tissue 

macrophages are seeded from early EMPs (without monocyte intermediates) (Gomez 

Perdiguero et al., 2015) or late EMPs (via fetal liver monocytes) (Hoeffel et al., 2015).  

 

Recent studies indicate that YS EMPs also contribute endothelial cells to the blood and 

lymphatic vessels of some organs (Cahill et al., 2021; Plein et al., 2018). Although disputed 
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(Feng et al., 2020), the possibility that EMPs produce both hematopoietic and endothelial 

cells is intriguing, especially given long-standing speculation around the embryonic existence 

of mesoderm-derived, bipotent hemangioblasts (Murray, 1932). While hemangioblasts have 

been shown to emerge during hemato-endothelial differentiation of pluripotent stem cells in 

vitro (Takata et al., 2017; Zambidis et al., 2008), their presence in postnatal tissues remains 

unproven (Psaltis and Simari, 2015). We previously identified that the adventitia of adult 

mouse arteries contains Sca-1+CD45+ progenitors, which selectively generate macrophage 

colony-forming units (CFU-M) in methylcellulose and produce macrophages and endothelial-

lined neovessels after in vivo transfer (Psaltis et al., 2012; Psaltis et al., 2014; Toledo-Flores 

et al., 2019). As the adventitial Sca-1+CD45+ population is heterogeneous, our studies 

stopped short of claiming the bipotency of these progenitors at a clonal level. Here, we 

establish the identity of postnatal tissue-resident CFU-M progenitors as self-renewing, 

bipotent endothelial-macrophage (EndoMac) progenitor cells, that originate from an early YS 

source and are seeded in aorta, heart and lung during fetal development.   

 

RESULTS 

c-Kit, CX3CR1 and CSF1R identify highly proliferative, self-renewing CFU-M progenitors 

in postnatal aorta 

To establish the identity of CFU-M forming cells from mouse aorta, we cultured aortic 

digests from 12 week-old (w) C57BL/6J mice in methylcellulose (MethoCult GF M343, 

StemCell Technologies) for 14 days (d). This generated 17.0±12.0 CFU-M/105 cells (n=10), 

with colonies further classified based on size as ~72% small (~30-100 cells), ~27% medium 

(~100-1000) and <1% large (>1000) (Figure 1A). Re-culturing the content of primary (1°) 

cultures for another 14 d resulted in secondary (2°) CFU-M yield that was more than ~12-

fold that of 1° cultures, indicating colony renewal and expansion (Figure 1B). To study this 
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further, we isolated individual 1° CFU-M and disaggregated each colony into single cell 

suspensions that were re-plated in separate wells. Importantly, this showed that CFU-M 

renewed from single cell origins, with 1 new colony produced per ~15 cells (Figure 1C). 

 

Having established that CFU-M renew clonally, we used flow cytometry to identify their 

cellular composition. 1° CFU-M contained a homogeneous population that was negative for 

lineage (Lin) and monocyte/macrophage markers (CD11b, F4/80), but positive for CD45, 

Sca-1, c-Kit, CX3CR1 and CSF1R (Figure 1D). This immunophenotype was similarly 

enriched in 2° CFU-M, confirming self-renewal (Figure 1E). CFU-M also expressed the 

hematopoietic progenitor and EMP markers, CD34, CD16/32, CD93 (AA4.1) and CD43 

(Perdiguero et al., 2015), but not CD41 (very early-stage hematopoiesis), Flt3 (CD135) 

(definitive hematopoiesis) or Brachyury (hemangioblasts) (Figure S1). The stem cell marker, 

c-Myc, which regulates self-renewal was expressed on 25.0±5.4% cells, while Sox2, Nanog 

and Oct4 which are also associated with pluripotency, were negative. Apart from CX3CR1 

and CSF1R, other mature myeloid markers were negative (CCR2, CD206, CD86, MerTK, 

MHCII, Ly6C, Gr1) or lowly expressed (CD64, CD24). CFU-M were also negative for the 

lymphatic and macrophage marker, LYVE-1, the erythroid marker, Ter119, and the 

endothelial markers, CDH5 (CD144), VEGFR2 and TIE2, although they did express CD31, 

which is also found on myeloid progenitors (Bertrand et al., 2005). Importantly, we identified 

Lin-CD45+/LoCD11b-F4/80-c-Kit+Sca-1+CX3CR1+CSF1R+ progenitors in digests of C57BL/6 

aorta (0.3±0.3% or 3270±2937 cells per aorta, n=20), mirroring the cell surface phenotype of 

cultured CFU-M (Figure 1F). Bromodeoxyuridine (BrdU) uptake revealed that these are 

actively proliferating, with three-fold more of these progenitors in S-phase of cycle than 

CD11b+F4/80+ macrophages (Figure 1G),    
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Fractalkine receptor, CX3CR1, has been used to characterize tissue-resident macrophages, 

including those in adventitia, and to trace their embryonic origins (Ensan et al., 2016; 

Epelman et al., 2014; Yona et al., 2013). As CFU-M progenitors expressed CX3CR1, we 

studied Cx3cr1GFP/+ mice, which express green fluorescent protein (GFP) under control of the 

Cx3cr1 locus (Jung et al., 2000). CFU-M from Cx3cr1GFP/+ aortas were GFP+ under 

fluorescence microscopy and flow cytometry (Figure S2A). Whereas other studies have 

focused on CX3CR1 expression by aortic macrophages (Ensan et al., 2016), we also 

identified CX3CR1+c-Kit+ progenitors in aortic adventitia (Figure 1H) and determined by 

flow cytometry that they account for 18.9±4.7% of CX3CR1+ cells in the aortic wall (n=6) 

(Figure S2B). Fluorescence activated cell sorting (FACS) of Cx3cr1GFP/+ aortic cells showed 

that CFU-M forming capacity was restricted to GFP+ (especially GFPHi) cells (Figure S2C), 

and specifically GFP+CD11b-F4/80- progenitors, not GFP+CD11b+F4/80+ macrophages 

(Figure 1I and see Figure S2D).  

 

As evidence of the functional importance of CX3CR1, addition of its ligand, CX3CL1, 

resulted in 1.6-fold higher CFU-M yield from aortic cells (Figure 1J), similar to the effect of 

macrophage colony-stimulating factor (M-CSF), the ligand for CSF1R (Figure 1K). We also 

compared Cx3cr1GFP/+ mice to Cx3cr1GFP/GFP littermates, that lack both functional Cx3cr1 

alleles. Cx3cr1GFP/GFP aortas had almost four-fold lower CFU-M yield (Figure 1L) and 

contained ~60% fewer progenitors by flow cytometry (Figure 1M). Therefore CX3CR1 is 

both a marker of self-renewing CFU-M progenitors and promotes their clonogenicity and 

prevalence in aorta.    
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Tissue CFU-M progenitors are independent of definitive hematopoiesis  

C-C chemokine receptor 2 (CCR2), the cognate receptor for C-C chemokine ligand 2 

(CCL2), has been used to differentiate between monocyte-derived (CCR2+) and locally 

maintained, embryonically derived (CCR2-) macrophages in some tissues (Dick et al., 2019). 

Unlike CX3CR1, CCR2 was not expressed on aortic CFU-M progenitors (Figure S2E). 

Aortic cells from Ccr2-/- mice formed more CFU-M than wildtype littermates, with a trend 

toward higher progenitor counts, despite fewer circulating monocytes (Figures S2F-S2H). 

Similarly, a disconnect between blood monocyte and aortic progenitor numbers was also seen 

when clodronate liposomes were used to deplete monocytes, suggesting independence 

between the two (Figures S2I-S2K).  

 

These results led us to examine the relationship between CFU-M progenitors and definitive 

BM hematopoiesis by using Flt3Cre x RosamT/mG mice. BM HSCs transiently upregulate the 

receptor tyrosine kinase Flt3 during hematopoietic differentiation (Karsunky et al., 2003). In 

Flt3Cre x RosamT/mG mice, cells that originate from definitive hematopoiesis express GFP 

(Flt3-Cre+), while those that do not are GFP- and express tdTomato (tdTom) (Flt3-Cre-). 

Using these and C57BL/6 mice, we identified that digests of heart and lung also produce 

CFU-M that contain progenitors with the same immunophenotype as aorta (Figures S3A-

S3C). CFU-M from all three tissues from Flt3Cre x RosamT/mG mice were >95% Flt3-Cre-, 

while BM produced a mixture of CFU-M and non-macrophage colonies that were >90% Flt3-

Cre+ (Figures 2A-2B). Similarly, although blood monocytes and Lin-c-Kit+Sca-1+ BM HSCs 

were Flt3-Cre+ (Figures S3D-S3E), aorta, heart and lung contained Lin-CD45+/LoCD11b-

F4/80-Sca-1+c-Kit+ progenitors that were predominantly Flt3-Cre- (Figure 2C). In keeping 

with other studies (Ensan et al., 2016; Epelman et al., 2014), these tissues also contained both 

Flt3-Cre+ and Flt3-Cre- macrophages, whereas BM macrophages were predominantly Flt3-
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Cre+ and brain microglia Flt3-Cre- (Figure S3F). Together, these results show that postnatal 

tissue CFU-M progenitors are not derived from definitive hematopoiesis.  

 

Tissue CFU-M progenitors are seeded embryonically   

To elucidate the origins of tissue CFU-M progenitors, we next performed age profiling after 

birth. Aortic CFU-M yield was ~10-fold higher from P1 (postnatal day 1) than 3 w and 12 w 

mice, and lowest from 52 w mice (Figure 2D). P1 CFU-M formed more quickly, comprised 

more medium and large colonies and had greater capacity for self-renewal (Figures S4A-

S4B). Flow cytometry supported the higher abundance of progenitors in P1 aorta and their 

declining prevalence as mice age (Figure 2E). Similar results were obtained for heart and 

lung (Figures S4C-S4G).  

 

As tissue CFU-M progenitors are present at birth, we examined their emergence during 

embryonic development. CFU-M grew from digests of YS, beginning around E7.5 and with 

higher yield from E8.5 onwards (Figure 2F). They made up 99% of all colonies grown from 

YS at E7.5, 90% at E8.5 and 85% at E9.5 (Figure S4H). YS CFU-M from Cx3cr1GFP/+ 

embryos expressed the same surface marker phenotype as CFU-M from postnatal tissues 

(Figure 2G) and were negative for Flt3 (Figure S4I). Compared to adult aortic CFU-M, YS 

CFU-M were larger in size (Figure S4G), with higher self-renewal capacity (Figure S4B) 

and higher expression of Sox2 and c-Myc, suggesting a more primitive state (Figure S4I). 

Although CFU-M did not grow from digests of whole embryo at E8.5 or E9.5, they formed 

from AGM, heart and brain from E10.5 onwards (Figure 2F). Coinciding with the 

emergence of definitive HSCs from dorsal aorta at ~E10.5-11.5 (Medvinsky et al., 2011), we 

also observed non-macrophage colonies (G, granulocyte; GM, granulocyte-macrophage; 

GEMM, granulocyte-erythrocyte-monocyte-megakaryocyte; BFU-E, burst-forming units-
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erythroid) from AGM during this gestational window (Figure S4J). However, unlike CFU-M 

these disappeared by E12.5. Colony growth from liver increased between E10.5 and E11.5 

and consisted mostly of non-macrophage colonies through to E15.5, consistent with seeding 

of HSCs and multipotent progenitors from AGM and YS (Hoeffel et al., 2015; McGrath et 

al., 2015) (Figure S4K).  

 

Flow cytometry showed a similar time-course for the appearance of CD45+/Loc-Kit+CX3CR1+ 

cells in YS from E8.5 and AGM from E10.5 (Figures 2H-2I), while confocal microscopy 

identified c-Kit+CX3CR1+ progenitors in aortic adventitia at E12.5 and E15.5 (i.e. after 

disappearance of definitive HSCs from AGM) (Figure 2J), as well as in heart and lung 

(Figure S4L).  

 

Tissue CFU-M progenitors originate from CX3CR1+ and CSF1R+ YS progenitors 

Murine aortic adventitia has been shown to contain locally maintained macrophages derived 

from CX3CR1+ and CSF1R+ YS progenitors (Ensan et al., 2016; Weinberger et al., 2020). As 

CFU-M progenitors appear in YS before AGM, we used timed fate-mapping approaches to 

confirm their YS origins. Female Cx3cr1CreER-YFP mice, which express Cre recombinase 

under control of the Cx3cr1 promoter upon exposure to 4-hydroxytamoxifen (TAM), were 

crossed to male RosatdTom mice (Ensan et al., 2016). Pregnant dams were administered TAM 

at E8.5 or E9.5 to induce irreversible expression of the tdTom reporter in YS CX3CR1+ cells 

and their progeny. Tissues from offspring were examined at E15.5, P1 and 12 w for tdTom+ 

labeling, which was normalized to brain microglia that are YS-derived (Schulz et al., 2012) 

(Figure 3A). Although TAM induction at E8.5 resulted in minimal tdTom+ expression (not 

shown), induction at E9.5 led to robust tdTom+ labeling of microglia (Figure S5A). Unlike 

colonies from E15.5 liver and adult BM that were tdTom-, CFU-M from aorta, heart and lung 
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were tdTom+ and exclusively derived from an E9.5 CX3CR1+ source (Figures 3B and S5B). 

Whereas previous studies have focused on the macrophage (Ensan et al., 2016; Epelman et 

al., 2014; Schulz et al., 2012) or endothelial fate (Feng et al., 2020; Plein et al., 2018) of YS 

progenitors, we tracked both lineages together with CFU-M progenitors. E9.5 CX3CR1+ cells 

gave rise to all three cell types in aorta, heart and lung (Figures 3C-3D and S5B-S5F). 

Progenitors made up the highest number of tdTom+ cells in E15.5 AGM, followed by 

endothelial cells and lastly macrophages. After birth, the proportions of YS-derived 

endothelium and macrophages in aorta both increased, with reduction in progenitors (Figures 

3C-3D). By comparison, endothelial cells were the predominant tdTom+ population at each 

age studied in heart and in 12 w lung (Figures S5D-S5F).    

     

Complementary fate-mapping was performed by giving TAM to Csf1rMerCreMer x RosamT/mG 

mice at E8.5 to induce GFP expression in YS CSF1R+ cells, including EMPs and their 

progeny (Epelman et al., 2014) (Figure 3E). CFU-M from 12 w aorta, heart and lung showed 

100% GFP labeling normalized to microglia, as distinct from BM colonies that were GFP- 

(Figures 3F and S5G-S5H). Flow cytometry identified GFP+ progenitors, macrophages and 

endothelial cells in adult aorta, heart and lung, with endothelial cells again being most 

prevalent in each tissue (Figures 3G-3H and S5J-S5K). Confocal microscopy also 

demonstrated GFP+ YS-derived cells in adult aorta (Figure 3I), comprising each of these 

three cell types (Figure 3J). We then used FACS to isolate GFP+ progenitors, macrophages 

and endothelial cells to high purity from the aortas of these 12 w mice (Figure 3K). Wright-

Giemsa staining showed that progenitors had rounded morphology with smooth surface 

membrane and lacked the protrusions and intracellular vacuolations of macrophages (Figure 

3L), thus resembling the morphology reported for c-Kit+AA4.1+CD45Lo EMPs and CX3CR1+ 

pre-macrophages in YS (Mass et al., 2016). Although they had similarly sized nuclei as 
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macrophages, progenitors had less cytoplasm and a higher nuclear:cell area ratio (Figure 

3L). Critically, CFU-M were only produced by progenitors and not YS-derived macrophages 

or endothelial cells after culture in methylcellulose (Figure 3M). These data establish that 

tissue-resident CFU-M progenitors originate from YS EMPs and are seeded embryonically.   

  

CFU-M progenitors have bipotent endothelial-macrophage plasticity 

The diminution in YS-derived progenitors in aorta after birth countered by increases in YS-

derived macrophages and endothelial cells (Figure 3C), led us to examine whether 

progenitors differentiate into these lineages to contribute to their postnatal expansion and 

maintenance. FACS-isolated progenitors, macrophages and endothelial cells from aorta were 

cultured in MatrigelTM to compare their angiogenic capacity in vitro. While macrophages 

produced no vascular-like cords, progenitor and endothelial cells formed cord networks of 

different morphologies, but similar length cords (Figure 4A). Progenitors assembled in 

clusters by day 3 (data not shown) before producing complex interconnected cords by day 7. 

Whereas flow cytometry showed that cord networks from endothelial cultures only contained 

endothelial cells (Figure 4B), networks produced by progenitors consisted of macrophages 

and endothelial cells, with some residual progenitor cells (Figure 4C). 

    

The MatrigelTM assay was repeated using progenitors from culture-derived aortic CFU-M. 

Progenitors from individual colonies again formed similar networks comprising both 

endothelial cells and macrophages, confirming that they are bipotent at a clonal level 

(Figures 4D-4E). Newly produced macrophages were mostly LYVE-1+, MHCII-, CX3CR1+ 

and CCR2- (Figure 4E and Table S1), consistent with the surface marker profile of YS-

derived tissue macrophages (Ensan et al., 2016; Epelman et al., 2014). Macrophage and 

endothelial transformation of progenitors was also confirmed by showing new capacity to 
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take up oxidized and acetylated LDL, respectively (Figures 4F-4G). Angiogenic capacity 

was highest for CFU-M progenitors from E9.5 YS and P1 aorta and lower from 12 w and 52 

w aorta (Figure 4H).  

 

We next examined whether aortic CFU-M progenitors mediate adventitial 

neovascularization, as occurs during vasa vasorum expansion. Aortic ring assays were 

performed from E9.5 TAM-induced 12 w Cx3cr1CreER-YFP x RosatdTom mice and produced YS-

derived tdTom+ sprouts (Figures S6A-S6B), with seven-fold higher content of tdTom+ cells 

compared to whole aorta, as measured by flow cytometry (Figure S6C). tdTom+ sprouts 

contained endothelial cells, progenitors and macrophages (mostly CX3CR1+LYVE-1+MHCII-

) in decreasing order of abundance (Figures S6D). Similar results were obtained from E8.5 

TAM-induced 12 w Csf1rMerCreMer x RosamT/mG mice (Table S2). Finally, we used aortic rings 

from C57BL/6 mice, in which adventitia had been removed to eliminate sprouting (Figure 

4I). Seeding aortic CFU-M progenitors from ubiquitous GFP mice rescued adventitial 

angiogenesis with formation of GFP+ sprouts, that contained endothelial cells and 

predominantly LYVE-1+MHCII- macrophages (Figures 4J-4K and Table S1). Therefore 

YS-derived progenitors participate in adventitial neovascularization, by producing both 

endothelial cells and macrophages.  

 

To study the fate and vasculogenic capacity of CFU-M progenitors in vivo, we performed 

adoptive cell transfer experiments. Surgery was performed on 12 w C57BL/6 mice to induce 

hindlimb ischemia (Toledo-Flores et al., 2019), before injecting the quadriceps and 

gastrocnemius with CFU-M-derived progenitors from 12 w aorta or E9.5 YS from GFP mice 

(~1.5x104 cells) or cell-free MatrigelTM (Figures 5A and S6E). Laser Doppler imaging 

showed that aortic progenitors improved perfusion recovery over 14 d compared to control 
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(Figure 5B), accompanied by increased capillary and arteriolar density in injected muscle 

(Figure S6E). At day 14, GFP+ cells were detected in recipient muscle but not peripheral 

blood, with flow cytometry revealing that donor progenitors had produced new endothelial 

cells and macrophages (Figure 5C and Table S1). Confocal microscopy identified host-

perfused, GFP+ endothelial-lined neovessels, with adjacent clusters of GFP+ CD68+ 

macrophages (Figure 5D). Similar results for perfusion recovery and endothelial and 

macrophage fate were obtained after injection of YS progenitors (Figures S6F-H).   

 

Collectively, the above results identify CFU-M progenitors as vasculogenic bipotent 

EndoMac progenitors. We next examined their self-renewal capacity and the durability of 

their progeny in vivo. Digests of quadriceps and gastrocnemius were prepared from C57BL/6 

mice 14 d after injection of GFP+ aortic progenitors. They generated GFP+ CFU-M in 

methylcellulose-based culture from which GFP+ progenitors were isolated and used in 2° 

hindlimb transfer studies (Figure 5E). After another 14 d, engrafted GFP+ cells had mostly 

transformed into endothelial cells or macrophages, with few remaining progenitors (Figure 

5F). Similar results were obtained in 1° transfer studies that were followed for eight weeks 

instead of two (Figures 5G and 5H). These results show that while aortic progenitors 

produce durable endothelial and macrophage progeny, their own numbers diminish over time 

indicating that their capacity for self-renewal is finite.   

 

Regulatory effects of Angiotensin II on aortic EndoMac progenitors  

The renin-angiotensin system, and specifically angiotensin II (AngII), play key regulatory 

roles in myelopoiesis (Lin et al., 2011; Shen and Bernstein, 2011) and vascular inflammation 

(Moore et al., 2015; Weinberger et al., 2020). When pluripotent stem cells undergo hemato-

endothelial differentiation in vitro, they transition through bipotent hemangioblasts that form 
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colonies and express ACE (CD143) and the receptors for AngII, ATR1 and ATR2 (Zambidis 

et al., 2008). We found that ACE was expressed on EndoMac progenitors from aortic CFU-M 

in culture (86.9±6.7%, n=5), fresh aortic digests (85.9±11.0%, n=5) and CFU-M from YS 

(99.8±0.05%, n=3) (Figures 6A-6C). Aortic progenitors also expressed ATR1 (87.4±1.2%, 

n=3) and ATR2 (84.9±13.5%, n=3) at surface protein (Figure 6A) and mRNA level (Figure 

6D). AngII induced concentration-dependent increases in 1° CFU-M yield from aortic cells 

(Figure 6E) and at 100 nM stimulated CFU-M to self-renew for four passages (Figure 6F). 

Treatment with inhibitors of ACE (enalapril), ATR1 (losartan) and ATR2 (PD123,319) 

showed that inhibition of ATR1 and ATR2 reduced aortic CFU-M yield (Figure 6G). To 

study the effect of AngII on differentiation, we injected 104 GFP+ aortic progenitors into the 

peritoneum of C57BL/6 mice and assessed their fate by flow cytometry 72 h later (Figures 

6H-6J). Daily i.p. injections of AngII promoted expansion of progenitor-derived 

macrophages by 14.5-fold and 3.4-fold compared to PBS and M-CSF, respectively (Figures 

6J-6K). In keeping with these different effects on EndoMac progenitors, qPCR showed that 

AngII upregulated mRNA levels of genes involved in cell division (Ccna1, Ccnb1, Ccnd2), 

self-renewal (Myc, Nanog, Klf4) (Satoh et al., 2004; Soucie et al., 2016), myelopoiesis (Klf4, 

Irf8) (Li et al., 2011), M2-like macrophage polarization (Arg1) and endothelial specification 

and angiogenesis (Cdh5, Cd248) (Figures 6L-6P).   

 

YS-derived EndoMac progenitors expand early and contribute to AngII-induced vascular 

inflammation 

AngII-induced vascular inflammation is characterized by expansion of adventitial 

macrophages (Rateri et al., 2011), adventitial fibrosis (Wu et al., 2016) and in some mouse 

strains, development of aortic aneurysms (Daugherty et al., 2000). A recent study reported 

that after 10 d of exposure to AngII, adventitial macrophages expanded due to both 
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recruitment of BM-derived cells and local proliferation of embryonic-derived macrophages 

(Weinberger et al., 2020). As AngII induced progenitor expansion and differentiation to 

macrophages within 72 h in our peritoneal transfer assay, we focused on its early effects on 

aortic progenitors and macrophages after systemic infusion by osmotic pump. In Flt3Cre x 

RosamT/mG mice, 48 h of AngII caused increases in both Flt3-Cre+ and Flt3-Cre- macrophages 

compared to PBS control (2.9 and 5.8-fold, respectively) (Figures 7A, 7B), with more Flt3-

Cre+ and Flt3-Cre- macrophages in S-phase of cycle (both 2.9-fold vs PBS) (Figure 7C). As 

a potential contributor to the expansion of non-BM derived macrophages, AngII also induced 

expansion and proliferation of Flt3-Cre- progenitors, with fold comparisons compared to 

PBS: 3.0x for aortic CFU-M yield (Figure 7D); 8.5x for progenitor number assessed by flow 

cytometry (Figure 7E); and 10.5x for progenitors in S-phase (Figure 7F).  

 

We next used adult Cx3cr1CreER-YFP x RosatdTom mice that had been administered TAM at 

E9.5. AngII or PBS were infused by osmotic pump for 12 h, 48 h or 168 h (7 d) (Figure 7G). 

AngII increased the numbers of tdTom+ cells in aorta at all three time-points compared to 

PBS (fold comparisons by flow cytometry: 1.7x at 12 h, 1.8x at 48 h, 2.9x at 168 h) (Figure 

7H). This was supported by confocal microscopy analysis of sections of descending aorta at 

48 h (Figures 7I and S7A). As measured by CFU-M yield, the AngII-induced expansion of 

EndoMac progenitors was highest at 12 h (6.1-fold vs PBS), still evident at 48 h (3.3-fold) 

but no longer at 168 h (1.3-fold) (Figure 7J). We also used a strategy of BrdU pulse-chase in 

these mice to test for an ancestral relationship between YS-derived progenitors, macrophages 

and endothelium in aorta under AngII-induced inflammation. BrdU was injected 11 h after 

the start of AngII or PBS, with aortas studied at the same three time-points of infusion as 

above (Figure 7G). Progenitors were by far the most proliferative YS-derived population in 

both PBS and AngII groups after 12 h of treatment (Figure 7K). As the number of 
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BrdU+ tdTom+ cells remained relatively constant over the study duration (Figures 7L-7M), 

we analyzed how BrdU labeling was distributed across different YS-derived populations over 

time. Whereas it was highest in progenitors at 12 h and diminished thereafter (Figure 7N), it 

progressively increased in tdTom+ macrophages and endothelial cells in AngII aortas, 

peaking in both at 168 h (Figures 7O-7P). A similar pattern of redistribution of BrdU 

labeling was seen among GFP+ YS-derived cells over 14 d of pulse-chase in steady state 

aortas from E8.5 TAM-induced 12 w Csf1rMerCreMer x RosamT/mG mice (Figures S7B-I). 

Together with our earlier results, these findings support a model whereby YS-derived 

progenitors undergo very early proliferative expansion in response to AngII, followed by 

differentiation into macrophages and endothelium.   

 

DISCUSSION 

The intimate association between the hematopoietic and endothelial lineages begins early in 

development. Converging evidence indicates that YS EMPs give rise to both macrophages 

and endothelial cells in adult mouse tissues (Gomez Perdiguero et al., 2015; Plein et al., 

2018). In this study we identify and characterize undifferentiated EndoMac progenitors in 

murine aorta, heart and lung that also originate from a YS source. These progenitors are more 

abundant at birth, at which time they have enhanced clonal and self-renewal capacity and are 

maintained independently of definitive hematopoiesis. As shown by differentiation, adoptive 

transfer and BrdU pulse-chase studies, they are bipotent for macrophage and endothelial 

lineages and possess vasculogenic capacity. In association with expression of the 

hemangioblastic markers, ACE, AT1R and AT2R, we demonstrate a pathophysiologically 

relevant regulatory role for AngII, which rapidly stimulates their clonogenic, self-renewal 

and differentiation properties.  
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Most mature cell types rely on the self-renewal of stem cells and proliferation and 

differentiation of transient amplifying progenitors for their homeostatic turnover and 

recovery after tissue insult. Although there has been conjecture about how embryonically 

derived macrophages are maintained after birth, prevailing opinion favors their ability to self-

renew without losing functional or differentiated status (Sieweke and Allen, 2013). This was 

initially based on experiments showing self-renewal of macrophages in which MafB and c-

Maf were genetically knocked out (Aziz et al., 2009). Subsequent studies have provided 

contrasting data either supporting the long-lived nature of tissue-resident macrophages, 

especially microglia (Reu et al., 2017), their stochastic turnover (Hashimoto et al., 2013; 

Huang et al., 2018), repopulation by clonal expansion (Ghigo et al., 2013; Tay et al., 2017) or 

differentiation from local progenitors (Elmore et al., 2014). The mechanistic basis for 

macrophage self-renewal has been linked to downregulation of MafB/cMaf, which occurs 

constitutively in some macrophage populations (e.g. alveolar macrophages) or can be induced 

(e.g. by M-CSF). This in turn activates a self-renewal gene network, centered around Myc, 

Klf2 and Klf4 (Soucie et al., 2016). Evidence that embryonically derived macrophages 

undergo bona fide self-renewal in aorta and heart is somewhat circumstantial and includes the 

persistent labeling of some macrophage subtypes after postnatal induction of fate-mapping in 

Cx3cr1CreER and Csf1rMerCreMer reporter mice (Dick et al., 2019; Ensan et al., 2016). However, 

these results are also compatible with the turnover and differentiation of previously 

unrecognized EndoMac progenitors, which express CX3CR1 and CSF1R.  

 

As shown here, growth of CFU-M from adult tissues is not due to clonal proliferation of 

monocytes or macrophages, but rather YS-derived progenitors. The finding that CFU-M 

undergo self-renewal from single cell origins paved the way for us to study their composition 

and uncover a unique Lin-CD45+/LoCD11b-F4/80-Sca-1+c-Kit+CX3CR1+CSF1R+ fingerprint, 
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that identifies progenitors in both digested tissue and culture-derived CFU-M. This surface 

phenotype distinguishes EndoMac progenitors from BM HSCs and their lineage-committed 

progenitors, such as macrophage/dendritic cell progenitors and common monocyte 

progenitors, which lack Sca-1 but express Flt3/CD135 and Ly6C, respectively (Auffray et al., 

2009; Hettinger et al., 2013). As a relatively high percentage of progenitors are actively 

dividing even in steady state, it is not surprising that their ability to self-renew is finite and 

diminishes with aging, along with their clonogenic and angiogenic capacity. Combined with 

a lack of circulatory renewal from BM HSCs, this helps explain why tissue progenitor 

numbers decrease postnatally at a faster rate than their less proliferative, durable endothelial 

and macrophage progeny. However, we also demonstrate that their proliferation and self-

renewal can be amplified by stimulatory cues, such as elicited by AngII.  

 

As in previous studies (Samokhvalov et al., 2007), we found negligible contribution from YS 

to the adult HSC pool. As revealed by embryonic profiling across different gestational ages 

and timed induction of fate-mapping, EndoMac progenitors emerge in YS around E7.5-E8.5 

and expand there until E10.5, by which time they have migrated intra-embryonically to 

AGM, heart and other tissues. This aligns with prior findings for multipotent EMPs and 

CX3CR1+ pre-macrophages (Stremmel et al., 2018). Throughout our differentiation assays, 

EndoMac progenitors adopted the fast-track pathway of macrophage differentiation 

characteristic of early YS EMPs, producing macrophages without passing through a 

monocyte intermediate stage. This separates them from late EMPs that colonize fetal liver 

where they produce monocytes and other lineage-committed progenitors (Hoeffel et al., 

2015). This was reflected here by mixed growth of different CFU types from E12.5-15.5 

liver, as distinct from selective CFU-M growth from AGM and heart at the same ages. 

Whereas the multipotency of YS EMPs includes primitive erythroid cells, megakaryocytes, 
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mast cells and neutrophils (Gentek et al., 2018; Iturri et al., 2021; McGrath et al., 2015), we 

found no evidence that postnatal EndoMac progenitors produce these lineages (not shown). 

Their differentiation capacity for macrophages and endothelium is therefore positioned 

between that of EMPs (McGrath et al., 2015; Plein et al., 2018) and pre-macrophages in YS 

(Mass et al., 2016). Consistent with this, they have an intermediate surface marker phenotype 

that retains expression of the early EMP markers, c-Kit, CSF1R, AA4.1, CD16/32 and CD45 

(Lo) but not CD41, while acquiring the pre-macrophage marker, CX3CR1. By comparison, 

pre-macrophages are otherwise characterized as CD45+c-Kit-CD11bLo (Mass et al., 2016).  

 

The classical origin of embryonic vascular endothelial cells is the differentiation of 

mesoderm-derived angioblasts around E7.0 YS in mice (Potente et al., 2011). Subsequently, 

endothelial cells undergo local proliferation during tissue angiogenesis, with evidence for 

clonal expansion in adult tissues, such as heart and muscle under ischemic insult (Manavski 

et al., 2018). Other identified sources of postnatal endothelial renewal include circulating 

endothelial progenitor cells (Asahara et al., 1999) and tissue-resident endovascular 

progenitors (Patel et al., 2017). Plein et al. recently reported that endothelial cells in YS and 

some embryonic and adult tissues also derive from YS EMPs (Plein et al., 2018), although 

this was not reproduced by another study that used alternative lineage mapping techniques 

(Feng et al., 2020). In tracking the fate of early YS CX3CR1+ and CSF1R+ progenitors, we 

examined both their macrophage and endothelial progeny through the lens of EndoMac 

progenitors. While endothelial cells were the most abundant lineage labeled in heart at each 

of the three ages studied, E15.5 aorta contained a predominance of YS-derived progenitors, 

that were replaced after birth by increasing numbers of macrophages and endothelial cells. In 

addition to the self-renewal of YS-derived macrophages and endothelium, another feasible 

explanation for this finding is the postnatal transformation of progenitors into these two 
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distinct lineages. We consistently observed this to occur across different in vitro, in vivo and 

BrdU pulse-chase studies, which also highlighted the highly proliferative nature of the 

progenitor population. Although our results suggest a differentiation bias toward the 

endothelial lineage in the settings of post-ischemia repair and in vitro angiogenesis, these 

progenitors can also rapidly generate macrophages, as seen after peritoneal injection. 

Importantly, they appear predisposed to forming macrophages that are LYVE-1+MHCII-

/LoCCR2-, consistent with the identity of YS-derived macrophages that reside in heart and 

adventitia (Dick et al., 2019; Ensan et al., 2016; Weinberger et al., 2020).  

 

The century-old notion of the hemangioblast, a bipotent progenitor for endothelial and 

hematopoietic cells in development (Murray, 1932), has been supported by in vitro evidence 

of a common pathway of hemato-endothelial differentiation from pluripotent stem cells 

(Kennedy et al., 2007; Takata et al., 2017; Zambidis et al., 2008). Given their macrophage-

restricted hematopoietic potential and lack of expression of the canonical hemangioblast 

marker, Brachyury, we do not propose that EndoMac progenitors are bona fide 

hemangioblasts. However, their expression of other hemangioblast markers, namely ACE and 

both AngII receptor subtypes (Zambidis et al., 2008), focused our attention on AngII as a 

regulator of their properties within adult vasculature. AngII stimulated the proliferative, 

clonogenic, self-renewal and macrophage-forming capacity of aortic EndoMac progenitors, 

and upregulated relevant genes, such as Nanog, Myc, Irf8 and Arg1. Together with our results 

from short-term AngII infusion in Flt3Cre and Cx3cr1CreER mice, this indicates that these 

progenitors are primed to provide an immediate proliferative response to AngII, that helps to 

feed the expansion of YS-derived adventitial macrophages and endothelial cells. As shown 

here and in another recent study (Weinberger et al., 2020), this is complemented by 
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recruitment and proliferation of BM-derived macrophages, which also contribute to AngII-

induced adventitial inflammation.  

 

In conclusion, our discovery of EndoMac progenitors adds to the recognized fate of YS 

EMPs in embryonic and postnatal tissues. Our findings demonstrate that these YS-derived 

progenitors provide a local source of macrophage and endothelial renewal that can be rapidly 

switched on during the early phases of tissue inflammation and neovascularization 

postnatally.  
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FIGURE LEGENDS 

Figure 1. c-Kit, CX3CR1 and CSF1R identify self-renewing aortic CFU-M progenitors. 

(A) Examples of small, medium and large CFU-M from 12 w C57BL/6 aortic cells. Pie chart 

shows breakdown of CFU-M by colony size (n=5).  

(B) Donor-matched primary (1°) and secondary (2°) CFU-M yield from 12 w C57BL/6 aorta 

(n=10). Paired t-test. 

(C) Self-renewal of 2° CFU-M from single cell obtained from 1° CFU-M.  

(D, E) Flow cytometry of cells from (D) 1° (n=3) and (E) 2° aortic CFU-M (n=4). Blue 

histogram, sample. Dotted, FMO control. 

(F) Flow cytometry of aortic digest shows progenitor population (n=4). 

(G) Flow cytometry of bromodeoxyuridine (BrdU) versus 7-aminoactinomycin (7-AAD) 

gated from aortic progenitors. Dotted box, S-phase. Percentages of progenitors (Prog) and 

macrophages (M�) in S-phase from 12 w C57BL/6 aorta (n=5). Paired t-test. 

(H) Confocal microscopy of descending aorta from 12 w Cx3cr1GFP/+ mouse shows 

adventitial (Ad) CX3CR1+c-Kit+ progenitors. L, lumen.  

(I) CFU-M yield from FACS-sorted aortic populations from 12 w Cx3cr1GFP/+ mice (two 

experiments, six aortas each). N/A, not applicable.  

(J, K) CFU-M yield from 12 w C57BL/6 aortic cells in presence of (J) 100 nM CX3CL1 or 

(K) 50 nM M-CSF (n=6). Paired t-tests. 

(L, M) Frequency of (L) CFU-M and (M) progenitors from aortas of 12 w Cx3cr1GFP/+ and 

Cx3cr1GFP/GFP mice (n=7-10). Unpaired t-tests.  

Data summarized as mean±SD.  

Scale bar, 100 µm in (A), (C) and (H).  

Also see Figures S1 and S2.  
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Figure 2. Tissue CFU-M progenitors are seeded embryonically and are independent of 

Flt3+ hematopoiesis.  

(A)  Light and fluorescence microscopy of CFU-M from aorta, heart, lung and BM of adult 

Flt3Cre x RosamT/mG mice. Graph of Flt3+ and Flt3- CFU-M yield from different tissues (n=5). 

Spl, spleen. Paired t-tests for each tissue. 

(B) GFP and tdTom expression of cells in CFU-M from Flt3Cre x RosamT/mG BM and aorta.  

(C)  Flow cytometry plots show Flt3- progenitors (maroon) in aorta, heart and lung of Flt3Cre 

x RosamT/mG mice. Blue dots, macrophages. Percentages represent mean of n=4.   

(D, E) Age comparisons of (D) CFU-M yield (Kruskal-Wallis) and (E) number of progenitors 

(one-way ANOVA) for C57BL/6 aortas (n=3-6). Multiple comparison tests: *p<0.05 for 3 w 

vs 52 w; †p<0.01 and #p<0.0001 for comparison to P1.  

(F) CFU-M yield from different tissues of Cx3cr1GFP/+ mice at different embryonic ages 

(n=3-9). 

(G) Flow cytometry of cells from YS CFU-M (n= 3). 

(H) Flow cytometry of digests of YS, whole embryo and AGM from Cx3cr1GFP/+ mice at 

different embryonic ages show CX3CR1+CD45+/Loc-Kit+ progenitors (n=3-5). 

(I) Number of progenitors in YS, whole embryo or AGM at different embryonic ages (n=3-

5).  

(J) Confocal microscopy of E12.5 and E15.5 AGM from Cx3cr1GFP/+ mice shows adventitial 

CX3CR1+c-Kit+ progenitors (arrows). L, lumen. 

Data summarized as mean or mean±SD.  

Scale bar, 100 µm in (A), (G) and (K). 

Also see Figure S3 and S4.  
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Figure 3. CX3CR1+ and CSF1R+ YS cells give rise to progenitors, macrophages and 

endothelial cells in aorta. 

(A) E9.5 4-hydroxytamoxifen (TAM)-induced labeling of Cx3cr1CreER-YFP x RosatdTom mice, 

with analysis at E15.5, P1 or 12 w.  

(B) tdTom+ CFU-M from 12 w aorta. Graph shows tdTom+ vs tdTom- status of CFU-M from 

different tissues and ages, with results normalized to brain microglia (n=4). Ao, aorta. F. Li, 

fetal liver.  

(C) Numbers of tdTom+ progenitors (prog), macrophages (M�) and endothelial cells (EC) in 

AGM/aorta at different ages (n=3 for E15.5 and 12 w and n=4 for P1). 

(D) Flow cytometry plots show tdTom+ progenitors (maroon), M� (blue) and EC (green) in 

AGM/aorta at different ages. Pie charts show lineage breakdown of tdTom+ cells (n=3-

4/age).  

(E) Csf1rMerCreMer x RosaGFP mice were induced with TAM at E8.5 and analyzed at 12 w. 

(F) GFP+ CFU-M from 12 w aorta. Graph shows GFP+ vs GFP- status of CFU-M from aorta 

and BM, with results normalized to microglia (n=4).  

(G) GFP+ expression in 12 w aorta (mean % from n=4). No TAM control also shown. 

(H) Graph shows numbers of GFP+ progenitors, M� and EC in 12 w aorta. Pie chart shows 

lineage breakdown of GFP+ cells (n=4). Repeated measures ANOVA. Multiple test 

comparisons: *p<0.05 and †p<0.01 vs EC.  

(I, J) Confocal microscopy of 12 w aorta shows (I) GFP+ cells in adventitia (Ad) and (J) 

magnified examples of GFP+ cells co-expressing CD31 in intima and CD68 and c-Kit in 

adventitia (arrows). L, lumen.   

(K) FACS isolation and purity checks of YS-derived GFP+ progenitors, M� and EC from 12 

w aorta.  
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(L) Wright-Giemsa staining of sorted GFP+ populations, with results for total cell area, 

nuclear area and nuclear:cell area ratio (n=47-100 per cell type). Kruskal-Wallis tests. 

Multiple test comparisons: #p<0.0001 vs M� and EC; †p<0.01 vs EC.  

(M) CFU-M yield from GFP+ progenitors, M� and EC (four experiments, six aortas each). 

Friedman test.  

Data summarized as mean±SD.  

Scale bar, 100 μm. 

Also see Figure S5. 
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Figure 4. Aortic CFU-M progenitors have endothelial and macrophage potential.  

(A) Day 7 images after FACS sorted progenitors (Prog), macrophages (M�) or endothelial 

cells (EC) from 12 w aorta were cultured in MatrigelTM. Arrows indicate cords. Graph shows 

total cord length (three experiments, six aortas each). Friedman test.  

(B, C) Flow cytometry plots show fate of (B) EC and (C) progenitors in MatrigelTM. Maroon, 

progenitors; blue, M�; green, EC.   

(D) Example of aortic CFU-M from which progenitors produced cord networks (arrow) in 

MatrigelTM.  

(E) Flow cytometry plots and graph show fate of CFU-M derived progenitors in MatrigelTM 

(n=12). Green histogram, sample; grey, FMO control. Friedman test. Multiple comparison 

tests: *p<0.05 and #p<0.0001 for comparison to EC. 

(F, G) Uptake of (F) DiI-oxLDL or (G) DiI-acLDL by aortic progenitors or their M� or EC 

progeny produced in MatrigelTM (n=3). Paired t-tests.   

(H) Total cord length and number of branches produced in MatrigelTM by progenitors from 

YS or aortic CFU-M from different aged C57BL/6 mice (n=3-4). One-way ANOVA. 

Multiple test comparisons: *p<0.05, †p<0.01, ‡p<0.001 and #p<0.0001 for comparison to 52 

w. 

(I) Adventitial sprouting assay using aortic progenitors from GFP mice added to adventitia-

less aortic rings from C57BL/6 mice.  

(J) Light and fluorescence microscopy and summarized results for adventitial sprouting with 

(+) and without (-) addition of GFP+ progenitors (n=4-5). Unpaired t-test. 

(K) Flow cytometry plots and graph show fate of GFP+ aortic progenitors after 7 d of aortic 

ring assay (n=3). Friedman test. Multiple comparisons test: *p<0.05 for comparison to EC. 

Data summarized as mean±SD.  

Scale bar, 100 µm. 
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Also see Figure S6.  
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Figure 5. CFU-M progenitors have endothelial-macrophage plasticity and vasculogenic 

capacity in vivo. 

(A) 1° transfer of GFP+ aortic progenitors after hindlimb ischemia surgery with two-week 

follow-up.  

(B) Laser Doppler perfusion images on D0 and D14 after ischemia in mice receiving cell-free 

control (above) and progenitors (below). Graph shows results (n=6/gp). Mixed effects two-

way ANOVA: p<0.0001 for time; p=0.03 for group; p=0.005 for time x group. Multiple 

comparison test: #p<0.0001 for Prog vs control. 

(C) Flow cytometry plots and graph show fate of GFP+ donor cells in recipient muscle (n=6). 

Maroon, progenitors (Prog); blue, macrophages (M�); green, endothelial cells (EC). Green 

histogram, sample; grey, FMO control. Repeated measures ANOVA. Multiple comparison 

test: *p<0.05 vs M�.  

(D) Confocal microscopy of ischemic muscle shows neovessels lined by GFP+CD31+ EC 

(arrows) with cluster of GFP+CD68+ M� (arrowhead) (above) and perfused with host 

Ter119+ erythrocytes (below). L, lumen. 

(E) 2° transfer of GFP+ progenitors after hindlimb ischemia.  

(F) Flow cytometry plots and graph show fate of GFP+ donor cells after 2° transfer (n=3). 

Repeated measures ANOVA. Multiple comparison test: *p<0.05 vs Prog.  

(G) 1° transfer of GFP+ progenitors after hindlimb ischemia with eight-week follow-up.   

(H) Flow cytometry plots and graph show fate of GFP+ donor cells 8 w after 1° transfer 

(n=3). Repeated measures ANOVA. Multiple comparison test: *p<0.05 and †p<0.01 vs EC.  

Data summarized as mean±SD.  

Scale bar, 100 µm. 

Also see Figure S6. 
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Figure 6. Regulatory effects of Angiotensin II on aortic EndoMac progenitors. 

(A) Surface expression of ACE, ATR1 and ATR2 on progenitors from aortic CFU-M (n=3 

12 w C57BL/6 mice).  

(B) ACE expression on progenitors in C57BL/6 aortic digests (n=3).  

(C) ACE expression on progenitors from E9.5 YS CFU-M (n=3).  

(D) Normalized mRNA expression of Agtr1 and Agtr2 in progenitors from aortic CFU-M 

relative to same donor aortic digests (n=6 12w C57BL/6 mice). Wilcoxon signed rank tests. 

(E) Aortic CFU-M yield with different concentrations of AngII, normalized to no AngII 

control (n=6 12 w C57BL/6 mice). Friedman test. Multiple comparison tests: *p<0.05, 

†p<0.01 vs control.   

(F) Aortic CFU-M yield across serial passages in the presence or absence of 100 nM AngII 

(n=3 12 w C57BL/6 mice).  

(G) Aortic CFU-M yield in the presence of inhibitors to ACE (Enalapril), AT1R (Losartan) 

and AT2R (PD123,319) normalized to control (n=3 12 w C57BL/6 mice). Friedman test. 

Multiple comparison tests: *p<0.05 vs control.  

(H) Peritoneal transfer assay.  

(I) Immunophenotype of GFP+ aortic progenitors before intraperitoneal injection.  

(J) Flow cytometry of peritoneal gavage shows macrophage fate of GFP+ aortic progenitors 

after 72 h of daily injections of PBS, AngII or M-CSF.  

(K) Number of macrophages produced by progenitors under different conditions (n=4). One-

way ANOVA. Multiple comparisons test: *p<0.05 vs PBS.   

(L-P) mRNA expression for select genes in aortic progenitors after treatment with AngII, 

normalized to no AngII control. Genes relate to (L) cell cycle; (M) progenitor/stem cell 

biology and self-renewal; (N) myelopoiesis; (O) macrophages; (P) endothelial biology and 
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angiogenesis. mRNA transcripts were first normalized to β-actin. Paired t-tests.  n=3-4 12 w 

C57BL/6 mice. 

Data summarized as mean±SD.  
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Figure 7. YS-derived EndoMac progenitors proliferate early during Angiotensin II-

induced vascular inflammation 

(A) PBS or AngII infusion in Flt3Cre x RosamT/mG mice for 48 h. 

(B-F) Graphs compare aortas from PBS and AngII groups for the numbers of Flt3+ and Flt3-: 

(B) macrophages, (C) S-phase macrophages, (D) CFU-M yield, (E) progenitors and (F) S-

phase progenitors (n=6/gp). Flow cytometry used for (B), (C), (E) and (F). Unpaired t-tests. 

Red p-values, Flt3- comparisons; green p-values, Flt3+.   

(G) PBS or AngII infusion in E9.5 TAM-induced Cx3cr1CreER-YFP x RosatdTom mice with 

BrdU pulse-chase.   

(H) Flow cytometry of tdTom+ labeling in aortic digests. No TAM Cre control also shown. 

Percentages are mean tdTom+ (n=4). Graph shows number of tdTom+ cells in aortas. Two-

way ANOVA: Interaction p=0.17, Time p=0.002, Group p=0.14. Group comparison: 

†p<0.01.      

(I) Confocal microscopy of descending aorta after 48h of PBS or AngII. Graph shows % of 

tdTom+ cells in adventitia (Ad) (n=4, three sections each). Unpaired t-test. L, lumen. Nuclei 

stained with DAPI.  

(J) tdTom+ aortic CFU-M yield (n=4). Two-way ANOVA: Interaction p<0.0001, Time 

p=0.0005, Group p<0.0001. Group comparisons: #p<0.0001, ‡p<0.001.    

(K) Percentages of BrdU+ cells that were progenitors (Prog), macrophages (M�) or 

endothelial cells (EC) after 12 h of PBS or AngII and 1 h after BrdU (n=4).    

(L) Flow cytometry of aortic digests after different durations of AngII, gated from tdTom+ 

cells. Maroon, Prog; Blue, M�; Green, EC.   

(M-P) Numbers of BrdU+ tdTom+ (M) cells, (N) progenitors, (O) macrophages and (P) EC 

following BrdU pulse-chase for different durations of PBS or AngII infusion (n=4). p-values 
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are from one-way ANOVA for each treatment. ns, not significant. Multiple test comparisons: 

*p<0.05, †p<0.01, ‡p<0.001 vs 168 h.   

Data summarized as mean±SD.  

Scale bar, 100 μm. Also see Figure S7.   
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