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Abstract

The ability of macrophages to promote vascular growth has been associated with the secretion and 

local delivery of classic proangiogenic factors (e.g., VEGF-A and proteases). More recently, a 

series of studies have also revealed that physical contact of macrophages with growing blood 

vessels coordinates vascular fusion of emerging sprouts. Interestingly, the interactions between 

macrophages and vascular endothelial cells (ECs) appear to be bidirectional, such that activated 

ECs also support the expansion and differentiation of proangiogenic macrophages from myeloid 

progenitors. Here, we discuss recent findings suggesting that dynamic angiogenic vascular niches 

might also exist in vivo, e.g. in tumors, where sprouting blood vessels and immature myeloid cells 

like monocytes engage in heterotypic interactions that are required for angiogenesis. Finally, we 

provide an account of emerging mechanisms of cell-to-cell communication that rely on secreted 

microvesicles, such as exosomes, which can offer a vehicle for the rapid exchange of molecules 

and genetic information between macrophages and ECs engaged in angiogenesis.
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Introduction

Macrophages are an important component of the innate arm of the immune system, as they 

constitute a first line of defense against invading pathogens. They engulf microbes and can 

present antigens to T-cells to promote specific (adaptive) immune responses. In addition, 

macrophages perform a broad array of functions beyond immune surveillance, and regulate 

tissue and organ growth, remodeling, and homeostasis. This is primarily achieved via their 

secretion of cytokines, growth factors, proteolytic enzymes, and expression of scavenger 

receptors that recognize multiple components of the extra-cellular matrix (ECM) [1,2]. Thus, 
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macrophages play crucial roles in tissue morphogenesis (e.g., vascular and neuronal 

patterning) and patho-physiological conditions like inflammation and organ healing [3,4].

It has long been recognized that macrophages can support angiogenesis [5], the formation or 

expansion of new blood vessels during development and post-natal life [6,7]. Early reports 

showed that activated macrophages inoculated in the cornea of guinea pigs induced robust 

vascular proliferation [8], hence suggesting that these cells are an important source of 

proangiogenic signals. More recent studies have indeed revealed that (activated) 

macrophages are a source of multiple growth factors that can enhance endothelial cell (EC) 

proliferation and/or survival [9]. Furthermore, macrophages promote the remodeling of the 

ECM and provide survival and/or “guidance” cues to the ECs, both of which are important 

for EC migration and the (directional) growth of new blood vessels [10,11]. Finally, 

macrophages engage in tight cell-to-cell contacts with sprouting blood vessels to facilitate 

the “bridging” of endothelial sprouts during vascular anastomosis [12].

The proangiogenic functions of macrophages have been actively studied in the context of 

retinal and tumor angiogenesis. For example, abundant macrophages are observed in tumors, 

often in direct contact with the ECs of uncoated or partially coated tumor blood vessels 

[9,13–16]. These findings are consistent with the evaluation of human cancer specimens, in 

which high numbers of macrophages often correlate with increased angiogenesis [17,18]. 

Together, these data suggest that macrophages may exert direct proangiogenic functions in 

tumors. Indeed, mechanistic studies showed that depletion of monocytes/macrophages in 

tumor-bearing mice inhibits tumor angiogenesis and may delay cancer growth and 

progression [13,15;19–22].

In this review, we collate recent findings on the role of macrophages as regulators of 

angiogenesis. We further discuss the novel concept that EC-macrophage interactions are 

reciprocal: while macrophages regulate angiogenesis, ECs in turn provide signals that 

promote the expansion of proangiogenic macrophages within the perivascular 

microenvironment.

Proangiogenic functions of macrophages: role of secreted factors

Activated macrophages, such as tumor-associated macrophages (TAMs), secrete growth 

factors and inflammatory cytokines that can enhance EC activation, proliferation and 

survival (Fig. 1A). These include key proangiogenic mediators, such as vascular-endothelial 

growth factor (VEGF)-A, which activates the VEGF receptor (VEGFR)-2. Macrophages 

also express other VEGF family members, including placental growth factor (PlGF), which 

activates VEGFR-1; and VEGF-C, which activates VEGFR-3 and downstream NOTCH 

signaling [9,23]. Additional angiogenesis regulators expressed by macrophages include 

CXCL8, interleukin (IL)-1β, tumor-necrosis factor-α (TNFα), and basic fibroblast growth 

factor (FGF2). The functions of these cytokines, and the angiogenic responses triggered 

upon their binding to cognate receptors expressed on ECs, have been extensively reviewed 

elsewhere [9,24].
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Macrophages activated during angiogenesis also secrete membrane-bound or soluble 

proteases that, via proteolytic digestion of the ECM, can mobilize proangiogenic growth 

factors embedded in the perivascular matrix. These include enzymes such as matrix-

metalloproteinases (MMP-2, MMP-7, MMP-9, MMP-12) and serine/cysteine proteinases 

(urokinase, cathepsins, plasminogen activator) [24,25]. Furthermore, macrophages are 

thought to express “vascular guidance” molecules, like semaphorins, which modulate EC 

migration and survival [11,26]. Together with the matrix-remodeling activity of the many 

secreted proteases, the activity of macrophage-derived “vascular guidance” molecules may 

facilitate blood vessel sprouting and directional vascular growth through the ECM in tissues 

undergoing angiogenesis.

Recent findings also suggest that macrophages secrete microvesicles (MVs) that can deliver 

their cargo of macromolecules upon fusion with “acceptor” cells [27,28], possibly including 

ECs (Fig. 1A). Macrophage-derived MVs may thus have the potential to influence EC 

behavior via direct transfer of functional RNAs or proteins (see below).

Vascular-modulatory functions of macrophages: role of cell-to-cell contacts

Recent studies have suggested that, during fetal development, macrophages regulate vascular 

morphogenesis in the central nervous system by establishing cell-to-cell contacts with ECs 

(Fig. 1B, C).

Hindbrain angiogenesis

In the developing hindbrain, vascular growth follows two main steps, the first being the 

sprouting of pre-existing blood vessels and the second the fusion of such vascular sprouts 

with adjacent capillaries (a process known as vascular anastomosis). Whereas it is well-

known that vessel sprouting is largely induced by VEGF-A gradients, less is known about 

how the ECs present at the leading edge of the sprout (tip cells) fuse to form new circuits 

that expand the vascular network. Fantin and co-workers showed that hindbrain 

macrophages (the yolk-sac derived precursors of adult microglia) and vascular ECs closely 

interact during the process of vascular anastomosis, both in mouse and zebrafish embryos 

[12]. Remarkably, mice carrying a loss-of-function mutation in PU.1—a transcription factor 

required for macrophage differentiation [29]—had fewer vessel intersections than wild-type 

mice [12]. These findings were also confirmed using colony stimulating factor-1 (CSF1) 

mutant mice (Csf1op/op), which have impaired macrophage development [30].

The aforementioned data suggest that macrophages are required for vascular development, at 

least in the embryonic hindbrain [12]. Of note, macrophage deficiency did not affect the 

formation of the vascular sprouts, a phenomenon that, as mentioned previously, is largely 

VEGF-dependent and is impaired in VEGF-mutant mice [31,32]. Rather, tissue 

macrophages were important to support anastomosis of the endothelial tip cells, which 

occurs subsequent to VEGF-induced vessel sprouting. Imaging of macrophages and ECs 

revealed that the former physically associate with sprouting ECs and bridge them to form 

new vascular intersections (Fig. 1B). Interestingly, these “bridging” macrophages express 

the angiopoietin (ANG) receptor, TIE2, and the VEGF co-receptor, neuropilin-1 (NRP1), 
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thus they resemble the perivascular macrophages that promote angiogenesis in tumors 

[20,33,34] (see below). These fascinating observations support the concept that, in addition 

to the well-established secretion of proangiogenic (growth) factors and matrix-remodeling 

enzymes, communication cues between macrophages and vascular ECs also encompass 

direct cell-to-cell contacts.

Retinal angiogenesis

Kubota and co-workers described a similar phenomenon in the mouse retina [35]. The 

development of the retinal vasculature is initiated post-natally at the optic nerve head with 

the radial expansion of a primary (or superficial) vascular plexus(post-natal days 0–7 [P0–7] 

in C57Bl/6 mice). The superficial plexus then projects vertical sprouts into the retina, which 

expand radially inside the retina to form the deep (P7–12) and intermediate (P12–15) 

vascular plexuses [36,37]. Kubota and co-workers showed that macrophages in the retina are 

essential for normal vessel network formation in the first week of the mouse life. Indeed, 

macrophage deficiency in Csf-1op/op mice led to reduced branching in the vascular plexus of 

the retina at P2. Interestingly, macrophage deficiency did not affect the number of tip cells or 

filopodia. The vascular defects observed in Csf-1op/op mice subsided as development 

progressed; in fact, the vasculature in the mutant mice was comparable to wild-type mice at 

three months after birth [35].

Rymo and co-workers confirmed that macrophages play an Important role in the induction 

of endothelial tip cells in the developing mouse retina [38]. These investigators observed 

abundant retinal macrophages (microglia) at the forefront of the growing primary vascular 

plexus. In particular, the retinal macrophages were frequently present at sites where 

endothelial tip cells contact each other through their filopodia. Morphometric analyses 

further indicated that each macrophage theoretically contacts two neighboring endothelial 

tip cells. Interestingly, the authors confirmed findings by Kubota by demonstrating that 

macrophage deficiency in Csf-1op/op mice leads to a sparser vascular plexus. They also 

observed that the vascular network displayed reduced numbers of filopodia-bearing sprouts 

[38]. In particular, the retinal vascular sprouts of Csf-1op/op mice were fewer and mostly 

radially-oriented, whereas those of control mice were both radially- and forward-oriented, 

and formed more intersections [38]. Overall, these data are consistent with findings of Fantin 

and co-workers [12] and Kubota and co-workers [35], and imply that macrophage-EC 

contacts support vascular morphogenesis in the central nervous system. However, the 

regulation of endothelial tip cells by macrophages remains controversial [12,35,38]. Indeed, 

whereas the study by Rymo and co-workers provides evidence that macrophages induce 

endothelial tip cells, Fantin and co-workers [12] and Kubota and co-workers [35] found no 

change in endothelial tip cell numbers upon macrophage depletion in either hindbrain or 

retina.

Rymo and co-workers also asked whether direct cell-to-cell contacts between retinal 

macrophages and ECs are necessary to promote blood vessel branching. By using mouse 

aortic ring assays, they showed that macrophages induce significant vascular sprouting 

before establishing physical contact with the nascent vessels [38]. While these data may 

imply that direct macrophage-EC contacts are not essential for vascular sprouting, at least in 
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the mouse aortic ring assay, it is very likely that a combination of cell-to-cell contacts and 

secreted proangiogenic factors is required for normal vascular morphogenesis [4,12,38]. 

Along these lines, a recent study shed light on the mechanism involved in macrophage-

endothelial tip cell contacts at vascular fusion sites [23]. Tammela and co-workers found that 

EC deletion of Vegfr3 leads to excessive angiogenic sprouting and branching in the retina, as 

well as decreased NOTCH signaling. Interestingly, TIE2-positive macrophages secreting the 

VEGFR-3 ligand, VEGF-C, localized at vessel branch points, and VEGF-C heterozygous 

mice exhibited decreased vascular branching in the retina. The results indicate that VEGF-C/

VEGFR-3 signaling controls, at least in part, the fusion of vascular sprouts and implicate 

macrophages in the phenotypic conversion of ECs at vascular fusion points [23].

Close spatial relationships between macrophages and endothelial tip cells are also observed 

in the deep layers of the post-natal retina. At that site, macrophages and ECs engage in 

heterotypic signaling interactions that activate WNT signaling in the endothelium [39]. 

WNT signaling has been shown to play a key role in the regulation of cell proliferation and 

differentiation during development, and has been implicated in several other processes such 

as cancer progression and regulation of stem cells [40]. In the canonical WNT pathway, 

WNT proteins bind to cell-surface receptors and activate downstream mediators that lead to 

the nuclear translocation of β-catenin, which then associates with other transcription factors 

to control the expression of WNT target genes. Interestingly, deletion of the essential WNT 

transporter, Wntless, in retinal macrophages augmented vessel branching, suggesting that 

macrophage-derived WNT ligands suppress (excessive) branch formation in the deep retinal 

layer. Furthermore, it was found that non-canonical WNT signaling in the macrophages 

stimulates secretion of soluble VEGFR-1 (sFLT1) [39] (Fig. 1C), a potent anti-angiogenic 

factor able to sequester VEGF-A and hence limit its bioavailability [6]. These findings are 

consistent with earlier data showing that monocytic cells can exert anti-angiogenic functions 

via secretion of sFLT1 [41]. Thus, whereas macrophages promote the growth of retinal 

blood vessels in the primary plexus [35,38], they also appear to limit excessive branching of 

the deep vascular plexus [39].

A role for macrophages in the negative regulation of vascular viability was also revealed by 

studies in the hyaloid vessels, a temporary vascular bed that supports the lens during 

development [42]. In the mouse, regression of the hyaloid vasculature occurs post-natally 

and involves the activity of vessel-associated, WNT7B-secreting macrophages [43]. In the 

presence of angiopoietin-2 (ANG2) produced by ECs, macrophage-derived WNT7B 

stimulates EC entry into the cell cycle, therefore sensitizing them to ANG2 [44]. Together 

with the aforementioned findings of Stefater III and co-workers [39], these interesting data 

support the notion that, at selected anatomical sites and/or developmental stages, 

perivascular macrophages finely regulate angiogenesis also by limiting the formation of 

(extra-numeral) vessel branches. This process appears to be tightly determined through 

spatially controlled cell-to-cell contacts and induction of EC apoptosis mediated by ANG2 

or sFLT.

Pathological retinal angiogenesis is also regulated by macrophages. For example, Checchin 

and co-workers investigated the role of microglia in retinal blood vessel formation in a 

model of ischemic retinopathy induced by hyperoxia or hypercapnia [45]. Interestingly, 
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ischemic retinas exhibit reduced microglia and vessel density. Depletion of resident retinal 

microglia using clodronate liposomes further reduced retinal vessel development and 

density, an effect that was rescued by adoptive transfer of microglial cells. Therefore, these 

data suggest that pathological retinal vascularization requires the activity of microglial cells 

[45].

Tumor angiogenesis

While ANG2 and non-canonical WNT signaling have been implicated in the negative 

regulation of angiogenesis by perivascular retinal macrophages, the molecular determinants 

of proangiogenic macrophage-EC contacts in growing blood vessels are yet to be identified. 

Moreover, the EC-derived factors that tether macrophages in close contact with the 

angiogenic ECs are unknown. Mazzieri and co-workers suggested that the ANG2/TIE2 axis 

may modulate, at least in part, such heterotypic cell-to-cell interactions during tumor 

angiogenesis [46]. TIE2 is a receptor tyrosine kinase constitutively expressed on ECs and 

upregulated on a subset of perivascular and proangiogenic TAMs, also known as TIE2-

expressing macrophages (TEMs) [15;20]. To study the putative role of TIE2 in mediating 

macrophage-EC association in tumors, Mazzieri and co-workers employed a conditional 

knock-down strategy to silence TIE2 expression in TAMs. They found that suppression of 

TIE2 in perivascular TAMs impedes their association with the angiogenic tumor blood 

vessels. Of note, the pharmacological blockade of the TIE2 ligand, ANG2, also disrupted 

TAM-EC association; in both cases, tumor angiogenesis was inhibited [46]. Together, these 

observations suggest that ANG2-TIE2 signaling, or the upregulation of TIE2 on the surface 

of perivascular TAMs per se, are important to enable the association of macrophages with 

blood vessels and sustain tumor angiogenesis. The data support a tentative model in which 

activated ECs release ANG2 [47], which in turn stimulates macrophages to associate with 

sprouting blood vessels by (i) upregulating macrophage expression of TIE2, either directly 

or indirectly; and (ii) inducing the formation of EC-macrophage contacts mediated by TIE2 

and ANG2 [48]. Of note, recent studies have shown that ANG2 mediates the formation of 

ANG2-TIE2 complexes at EC junctions [49], possibly indicating that similar complexes 

may also form at heterotypic cell-to-cell contacts, i.e. between TIE2+ macrophages and ECs. 

Another ligand/receptor pair that may be involved in mediating macrophage-EC interactions 

is CXCL12/CXCR4. Indeed, CXCL12 secreted by angiogenic blood vessels is responsible 

for the “perivascular retention” of CXCR4+ monocytes recruited in response to VEGF [50].

Taken together, the aforementioned studies suggest that pro and anti-angiogenic interactions 

between macrophages and ECs may entail, or even require, physical contact between the two 

cell types. Interestingly, perivascular macrophages have also been recently implicated in the 

regulation of lymphangiogenesis, both in development and disease [4,51]. For example, 

Gordon and co-workers identified a subset of macrophages that intimately associate with the 

lymphatic vessels and regulate their growth in the mouse embryonic skin [52]. In this study, 

cell-to-cell contacts, and not the secretion of classic lymphangiogenic growth factors like 

VEGF-C, underlay the lymphangiogenic activity of the perivascular macrophages in the 

developing skin.
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Diversification of macrophages: different subtypes for distinct functions?

The fact that macrophages can promote both vascular growth and vascular regression 

prompts the obvious question as to whether these functions are executed by distinct cellular 

subtypes or activation states. Indeed, macrophages can be either classically (M1) and 

alternatively (M2) activated, in analogy to the T-helper (Th) type-1 (Th1) and Th2 

classification of lymphocytes [53;54]. In vivo, classically activated (or M1-like) 

macrophages are mostly found in inflamed tissues and help combat infections, whereas 

alternatively activated (or M2-like) macrophages regulate the resolution of inflammation and 

promote tissue healing [1;53;54]. M1 and M2-like macrophages are also found in tumors 

and have been portrayed to exert distinct functions, with M1-like being antitumoral and M2-

like being proangiogenic and protumoral [53;54].

Macrophage activation/polarization toward the M1 and M2 phenotype is mediated by 

specific and distinct cytokines; thus, microenvironmental signals tune the spectrum and 

relative abundance of one versus the other subtype. Moreover, the complexity of 

microenvironmental signals is such that M1 and M2 phenotypes represent two ends of a 

continuum of phenotypes, and intermediate states of activation are likely to predominate in 

vivo [54]. Interestingly, the gene expression signature of perivascular macrophages found in 

tumors and fetal tissues is largely consistent with an M2-like phenotype [4,33,51,55], 

perhaps suggesting that defined blood vessel-derived factors contribute to shape the 

phenotype and functional activation of macrophages in perivascular niches. However, it is 

currently unclear whether the macrophages that mediate pruning of the hyaloid vessels [43] 

or limit uncontrolled branching of the retinal vessels [39] are phenotypically distinct from 

those that promote vascular anastomosis during hindbrain [12] or retinal development 

[35,38].

Another relevant question is whether the yolk-sac derived macrophages that associate with 

developing blood and lymphatic vessels [12,52] have the same developmental origin and 

function as other yolk-sac derived macrophages that populate fetal tissues and persist in 

adult organs [56]. Interestingly, perivascular fetal macrophages [12,38,52] share many 

phenotypic similarities with the perivascular TAMs that promote angiogenesis in tumors 

[33], a concept that is primarily supported by the strikingly convergent gene expression 

signatures of the two macrophage populations [33,55]. Indeed, both fetal and tumor-derived 

perivascular macrophages were reported to express markers that are seldom expressed by 

other tissue macrophages. These include TIE2 [12,33,52], NRP1 [12,33] and several ECM 

receptors, including macrophage mannose receptor (MRC1/CD206), hyaluronan receptor-1 

(LYVE1), stabilin-1 (STAB1), and the aptoglobin/hemoglobin scavenger receptor (CD163) 

[33,52]. These analogies likely reflect functional convergence dictated by 

microenvironmental cues present in the perivascular niches rather than bona fide 
developmental relationships. Indeed, whereas fetal macrophages are derived from the yolk-

sac before the emergence of hematopoietic stem cells (HSCs), the perivascular TAMs are 

derived from bone marrow (BM)-derived HSCs [15].
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Macrophages and angiogenesis in human tumors

There is increasing evidence that angiogenesis in human cancer is promoted by perivascular 

macrophages that are phenotypically similar to their mouse counterpart. For example, a 

recent study documented a correlation between the number of CD163+ TAMs and that of 

angiogenic sprouts in follicular lymphoma patients that had a poor prognosis [57]. 

Interestingly, CD163+ TAMs (but not CD163-negative macrophages) were frequently 

observed within the immediate microenvironment surrounding the neovascular sprouts in the 

human tumor biopsies. Another recent study showed that the frequency of TIE2+ 

macrophages (TEMs) was higher in the vascular-rich areas of human hepatocellular 

carcinomas [58], again suggesting the preferential involvement of a specific macrophage 

subtype in the regulation of human tumor angiogenesis.

However, it should be noted that proangiogenic macrophages are not exclusively found in 

perivascular tumor areas. For example, Leek and co-workers found that macrophage density 

in human breast cancer specimens was higher in poorly than highly vascularized tumor areas 

[17]. Nevertheless, macrophage infiltration correlated with the overall vascular grade of the 

tumors. These findings imply that the proangiogenic activity of TAMs does not necessarily 

depend on their location around tumor blood vessels. Indeed, VEGF-expressing 

macrophages were mostly observed in hypoxic, avascular tumor areas of breast cancer 

specimens [59].

The crosstalk is reciprocal: ECs provide a vascular niche for the 

differentiation of perivascular, proangiogenic macrophages

A large body of data thus far indicates that perivascular macrophages modulate the biology 

of ECs during angiogenesis and vascular remodeling. However, these macrophage-EC 

interactions are bidirectional, as ECs were recently shown to support the differentiation of 

alternatively activated/M2-like macrophages [60]. He and co-workers showed that EC 

monolayers provide a niche for the expansion and differentiation of M2-like macrophages 

directly from mouse hematopoietic progenitor cells (HPCs) (Fig.2A). In contact with ECs, 

HPCs formed colonies that exhibited a progressive differentiation, from the center to the 

periphery, toward a proangiogenic, M2-like phenotype, characterized by increasing 

expression of TIE2, MRC1 and other typical “M2 markers”. Of note, direct contact between 

HPCs and ECs was necessary for the formation and maintenance of the macrophage 

colonies, as the latter failed to form in transwell assays. Mechanistically, it was found that 

EC-derived CSF1 supported HPC expansion and macrophage survival in the co-cultures, 

whereas VEGF-A produced by the macrophages likely enhanced the long-termed stability of 

the EC monolayer. Of note, EC-induced, M2-like macrophages were found to associate with 

tumor blood vessels and to enhance vascular density and tumor growth when co-injected 

with cancer cells in mice [60].

Based on the aforementioned findings, it is tempting to speculate that, in growing/

angiogenic tissues, monocytes/macrophages and ECs form an instructive vascular niche that 

supports (i) proangiogenic macrophage development and differentiation; (ii) macrophage-

dependent angiogenesis (Fig. 2B). It is currently unclear whether the EC niche that supports 
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M2-like macrophage differentiation exists at different anatomical sites, such as in the BM or 

at metastatic sites. It is likely that, in addition to CSF1, other EC-derived factors orchestrate 

the functional differentiation of M2-like macrophages from immature myeloid-cell 

progenitors in angiogenic vascular niches. Secreted factors that have been shown previously 

to instruct M2-like macrophage differentiation include the Th2 cytokines, IL-4 and IL-13 

[61,62]. Thus, it will be worth to investigate whether these T-cell derived cytokines are also 

secreted by ECs and can promote the perivascular differentiation of proangiogenic 

macrophages in ad hoc experimental systems.

The findings of He et al. [60] may also imply that the terminal differentiation of 

perivascular, M2-like macrophages, such as TEMs, might be mediated by cell-cell 

interactions with the endothelium as these cells (or their precursors) extravasate and gain 

residence in the vessel wall. Indeed, gene marking studies using Tie2-GFP reporter lentiviral 

vectors showed the frequent occurrence of clusters of Tie2-GFP+ cells with the morphology 

of immature monocytes in close association with sprouting blood vessels [15,20,63]. It is 

still unknown whether these TIE2+ monocytic cells proliferate upon their extravasation in 

perivascular spaces of tumors and before acquire the morphology and phenotype of bona 
fide macrophages. Nevertheless, the observation that TIE2+ monocytes, when engineered to 

express the Herpes symplex thymidine kinase gene, are efficiently depleted by ganciclovir 

suggests that they may proliferate while upregulating the expression of Tie2 in the peri-

endothelial microenvironment [15,20,63]. Consistent with this hypothesis, recent studies 

have shown that, during inflammation and tumor growth, BM-derived HPCs accumulate at 

extramedullary sites, which can become important sites of monocyte/macrophage production 

and differentiation [64,65].

Cell-to-cell communication mediated by secreted microvesicles (MVs)

In addition to their production of canonical proangiogenic growth factors, macrophages 

might stimulate angiogenesis by secreting MVs, such as exosomes [27] (Fig. 1A). Exosomes 

are small MVs (40–100 nm) that contain proteins, lipids, and RNAs. They are thought to 

originate from the inward budding of vesicles within endosomes. These large endosomes 

then fuse to the plasma membrane and release free exosomes. MVs therefore contain cytosol 

enclosed by a lipid bilayer. Exosomes and other MVs are secreted by many different cell 

types, including epithelial cells, ECs, inflammatory (immune) cells, and neurons [27]. 

Several recent reports have shown that secreted MVs can be taken up by neighboring cells 

upon MV fusion with the acceptor cell’s plasma membrane [28]. As MVs contain donor-cell 

derived molecules, their cargo may affect the phenotype/behavior of the acceptor cells. This 

form of cell-to-cell communication may also be long-ranging. Indeed, MVs circulate in the 

peripheral blood and, in this manner, they are systemically distributed [28,66].

Macrophages and dendritic cells (DCs) release abundant amounts of exosomes and other 

MVs in vitro [67,68]. In some of these studies, macrophage/DC-derived MVs were found to 

contain microRNAs (miRNAs) that might be transferred to acceptor cells [69–72]. For 

example, Zhang and co-workers showed that THP1 human monocyte-like, leukemic cells 

secrete exosomes enriched in miR-150 [69]. Interestingly, THP1-derived exosomes were 

shown to fuse with human HMEC1 ECs and to increase their endogenous miR-150 levels by 
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several-folds. Although the rigorous demonstration of active-miRNA transfer from the 

monocytes to the ECs requires further studies, the work by Zhang provides circumstantial 

evidence that macrophage-derived exosomes have the potential to influence EC behavior in 

vitro. Indeed, purified THP1 exosomes could increase HMEC1 cell migration in a transwell 

assay [69].

These intriguing findings suggest that perivascular macrophages may secrete MVs/exosomes 

that are enriched for specific proteins or RNAs, which in turn could modulate gene 

expression and function of ECs engaged in angiogenesis. Of note, angiogenic and tumor 

blood vessels in particular, differ substantially from the quiescent vasculature. Peri-

endothelial layers of vascular mural cells (pericytes and smooth muscle cells) and the 

integrity of endothelial basement membranes are often disrupted during angiogenesis to 

enable EC migration and growth [6,7]. These microanatomical changes make it conceivable 

that perivascular macrophages recruited during angiogenesis could influence vascular 

biology and patterning also through MV secretion and transfer to ECs. Further studies are 

now warranted to explore the significance of this phenomenon for angiogenesis in vivo.

Concluding remarks

The data discussed above indicate that the proangiogenic activity of macrophages (or 

specific subsets of these cells) encompasses both the production of classic proangiogenic 

factors, as well as the physical association of macrophages with sprouting blood vessels. The 

latter requires the direct interaction of ECs with (M2-like) macrophages, a process that 

appears to be regulated, at least in part, by the ANG2/TIE2 and CXCL12/CXCR4 signaling 

axes [46,50]. More recent studies further suggest that macrophage-EC interactions are 

indeed bidirectional, as in vitro co-culture studies showed that EC monolayers can support 

the differentiation of such M2-like macrophages from myeloid progenitors [60]. These 

observations suggest that a dynamic angiogenic vascular niche might also exist in vivo, for 

example in tumors where sprouting blood vessels and immature myeloid cells engage in 

reciprocal interactions.

Fetal macrophages have been shown to both promote and limit the formation of novel 

vascular intersections in developing neural tissues [12,35,38,39,43,44]. Although these 

apparent discrepancies may well reflect the known plasticity of macrophages as well as 

anatomical-site or developmental-stage specific functions (see section 4 above), several 

questions currently remain unanswered. Do the macrophages that promote vascular growth 

and/or anastomosis by bridging sprouting ECs [12,35,38] differ from those that promote 

vascular pruning in the eye [39,43,44]? What are the microenvironmental cues that modulate 

such opposite functions in ostensibly similar tissues? Do signals released by differently 

activated ECs instruct such divergent macrophage phenotypes? Addressing these questions, 

together with the identification of (EC-derived) signals that regulate proversus anti-

angiogenic activity of macrophages, may ultimately provide the means to reprogram 

perivascular macrophages toward an angiostatic or even anti-angiogenic function in tumors.
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Fig. 1 –. 
Indirect and direct communication between ECs and macrophages. (A) M2-like 

macrophages (violet) secrete proangiogenic growth factors and proteases that facilitate EC 

migration and vascular growth. Furthermore, macrophages secrete microvesicles, such as 

exosomes, that may fuse with and deliver their cargo of proteins and RNAs to ECs, possibly 

influencing the angiogenic response of the blood vessel. (B) M2-like macrophages (violet) 

associate with adjacent vascular sprouts and “bridge” endothelial tip cells to facilitate 

vascular anastomosis in the developing mouse hindbrain. (C) Macrophages associate with 

growing blood vessels in the deep vascular plexus of the retina. Non canonical WNT 

signaling stimulates macrophage secretion of sFLT1, which limits vessel branching (left). In 

the absence of WNT signaling, excessive vessels branches are formed (right).
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Fig. 2 –. 
ECs support M2-like macrophage differentiation. (A) EC monolayers support the expansion 

of HPCs, which form myeloid cell colonies characterized by the progressive differentiation 

of M2-like macrophages. (B). Hypothetical model of the angiogenic vascular niche, which 

supports reciprocal interactions between ECs and proangiogenic, M2-like macrophages. ECs 

support HPC expansion (red arrow) and differentiation into M2-like macrophages (rainbow 

arrows); M2-like macrophages support angiogenesis by delivering proangiogenic signals to 

sprouting ECs.
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