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Abstract

Evidence has emerged for macrophages in the perivascular niche of tumors regulating important 

processes like angiogenesis, various steps in the metastatic cascade, the recruitment and activity of 

other tumor-promoting leukocytes, and tumor responses to frontline therapies like irradiation and 

chemotherapy. Understanding the mechanisms controlling the recruitment, retention, and function 

of these cells could identify important targets for anti-cancer therapeutics.

Introduction

Tumor-associated macrophages (TAMs) are a major cellular component of both mouse and 

human tumors (Pollard, 2004; Lewis and Pollard, 2006). High numbers of TAMs in human 

tumors usually correlate with reduced patient survival (Bingle et al., 2002; Zhang et al., 

2012), and studies in mice have shown that TAMs promote important steps in tumor 

progression including tumor angiogenesis, cancer cell invasion, metastasis, and the 

suppression of adaptive anti-tumor immunity (Noy and Pollard, 2014). TAMs also mediate 

or limit the efficacy of various forms of anti-cancer therapies (De Palma and Lewis, 2013).

Recent fate-mapping experiments have shown that macrophages in steady-state tissues can 

originate from at least three different sources. In the adult brain, skin, lung, and liver, they 

arise from the local proliferation of embryonic yolk sac or fetal liver precursors; whereas in 

such tissues as the intestines and mammary gland they largely derive from blood monocytes 

(Perdiguero and Geissmann, 2015). Studies using fluorescently labeled bone marrow (BM) 

transplants or the intravenous injection of labeled monocytes have shown that TAMs in 

mouse mammary, lung, or brain tumors are also derived from blood monocytes (De Palma et 

al., 2003, 2005; Franklin and Li, 2014; Movahedi et al., 2010). Similar results were found at 

lung metastatic sites, where metastasis-associated macrophages (MAMs) were shown to be 
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derived from a subset of monocytes (Qian et al., 2009, 2011). Circulating monocytes are 

derived mainly from hematopoietic stem cells in the BM, and are recruited across the 

vasculature into tumors by tumor-derived chemoattractants such as CSF1, CCL2, VEGFA, 

or CXCL12 (Murdoch et al., 2008; Noy and Pollard, 2014). Alternatively, TAMs in some 

mouse tumors can expand within tumors, in part, via proliferation (Franklin et al., 2014; 

Tymoszuk et al., 2014).

Irrespective of their origins, TAMs tend to gather in distinct tumor microenvironments 

including the invasive tumor edge, cancer cell/stromal border, central tumor mass, hypoxic/

necrotic regions, and perivascular (PV) areas. Moreover, TAM distribution can vary between 

different types of tumor, and between primary or metastatic tumors (Lewis and Pollard, 

2006). Importantly, across several types of human tumor, the abundance of a distinct subset 

of PV macrophages has been shown to correlate with increased tumor angiogenesis, distant 

metastasis, poor prognosis, and/or the recurrence of tumors after chemotherapy in various 

forms of cancer (Kurahara et al., 2012; Matsubara et al., 2013; Robinson et al., 2009).

As discussed in later sections, the markers expressed by PV macrophages vary between 

primary and metastatic tumors. However, a unifying feature is their proximity to blood 

vessels (sometimes making direct contact with endothelial cells or pericytes), or their 

preference for highly vascularized tumor areas. This contrasts with the majority of TAMs 

found elsewhere in tumors (Lewis and Pollard, 2006). This review discusses recent studies 

demonstrating an array of tumor-promoting functions for PV macrophages in both primary 

and secondary tumors (summarized in Figure 1).

Tumor Angiogenesis

A distinct subset of PV TAMs has been shown to regulate angiogenesis in various mouse 

primary tumor models and to correlate with microvessel density in human tumors. BM 

transplant experiments conducted by De Palma et al. (2003, 2005) identified a subset of BM-

derived TAMs that cluster around tumor blood vessels and express higher levels of the 

angiopoietin receptor, TIE2, and the mannose receptor, MRC1, than macrophages elsewhere 

in tumors, or circulating monocytes (Figure 1). Subsequent gene expression profiling of 

TIE2+ TAMs isolated from mouse mammary (N202) tumors revealed their higher expression 

of a number of tumor-promoting genes including Mmp9, Vegfa, Cxcl12, Tlr4, Nrp1, and 

Pdgfb than was seen in TIE2− TAMs from the same tumors (Pucci et al., 2009). Although 

TIE2-expressing monocytes appear to be pre-programmed to be proangiogenic in the 

circulation, this function can be further upregulated by exposure to tumor-derived factors 

like angiopoietin-2 (ANGPT2), expressed mainly by activated endothelial cells (Coffelt et 

al., 2010).

De Palma et al. (2005) compared the proangiogenic function of mouse TIE2− and TIE2+ 

TAMs in vivo. First, they showed that the specific elimination of TIE2+ TAMs using a 

conditional suicide strategy impaired vascularization and growth of several tumor types 

including gliomas, insulinomas, and mammary cancers in mice. They then isolated TIE2− 

and TIE2+ TAMs from mouse mammary (N202) tumors and coinjected them with N202 

cells. TIE2+ TAMs resulted in significantly more vascularized tumors than N202 tumor cells 
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injected alone or with TIE2− TAMs. These data demonstrate a distinct functional difference 

between the proangiogenic functions of TIE2− and TIE2+ TAMs in mouse tumors. While 

such experimental approaches are invaluable, live imaging of these two TAM subsets in vivo 

may also prove useful in elucidating their role specifically in the PV niche.

An interesting parallel occurs during development, suggesting that tumors may co-opt some 

physiological functions of macrophages. In mouse embryos, TIE2+ macrophages are known 

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

facilitating vascular anastomosis (Fantin et al., 2010; Baer et al., 2013). They also release 

factors like VEGFC (Tammela et al., 2011) and soluble VEGFR 1 (Stefater et al., 2011) to 

regulate angiogenic vessel branching. In tumors, the direct association of these PV TAMs 

with blood vessels was also found to be essential for their pro-angiogenic role. Tumor 

angiogenesis was markedly reduced when this association was impeded using either a 

conditional, hematopoietic-specific, knockdown strategy to silence their TIE2 expression, or 

the pharmacological blockade of ANGPT2 (Mazzieri et al., 2011).

Finally, these TIE2+ PV TAMs may also have a proangiogenic role in human cancers as their 

frequency has been reported to correlate with the density of tumor microvessels, as well as 

lymph node status, tumor grade, and distant metastasis (Ji et al., 2013; Matsubara et al., 

2013).

Intravasation of Cancer Cells in Primary Mammary Tumors

Genetic and inhibitor experiments coupled with high-resolution intravital imaging have 

shown that TAMs in autochthonous and xenografted mammary tumors engage with tumor 

cells in an obligate epidermal growth factor (EGF)-CSF1 paracrine signaling loop (Wyckoff 

et al., 2004). This engagement results in tumor cells streaming toward blood vessels where 

they then undergo intravasation at clusters of PV macrophages; the first step in the 

metastatic cascade (Wyckoff et al., 2007). A recent intravital imaging study showed that 

these PV TAMs are TIE2+MRC1+VEGFA+ and are an essential component of a micro-

anatomical site regulating tumor cell escape from primary tumors called the tumor 

microenvironment of metastasis (TMEM) (Harney et al., 2015). This consists of a PV TAM 

in direct contact with both an endothelial cell and a tumor cell expressing a splice variant of 

mammalian-enabled protein, an actin regulatory protein involved in tumor cell motility and 

heightened sensitivity to EGF chemotaxis (Robinson et al., 2009; Rohan et al., 2014) (Figure 

1). The clinical relevance of these three-cell structures was confirmed in breast cancer when 

it was found that high TMEM density in breast carcinomas correlates with increased 

metastatic recurrence, independently of other clinical prognostic indicators (Robinson et al., 

2009; Rohan et al., 2014).

Intravital imaging has revealed that dynamic vascular permeability occurs concurrently with 

cancer cell intravasation at these TMEM sites, and genetic deletion of Vegfa in TAMs 

prevents both events (Harney et al., 2015). Two vascular junction proteins that limit vascular 

leakiness, ZO-1 and vascular endothelial (VE)-cadherin, were frequently disrupted at these 

hyper-permeable sites, suggesting that VEGFA signaling directly affects vascular 

permeability through vascular junction stability (Harney et al., 2015). In both mouse 
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mammary tumors and human breast carcinomas, VE-cadherin is reduced in endothelial cells 

in and around TMEMs (Harney et al., 2015). These data suggest that VEGFA released by 

TIE2+ macrophages in TMEMs causes the local dissolution of vascular junction proteins, 

resulting in a transient increase in vascular permeability and tumor cell intravasation.

It is not known whether ANGPT2, a proangiogenic factor and chemokine for TIE2-

expressing macrophages (Murdoch et al., 2007; Venneri et al., 2007), plays a part in 

regulating the recruitment and/or activation of PV macrophages in TMEMs. Although 

pharmacologic blockade of ANGPT2 markedly reduced lung metastases in mouse bearing 

mammary tumors, this may have been due to inhibition of the direct proangiogenic effect of 

ANGPT2 on tumor blood vessels (Mazzieri et al., 2011). So, the relative contribution of 

these two ANGPT2-driven events in metastasis remains unclear. Further characterization of 

the prometastatic subset of PV TAMs in TMEMs could lead to effective ways to selectively 

target them, and thus reduce the spread of breast cancer cells from the primary to distant 

sites. It also remains to be seen whether such PV TAMs (and TMEMs generally) exist in 

other types of primary tumor than just mammary cancers. This may prove to be the case as 

TAMs have also recently been reported to promote vascular permeability in a mouse ovarian 

tumor model (Moughon et al., 2015).

Seeding of Distant Metastatic Sites

In an experimental metastasis model, PV MAMs have been shown to interact closely with 

mouse mammary cancer cells as the latter extravasate across the lung vasculature (Figure 1). 

These seeding events were strongly inhibited when MAMs were depleted either by genetic 

ablation or by inhibition of their recruitment with a neutralizing antibody to the chemokine, 

CCL2, the ligand for CCR2 expressed on circulating Ly6C+ monocytes and MAMs (Qian et 

al., 2009; 2011). In early metastatic lesions, CCL2 is thought to be secreted by both cancer 

cells (Qian et al., 2011) and the endothelium (Srivastava et al., 2014), and has been shown to 

stimulate the expression of another important chemokine, CCL3, by MAMs. This 

chemokine acts via CCR1 to retain CCR2+ macrophages in the metastatic site by promoting 

their adhesion to cancer cells, to which they deliver a survival signal (Kitamura et al., 2015). 

This interaction between tumor cells and PV MAMs results in a VEGFA-induced increase in 

vessel permeability and cancer cell escape from the vessel (Qian et al., 2011), in a manner 

reminiscent of the TMEM-driven intravasation at the primary tumor site. In contrast to these 

results, a population of intravascular Ly6Clo monocytes present in the lung inhibits 

metastatic seeding by recruiting natural killer cells, which are known to be anti-metastatic 

and able to kill circulating tumor cells before their seeding (Hanna et al., 2015).

In some metastatic sites like the lungs, liver or bone, disseminated cancer cells (DCCs) are 

known to remain dormant for long periods before proliferating to form metastases. These 

dormant cells usually reside close to microvessels in such tissues (Figure 1), where local 

factors like endothelial-derived thrombospondin-1 suppress their proliferation. This 

inhibitory cue is lost around sprouting neovessels and replaced by a mitogen for DCCs, 

transforming growth factor β1 (TGFβ1), which is released by endothelial tip cells and 

stimulates the outgrowth of micrometastases (Ghajar et al., 2013). It is tempting to speculate 

that PV macrophages may also help DCCs exit from dormancy. As mentioned previously, 
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PV macrophages interact with cancer cells as they extravasate into metastatic sites like the 

lungs (Qian et al., 2009, 2011) and are present in established metastatic tumors (Hughes et 

al., 2015). It is possible that monocytes recruited from the circulation are retained in the PV 

niche due to tip cells in neovessels expressing high levels of macrophage migratory 

inhibitory factor (Ghajar et al., 2013), a cytokine known to immobilize macrophages. 

Exposure to high local levels of TGFβ1 could then activate them (Gong et al., 2012), 

upregulating their own expression of TGFβ1. This would further elevate TGFβ1 levels 

around blood vessels, adding to the stimulation of DCC proliferation.

Once metastases form in tissues like the lung or bones, MRC1+ PV macrophages are 

abundant, especially after exposure to cytotoxic agents (Hughes et al., 2015) (Figure 1; see 

next section). Whether they congregate into TMEM-like structures in such metastatic tumors 

has yet to be elucidated. But if so, this could then promote the escape of cancer cells from 

metastatic tumors into the circulation and contribute to the phenomena of both “metastasis-

to-metastasis” seeding reported recently in human prostate tumors (Gundem et al., 2015) 

and “self-seeding” back to the primary site (Kim et al., 2009).

Tumor Relapse after Therapy

PV TAMs have also been implicated in the relapse of mouse tumors after various frontline 

therapies. For example, in orthotopic gliomas, subcutaneous lung xenografts, and mouse 

mammary tumors, a CXCL12-driven increase in the recruitment of CD11b+ BM-derived 

cells was a requisite for tumor regrowth after the cessation of local irradiation (Kioi et al., 

2010; Kozin et al., 2010). A high proportion (>50%) of these myeloid cells were found to be 

TIE2+ macrophages, and to often take up a PV location in relapsing tumors (Kioi et al., 

2010; Kozin et al., 2010). This raised the possibility that such an increase in the numbers of 

these proangiogenic cells around blood vessels could drive tumor revascularization and 

regrowth.

A similar role for PV TIE2+ TAMs has emerged in mouse tumors recovering from exposure 

to chemotherapeutic drugs. Initial studies used CSF1R inhibitors showed that CSF1-

dependent TAMs limit the cytotoxic effects of the chemotherapeutic agent, paclitaxel, on 

tumors, in part, by suppressing cytotoxic T cells (DeNardo et al., 2011; Mitchem et al., 

2013; Shree et al., 2011). More recently, TIE2+MRC1+CXCR4+ TAMs have been shown to 

accumulate in PV areas of mouse subcutaneous lung and orthotopic mammary tumors after 

treatment with cytotoxic agents and then promote tumor relapse. The accumulation of these 

cells around blood vessels in treated tumors was found not to be due to TAM proliferation 

but rather their recruitment by CXCL12 upregulated in PV tumor areas after chemotherapy. 

These cells then stimulated tumor revascularization and regrowth, in part, via their release of 

VEGFA. Depletion of these PV TAMs using an inhibitor of CXCR4 (the receptor for 

CXCL12) dramatically reduced vascular density in the re-emergent tumor and extended the 

therapeutic response to the cytotoxic agent (Hughes et al., 2015).

Tumor-initiating cells (TICs) have been reported in PV areas of brain tumors in mice 

(Calabrese et al., 2007; Charles et al., 2010, 2011) which are rich in TAMs (Yi et al., 2011). 

It is, therefore, possible that PV TAMs may contribute to the maintenance of this stem cell 
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niche. As TICs could potentially be the cells from which recurrent tumors originate, this 

may be a further way in which PV TAMs promote tumor recurrence post-therapy.

The dendritic cell, another myeloid cell type, has recently been shown to display an intrinsic 

resistance to tumor irradiation in subcutaneous B16 melanoma and to then increase 

regulatory T cells (Tregs) in treated tumors (Price et al., 2015). It remains to be seen whether 

PV TAMs respond to tumor irradiation in a similar manner, but TIE2+ TAMs can express the 

Treg chemokine, CCL17, in progressing mouse tumors when exposed to vascular-derived 

signals like ANGPT2 (Coffelt et al., 2011). They may do so in the PV niche of tumors after 

irradiation or cytotoxic therapies, thereby contributing to an immunosuppressive 

environment.

Interestingly, TIE2+CXCR4hI TAMs also promote the relapse of mouse mammary tumors 

after exposure to the vascular damaging agent, combretastatin-A-4P (Welford et al., 2011). 

Furthermore, TIE2+ TAMs have been implicated in the recurrence of gliomas in mice after 

treatment with anti-angiogenic therapies targeting VEGFA or VEGF receptor 2 (VEGFR2). 

Although the recruitment of this TAM subset was shown to be dependent on ANGPT2 

upregulated in tumors after these treatments (Cortes-Santiago et al., 2016), the role of this 

cytokine in the recruitment and/or activation of PV TIE2+ TAMs after tumor irradiation or 

exposure to cytotoxic agents remains to be elucidated.

The above studies prompt speculation that therapy-induced increase in PV TIE2+VEGFAhi 

TAMs could result in greater TMEM abundance and thus increased shedding of tumor cells 

into the circulation. Further studies on the effects of irradiation or chemotherapy on TMEM 

formation could provide additional insights into the role of PV TIE2+ macrophages in cancer 

dissemination and metastasis after such treatments.

Regulation of Other Leukocyte Subsets in Tumors by PV TAMs

As mentioned earlier, PV TIE2+ TAMs may also play an immunosuppressive role in primary 

and metastatic tumors. Their ability to upregulate CCL17 near ANGPT2-expressing tumor 

vessels (Coffelt et al., 2010, 2011), could explain why Foxp3+ Tregs are retained in a PV 

location in mouse mammary tumors (Egeblad et al., 2008). ANGPT2 also stimulates TIE2+ 

macrophages to upregulate interleukin 10 (IL10) (Coffelt et al., 2011), which likely 

suppresses cytotoxic T cells in PV tumor areas (Boissonnas et al., 2007; Mrass et al., 2006). 

TAM-derived IL10 has also been shown to suppress Tregs in mouse mammary tumors after 

paclitaxel and carboplatin treatment, in this case by suppressing intratumoral dendritic cell 

expression of IL12 (Ruffell et al., 2014).

Furthermore, PV TAMs could help recruit neutrophils into tumors, as intravital imaging has 

shown that neutrophils extravasate through post-capillary venules in inflamed tissues in 

response to chemoattractants released by PV macrophages (Abtin et al., 2014) (Figure 1).

Origin of PV Macrophages

The precursors of PV macrophages in tumors have yet to be fully defined. Peripheral blood 

monocytes consist of two main populations: classical and non-classical monocytes (defined 
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respectively as Ly6ChiCX3CR1loCCR2hi or Ly6CloCX3CR1hiCCR2lo in mice, and 

CD14hiCD16−CCR2hiCX3CR1lo or CD14mid CD16hiCCR2loCX3CR1hi in humans). A 

minor subset of circulating monocytes expresses TIE2 in both species and could be the 

precursors of TIE2+ PV macrophages in tumors (De Palma et al., 2003; Murdoch et al., 

2007; Venneri et al., 2007). Interestingly, the frequency of circulating TIE2+ monocytes in 

patients with hepatocellular carcinoma (HCC) correlates positively with that of TIE2+ TAMs 

in the PV areas of their tumors. Moreover, high numbers of these TIE2+ monocytes correlate 

with shorter recurrence-free survival of HCC patients after tumor resection and 

radiofrequency ablation therapy (Matsubara et al., 2013). These data suggest that either a 

subset of TIE2+ circulating monocytes are the precursors of PV TAMs in progressing and 

therapy-treated HCCs, or tumor-derived signals trigger similar, parallel changes in a subset 

of circulating monocytes and PV TAMs. The similarity in the phenotype of non-classical 

monocytes and TIE2+ PV TAMs prompted some to suggest that they may represent different 

stages of the same cell lineage (Pucci et al., 2009; Venneri et al., 2007); however, non-

classical monocytes rarely extravasate (Carlin et al., 2013), so this now appears unlikely.

Alternatively, PV TAMs may differentiate from the classical Ly6C+CCR2hi monocytic 

population as has been shown for the MAMs promoting cancer cell extravasation and 

seeding in the lungs (Qian et al., 2009, 2011). Interestingly, CX3CR1 loss on monocytes 

causes accumulation of Ly6Chi inflammatory monocytes in PV sites of mouse glioblastomas 

(Feng et al., 2015). As mentioned earlier, TAM proliferation may occur in some tumor types 

(Franklin et al., 2014), so it remains a possibility that PV macrophages may have 

proliferative potential in primary and/or metastatic tumors and be derived, at least in part, 

from resident yolk sac-derived progenitors. Cell-lineage experiments are now needed to 

identify the circulating monocytic precursors and/or the local origins of these distinct 

subsets of PV macrophages in both primary and metastatic tumors. Mechanistic studies of 

the regulators of these populations will require new genetic models to disrupt gene function 

in specific monocytic subsets and their macrophage progeny.

Regulation of Macrophages by the PV Niche

The fact that the abluminal surface of tumor vessels provides such an attractive niche for 

macrophages suggests that there are chemoattractants, retention signals, survival factors, 

and/or docking proteins for these cells present within this niche. Several possible 

chemoattractants for monocytes/macrophages are released by endothelial cells in tumors 

including CSF1, CXCL12, ANGPT2, and CCL2 (He et al., 2012; Hughes et al., 2015; 

Murdoch et al., 2007; Ryan et al., 2001; Srivastava et al., 2014; Venneri et al., 2007). The 

recruitment of monocytes and their subsequent differentiation into PV macrophages may 

also involve specific adhesion molecules. For example, L-selectin (CD62L) regulates the 

recruitment of macrophages into PV regions during inflammation (Hickey et al., 2000; León 

and Ardavín, 2008), and metastasis is decreased in CD62L-deficient mice (Borsig et al., 

2002). In the metastatic site, monocytes recruited by CCL2 express CCL3, which, through 

CCR1, activates monocyte αvβ integrin binding to VCAM1 expressed on tumor cells. This 

anchors the monocyte to tumor cells and provides a survival signal for tumor cells as they 

extravasate through the endothelial barrier (Kitamura et al., 2015). Monocytes also need to 

adhere to vessels in order to extravasate, take up their PV location, and differentiate into PV 
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macrophages. These steps have recently been shown to involve VEGFA and VEGFR1 

autocrine signaling (Qian et al., 2015).

Furthermore, local factors may also regulate gene expression in PV TAMs. For example, 

CSF1 stimulates the expression of both TIE2 and VEGFA by human monocytes/

macrophages (Eubank et al., 2003; Forget et al., 2014) as well as their chemotactic responses 

to ANGPT2 and proangiogenic activity in vitro and in tumors (Forget et al., 2014). Also, as 

mentioned previously, endothelial-derived ANGPT2 regulates the close association of TIE2+ 

TAMs with blood vessels in primary tumors (Mazzieri et al., 2011), and stimulates their 

expression of proangiogenic and immunosuppressive genes like VEGFA, IL10, CCL17, and 

MMP9 (Coffelt et al., 2010, 2011).

Other PV cell types may also regulate PV TAMs. Expression of CXCL12 by fibroblasts has 

been shown to retain CXCR4+ myeloid cells in close proximity to blood vessels in healthy 

tissues (Grunewald et al., 2006). However, this was not the case in MMTV-PyMT mammary 

tumors (Lin et al., 2007), suggesting the involvement of alternative factors in this tumor 

model. PV TAMs can themselves upregulate CXCL12 when close to blood vessels in some 

tumor types like metastatic melanoma (Sánchez-Martín et al., 2011). As CXCL12 is known 

to stimulate macrophage expression of VEGFA, an elevation in PV CXCL12 levels could 

upregulate this in PV TAMs (Sánchez-Martín et al., 2011). Finally, CCL2 upregulation by 

the endothelium in metastatic lung tumors both recruits and polarizes CCR2+ macrophages 

(Srivastava et al., 2014).

Concluding Remarks

A picture is now emerging of the multiple ways in which PV TAMs promote tumor 

progression and response to therapy. PV TAMs expressing TIE2 and VEGFA stimulate 

tumor angiogenesis, tumor cell escape into the circulation, and tumor relapse after frontline 

therapies. Similar PV cells are also present in metastatic tumors but their functions have yet 

to be determined. Alternatively, another PV macrophage subset, those expressing CCR2 and 

VEGFA (but not TIE2), also exist in metastatic sites like the lungs and promotes cancer cell 

seeding through direct interactions with cancer cells at the vessel wall and subsequent 

promotion of colonization (Entenberg et al., 2015; Srivastava et al., 2014; Qian et al., 2011).

Studies are now needed to identify the origin of these PV macrophage subsets, and the key 

factors recruiting them and/or regulating their various tumor-promoting functions. Such 

insights could lead to the development of new therapeutics to selectively deplete or modify 

their behavior. The need for this has been highlighted in recent clinical trials using CSF1R 

inhibitors in patients with giant-cell tumors. While these treatments resulted in the 

preferential depletion of TAMs, and a marked clinical response, it also triggered periorbital 

edema (Ries et al., 2014; Cassier et al., 2015; Tap et al., 2015), possibly via an effect on 

lymphatic-associated macrophages which control lymphatic vessel diameter and thus fluid 

removal (Gordon et al., 2010). Edema may also have resulted from perturbations in vascular 

homeostasis due to depletion of normal PV macrophages, resulting in vessel leakiness. If 

this is the case, then PV TAMs in such normal tissues limit rather than promote vascular 
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leakage. These findings indicate that new ways to target only PV macrophages in tumors 

need to be developed, so that macrophages elsewhere are not adversely affected.

It should also be noted that recent studies have shown that PV TAMs are not the only innate 

immune cells influencing tumor progression. Neutrophils can also be proangiogenic (Sionov 

et al., 2015; Tazzyman et al., 2011) and promote metastatic seeding (Coffelt et al., 2015; 

Wculek and Malanchi, 2015) in some tumor models. However, this may depend on the 

experimental setting, as another recent study showed that depletion of neutrophils had no 

effect on metastatic seeding by breast cancer cells in mouse lungs (Kitamura et al., 2015). It 

remains to be seen whether the selective targeting of PV TAMs per se elicits a compensatory 

influx and/or activation of tumor-promoting neutrophils. Proangiogenic, MMP9+ neutrophils 

accumulated in mouse cervical tumors after the pan depletion of CCR2+ TAMs (Pahler et 

al., 2008). Furthermore, a study showed that two distinct anti-angiogenic agents, initially 

effective in mouse tumor models, also triggered an influx of Gr1+CD11b+ neutrophils that 

promoted resistance to further treatment. Targeting Gr1+ cells was not sufficient to lift this 

blockade, as TAMs were able to compensate for their loss and sustain tumor resistance to 

anti-angiogenic therapy (Rivera et al., 2015). Studies are now warranted to see whether 

combining agents that selectively target PV macrophages and tumor-promoting neutrophils 

yield more sustained anti-tumoral effects, either alone or when administered with frontline 

therapies.
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Figure 1. The Roles of Perivascular Macrophages in Tumor Progression
In primary tumors. Recruitment and regulation of other tumor-promoting leukocytes – the 

two images, with and without vessels (blue) included, show that neutrophils (red, N) 

extravasate in inflamed tissues in close proximity to perivascular (PV) macrophages (green, 

M). [Reprinted with permission: Abtin et al., 2014.] Intravasation of tumor cells: the images 

show a triad of a PV TIE2+VEGFA+ TAM (blue, M), cancer cells (green, TC), and 

endothelial cells (red). [Reprinted with permission: Harney et al., 2015.] Angiogenesis 

stimulation: the image shows TIE2+ TAMs (green, M) located near blood vessels (red, V) in 

tumors. [Reprinted with permission: De Palma et al., 2003.] Relapse of tumors after therapy: 

the images show a subcutaneous Lewis lung carcinoma after treatment with 

cyclophosphamide (TIE2+ blood vessels [red, V]; TIE2+MRC1+ TAMs [white/pink, M]; and 
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cell nuclei [blue]). Inset: a single, TIE2+MRC1+ TAM (white/red). [Reprinted with 

permission: Hughes et al., 2015.] In metastatic sites. Extravasation of cancer cells: the image 

shows a cancer cell (blue, TC), PV macrophages (green, M), and blood vessels (red, V) in 

the lungs of mice. [Reprinted with permission: Qian et al., 2009.] Dormancy: the image 

shows a dormant cancer cell (green, TC; white asterisk) located close to a blood vessel (red, 

V) in the brain. Cell nuclei are shown in blue. [Reprinted with permission: Ghajar et al., 

2013.] Many of the above functions involve the release of soluble factors by PV 

macrophages (green), and often activated by factors expressed by neighboring endothelial 

cells (red). Scale bars, 20 μm.
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