
Cancers 2014, 6, 1670-1690; doi:10.3390/cancers6031670 
 

cancers 
ISSN 2072-6694 

www.mdpi.com/journal/cancers 

Review 

Tumor-Associated Macrophages as Major Players in the  
Tumor Microenvironment 

Theerawut Chanmee 1, Pawared Ontong 2, Kenjiro Konno 3 and Naoki Itano 1,2,4,* 

1 Institute of Advanced Technology, Kyoto Sangyo University, Kita-ku, Kyoto 603-8555, Japan;  

E-Mail: k5372@cc.kyoto-su.ac.jp  
2 Division of Engineering (Biotechnology), Graduate School of Engineering, Kyoto Sangyo 

University, Kita-ku, Kyoto 603-8555, Japan; E-Mail: i1355034@cc.kyoto-su.ac.jp  
3 Department of Animal Medical Sciences, Faculty of Life Sciences, Kyoto Sangyo University,  

Kita-ku, Kyoto 603-8555, Japan; E-Mail: kkonno@cc.kyoto-su.ac.jp 
4 Department of Molecular Biosciences, Faculty of Life Sciences, Kyoto Sangyo University, Kita-ku, 

Kyoto 603-8555, Japan 

* Author to whom correspondence should be addressed; E-Mail: itanon@cc.kyoto-su.ac.jp;  

Tel./Fax: +81-75-705-3064. 

Received: 26 May 2014; in revised form: 27 July 2014 / Accepted: 5 August 2014 /  

Published: 13 August 2014 

 

Abstract: During tumor progression, circulating monocytes and macrophages are actively 

recruited into tumors where they alter the tumor microenvironment to accelerate tumor 

progression. Macrophages shift their functional phenotypes in response to various 

microenvironmental signals generated from tumor and stromal cells. Based on their 

function, macrophages are divided broadly into two categories: classical M1 and 

alternative M2 macrophages. The M1 macrophage is involved in the inflammatory 

response, pathogen clearance, and antitumor immunity. In contrast, the M2 macrophage 

influences an anti-inflammatory response, wound healing, and pro-tumorigenic properties. 

Tumor-associated macrophages (TAMs) closely resemble the M2-polarized macrophages 

and are critical modulators of the tumor microenvironment. Clinicopathological studies have 

suggested that TAM accumulation in tumors correlates with a poor clinical outcome. 

Consistent with that evidence, experimental and animal studies have supported the notion 

that TAMs can provide a favorable microenvironment to promote tumor development and 

progression. In this review article, we present an overview of mechanisms responsible for 

TAM recruitment and highlight the roles of TAMs in the regulation of tumor angiogenesis, 
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invasion, metastasis, immunosuppression, and chemotherapeutic resistance. Finally, we 

discuss TAM-targeting therapy as a promising novel strategy for an indirect cancer therapy. 

Keywords: tumor-associated macrophage; M2 macrophage; tumor progression; angiogenesis; 

tumor metastasis; immunosuppression; cancer stem cells 

 

1. Introduction 

Macrophages are innate immune cells that play a broad role in host defense and the maintenance of 

tissue homeostasis [1]. Tissue-resident and inflammatory macrophages originate from circulating bone 

marrow-derived monocytic precursors [2]. These precursor cells extravasate into target tissues where 

they differentiate into mature macrophages and polarize into diverse subsets that have different 

phenotypes in response to microenvironmental challenges [3]. Each polarized macrophage displays a 

differential expression profile of cytokines, enzymes, and cell-surface markers. In general, 

macrophages have been classified into two subsets: the classical M1 and the alternative M2 

macrophages [4]. The M1 phenotype is driven by the Th1 cytokine interferon-γ, bacterial moieties 

such as lipopolysaccharide (LPS), and Toll-like receptor (TLR) agonists. They are characterized by the 

production of pro-inflammatory factors such as IL-6, IL-12, IL-23, and tumor necrosis factor-α  

(TNF-α). Furthermore, the M1 macrophages express high levels of the major histocompatibility 

complex class I and class II molecules that are required for the presentation of tumor-specific antigens. 

Thus, the M1 macrophages serve as a critical cellular component involved in the inflammatory 

response and antitumor immunity. Conversely, the M2 macrophages exert anti-inflammatory and  

pro-tumorigenic activities. The M2 macrophages can be further subdivided into subsets called M2a, 

M2b, M2c, and M2d. The Th2 cytokines such as IL-4 and IL-13 can stimulate the conversion of 

macrophage to M2a phenotype, whereas the activation of TLRs and immune complexes induces the 

M2b macrophages, and IL-10 polarizes the M2c subtype. Within the tumor, macrophages are a major 

stromal component, where they are commonly termed TAMs. Reports of recent research have 

demonstrated that TAMs exhibit functions similar to those of M2 macrophages and can be 

characterized as the M2d subtype [5,6] (Figure 1). During tumor development, tumor-infiltrating  

M1-polarized macrophages are generally characterized by an IL-12high IL-10low phenotype and 

promote immune responses that elicit tumor cell disruption. During late-stage tumor progression, 

TAMs generally switch to an M2-like phenotype characterized by an IL-12low IL-10high phenotype and 

low tumoricidal activity [5]. Such TAMs have been shown to provide a favorable microenvironment 

for tumor growth, tumor survival, and angiogenesis [7–11]. Although several studies have reported 

that TAMs exhibit an anti-inflammatory phenotype, in recent years, activated TAMs have been shown 

to produce multiple pro-inflammatory cytokines, such as IL-6 [12], that are involved in the induction 

of genes important to tumor cell cycle progression and apoptosis suppression [13]. Clinicopathological 

studies have indicated that patients with higher TAM densities have significantly worse relapse-free 

survival and overall survival rates [14,15]. Therefore, TAM infiltration appears to be a significant 

unfavorable prognostic factor for cancer patients, and may be a potentially useful prognostic marker of  

clinical outcomes. 
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Figure 1. Macrophage polarization and its function. Tissue macrophages are derived from 

circulating monocyte and acquire either a classical M1 or alternative M2 phenotype 

depending on microenvironmental stimuli. M1 phenotype is driven by IFN-γ and LPS, and 

produce high levels of the pro-inflammatory cytokines such as IL-6, IL-12, IL-23, and TNF-α. 

M2 phenotype can be subdivided into M2a, M2b, M2c, and M2d according to different 

stimuli. M2 macrophages generally produced a high level of IL-10 and demonstrated with 

high levels of scavenger receptor, mannose receptor, IL-1 receptor antagonist, and IL-1 

decoy receptor. M1 phenotype drives pro-inflammatory, cytotoxic and antitumor responses. 

In contrast, M2 phenotype promotes angiogenesis, immunosuppression, and tumor 

progression. LPS indicates lipopolysaccharide; IC, immune complex; GC, glucocorticoid; 

SR, scavenger receptor; MR, mannose receptor; IL-1ra, IL-1 receptor antagonist; TLR, 

Toll-like receptor; MHC, major histocompatibility complex.  

 

2. Molecular Mechanisms of Monocyte/Macrophage Mobilization 

Circulating monocytes, derived from the bone marrow in the adult, give rise to tissue-resident and 

inflammatory macrophages throughout the body [3,16]. Similarly, TAMs are derived from circulating 

monocytes or tissue-resident macrophages [17]. Macrophage mobilization into tumor tissues is 

regulated by multiple microenvironmental cues such as cytokines, chemokines, extracellular matrix 

(ECM) components, and hypoxia (Figure 2). 
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Figure 2. Mechanisms underlying the recruitment of monocytes/macrophages into tumors. 

Circulating monocytes and tissue-resident macrophages are mobilized into the tumor in 

response to multiple microenvironmental cues such as cytokines, chemokines, ECM 

components, and hypoxia. Hypoxic areas release higher amount of chemoattractants such 

as EMAPII, endothelin, and VEGF-A that enhance macrophage migration to these hypoxic 

sites. Hypoxia also restrains macrophages by decreasing their mobility through the 

upregulation of MKP-1 enzymes; this terminates the macrophage response to chemoattractants 

outside the hypoxic areas. 

 

2.1. Soluble Factors Mediating Monocyte/Macrophage Mobilization into Tumors 

The recruitment of monocytes/macrophages into tumors is primarily regulated by cytokines, 

chemokines, and growth factors that are derived from tumor and stromal cells in the tumor 

microenvironment. Monocytes and macrophages migrate toward inflamed tissues under the influence 

of CCL2 (monocyte chemotactic protein-1; MCP-1) [18,19]. Clinicopathologically, the correlation 

between macrophage accumulation and the CCL2 level has been demonstrated in a broad spectrum of 

human tumors including breast [20], prostate [21], ovarian [22], and non-small lung cancers [23]. 

Experimental studies have also revealed the CCL2-dependent infiltration of macrophages into tumors [20]. 

For instance, systemic administration of CCL2-neutralizing antibodies in tumor-bearing mice or the 

short-hairpin RNA knockdown of CCR2 in the cancer cell lines significantly reduced tumor growth 
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along with reduced TAM recruitment [21]. Tumor-derived CCL2 acts as a potent factor for Th2 

polarization and shifts monocytes toward the M2-polarized macrophages [24,25]. Other CC chemokines 

including CCL3, CCL4, CCL5 (RANTES), and CCL22 (macrophage-derived chemokine) and some CXC 

chemokines, in particular CXCL8, may also be involved in TAM recruitment [6,26,27], because they are 

highly expressed in many human tumors and various tumor cell lines. Along with the chemokines, several 

cytokines such as colony-stimulating factor-1 (CSF-1) and endothelial monocyte-activating polypeptide II 

(EMAPII) have been implicated in the recruitment of monocytes into tumors [28,29]. Indeed, an elevated 

CSF-1 level correlates with marked macrophage infiltration in human metastatic breast cancer [30]. 

Xenograft experiments have further demonstrated that tumor cells transfected with CSF-1 gene 

exhibited an increase in TAM infiltration [31]. Certain growth factors including vascular endothelial 

growth factor (VEGF), endothelin 2, and platelet-derived growth factor (PDGF) have also been 

reported to promote monocyte/macrophage recruitment [32–34]. Within the complex tumor 

microenvironment, the orchestrated actions of these soluble factors can synergistically accelerate the 

mobilization of monocytes/macrophages and the conversion of these cells to TAMs, which leads to 

further alterations in the tumor microenvironment. 

2.2. Roles of ECM Components and Their Fragments in Controlling Macrophage Recruitment  

and Polarization 

ECM serve as a structural scaffold for innate immune cell infiltration. Hyaluronic acid (HA), a 

major ECM component, has recently been implicated in monocyte/macrophage trafficking [35]. de la 

Motte and colleagues have shown that cable-like ECM structures were formed after extensive HA 

deposition on poly(I:C)-treated mucosal smooth muscle cells; these structures were involved in the 

adhesion and recruitment of monocytes through the association with HA receptor CD44 [36]. Several 

HA-binding partners, such as the inter-α-inhibitor (IαI) heavy chains, TNF-stimulated gene-6 (TSG-6), 

and HA-binding proteoglycan versican, are located along the strands of the cable-like structures and 

are expected to play crucial roles in ECM formation during an inflammatory reaction [37]. There was 

evidence that the HA cables produced by human intestinal smooth muscle cells in response to 

poly(I:C) treatment promoted leukocyte adhesion in a manner that was dependent on the presence of 

IαI heavy chains and TSG-6 [38]. After binding to high-molecular-weight HA, versican also 

cooperatively enhances leukocyte adhesion to these cables, suggesting that the pericellular HA 

complex provides a suitable scaffold for macrophage mobilization. Our recent study demonstrated the 

preferential engagement of immunosuppressive M2 macrophages in a HA- and versican-rich tumor 

microenvironment [35]. 

Certain ECM molecules and their proteolytic fragments have been shown to act as inflammatory 

stimuli for the recruitment of innate immune cells and the expression of pro-inflammatory genes [39]. 

Elastin fragments generated by macrophage-derived matrix metalloproteinase (MMP)-9/12 exhibit a 

monocyte chemotactic activity [40]. Denatured and fragmented collagen I also functions as a strong 

chemoattractant for macrophages. Alternatively, TAM-derived oncofetal fibronectin not only promotes 

cancer cell invasion but also stimulates monocyte migration [41]. Soluble biglycan and its fragments 

act on macrophages to produce both TNF-α and MIP-2 in a manner that is dependent on TLR2 and 

TLR4, and thereby play a positive role in macrophage recruitment and activation [42]. Tenascin-C 
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induces cytokine synthesis in macrophages as an endogenous activator of TLR4 in arthritic joint 

disease [43]. Because elevated tenascin-C expression is often observed in the chronic inflammation of 

tumor stroma, an analogous mechanism may play an important role in inflammation in the tumor 

microenvironment. Kim and colleagues recently found that versican activated macrophages via TLR2 

and its co-receptors TLR6 and CD14 [44]. Oligosaccharides generated by hyaluronidase-catalyzed 

digestion of high-molecular-weight HA also utilize both TLR2 and TLR4 to stimulate inflammatory 

gene expression in macrophages and act as an endogenous danger signal [45]. Tumor-derived HA 

fragments have also been shown to promote the development of immunosuppressive M2 macrophages 

by triggering a transient early activation of monocytes [46]. 

2.3. Hypoxia Promotes Macrophage Recruitment into Hypoxic Areas 

Several pieces of evidence have shown that advanced solid tumors exhibit hypoxic areas within the 

tumor mass and that a high number of TAMs accumulate in the avascular areas of a wide range of 

human tumors [33]. VEGF-A [47], endothelin-2 [48], and EMAPII [49] have been implicated in the 

hypoxia-induced recruitment of macrophages. Deletion of myeloid-derived VEGF-A has been shown 

to reduce vascularization in solid tumors [50]. Casazza and colleagues demonstrated that TAM 

mobilization was dependent on the Semaphorin3A/Neuropilin-1 (Sema3A/Nrp1) signaling pathway. 

Because Sema3A acts as a chemoattractant for TAMs through binding to the Nrp1/PlexinA1 

(pA1)/PlexinA4 (pA4) homoreceptor complex, hypoxia-dependent induction of Sema3A may promote 

TAM migration toward the hypoxic area [51]. 

Once TAMs reach the hypoxic areas, hypoxia directs the macrophages toward a pro-tumorigenic 

phenotype by altering the gene expression profiles. Hypoxia-inducible factor (HIF)-1α is a key 

transcription factor that regulates hypoxia-induced gene expression [52,53]. Hypoxic induction of 

CXC receptor 4 (CXCR4) in monocytes and macrophages is dependent on HIF-1α, which is paralleled 

by increased chemotactic responsiveness to its specific ligand CXCL12 [54]. HIF-1α also induces 

CXCL12 expression in direct proportion to the reduced oxygen tension at hypoxic sites [55]. As such, 

CXCL12 recruits CXCR4-expressing circulating monocytes/macrophages to the hypoxic areas within 

tumors. Several groups have reported that hypoxia upregulates VEGF-A expression in TAMs in a  

HIF-1α-dependent manner [56]. Increased expression of the macrophage chemoattractants further 

elicits TAMs into the hypoxic areas by generating a positive feedback loop. 

On the other hand, hypoxia may also inhibit TAM migration and thereby cause them to accumulate 

within hypoxic areas. One possible mechanism is hypoxic induction of the enzyme mitogen-activated 

protein kinase phosphatase (MKP)-1 in TAMs. Evidence from a number of studies has suggested that 

MKP-1 terminates the response of TAMs to chemoattractants by inactivating ERK1/2 and p38 MAP 

kinase signaling pathways and thus keeps them at hypoxic sites [57]. Hypoxia also suppresses the 

expression of the chemokine receptors, CCR2 and CCR5, on macrophages and inhibits cell migration 

in response to the ligands [58]. 
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3. Polarization of Macrophages toward the Pro-Angiogenic Phenotype 

The tumor microenvironment often directs macrophage polarization from the M1 state that 

possesses inflammatory and antitumorigenic properties to the M2 state that has anti-inflammatory,  

pro-angiogenic, and pro-tumorigenic properties. TAMs generally have M2-like phenotypes that have 

the potential to secrete pro-angiogenic factors [59]. However, the specific phenotype of TAMs actually 

depends on the tumor progression stage [60]. In the early or regression stages of tumors, TAMs adopt 

the M1-like phenotype for the inhibition of angiogenesis in conjunction with the activation of tumor 

immunity. In contrast, TAMs shift to a M2-like state to enhance tumor angiogenesis in advanced 

tumors [60,61]. The polarization of macrophages toward the pro-angiogenic phenotype is regulated by 

hypoxia and the various signals derived from tumor and stromal cells [11,62]. Emerging evidence has 

suggested that the angiogenic switch in tumors depends on macrophage infiltration [63–65]. For 

instance, the pancreatic islet cancer model of CSF-1-deficient op/op mice displayed a substantial 

reduction in macrophage infiltration, angiogenic switching, and cumulative tumor burden [66]. 

Similarly, selective macrophage depletion using liposome-encapsulated clodronate (clodrolip) reduced 

angiogenesis in a transplanted tumor model [35]. 
TAMs secrete a wide range of pro-angiogenic mediators, including basic fibroblast growth factor, 

thymidine phosphorylase, urokinase-type plasminogen activator (uPA), and adrenomedullin (ADM), to 

facilitate tumor angiogenesis. Chen and colleagues found that infiltrating TAMs produced ADM when 

they interacted with melanoma cells. ADM also enhanced endothelial cell proliferation and tube 

formation by stimulating endothelial nitric oxide synthase [67], suggesting the pro-angiogenic action 

of TAM-derived ADM. TAMs sense hypoxia in avascular areas within tumors and release VEGF-A, a 

very potent pro-angiogenic factor [47,68]. Bingle and colleagues demonstrated that macrophage-derived 

VEGF-A in solid tumors contributed to the initiation of tumor angiogenesis with an increased number 

of vessels and branches. In the absence of macrophages, however, tumor angiogenesis was delayed [69]. 

At the hypoxic sites, HIF-1α upregulates VEGF-A expression in TAMs [70]. TAMs also secrete 

hypoxia-inducible proteolytic enzymes such as MMP-1 [71] and MMP-7 [72]. CD45+ monocytic cells, 

which are recruited into tumors during hypoxia facilitated tumor angiogenesis by MMP-9 secretion [73]. 

These MMPs releases sequestered VEGF from the ECM to accelerate tumor angiogenesis. 

Tie2-expressing monocytes (TEMs) are a subset of circulating and tumor-infiltrating monocytes 

that express the angiopoietin receptor Tie2 and promote tumor angiogenesis. Various phenotypic 

differences have emerged among TEMs, Tie2-negative monocytes, and TAMs. Similar to TAMs, 

TEMs express high levels of the pro-angiogenic MMP-9 and VEGF-A when compared with  

Tie2-negative monocytes [10]. Angiopoietin-2, which is secreted from both tumor cells and 

vasculature, markedly induces an M2-like phenotype in TEMs by upregulating IL-10 and mannose 

receptor expression [10] while decreasing TNF-α and IL-12 expression [74]. Furthermore, TEMs 

reportedly exhibited greater angiogenic potential than TAMs upon coinoculation with tumor cells in a 

mouse model [75]. Despite expressing high levels of TLR4, TEMs exhibit reduced pro-inflammatory 

activity in response to LPS [76]. 
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4. Macrophage-Dependent Promotion of Tumor Invasion and Metastasis 

TAMs are believed to directly and indirectly affect the metastatic process of tumor cells by 

modulating the tumor microenvironment [77,78]. Wyckoff and colleagues have developed a novel 

system to investigate the metastatic behavior of tumor cells using real-time imaging. Multi-photon 

imaging demonstrated that tumor cell intravasation occurs in association with TAMs in mammary 

tumors, which lends support to the notion that TAMs stimulate tumor metastasis [79]. Mechanistically, 

tumor cells synthesize CSF-1 in order to promote macrophage migration and macrophage-derived 

epidermal growth factor (EGF) enhances tumor cell invasion. Inhibition of CSF-1 or EGF abrogated 

the migration of both types of cells [80]. Thus, the paracrine loop between these factors has been 

proposed for the control of tumor cell invasion (Figure 3). 

Intrinsic and extrinsic signals originating from tumor cells and the tumor microenvironment 

actively support the metastatic processes of the tumor cells. Matrix components in the tumor 

microenvironment have been reported to modulate the function of TAMs to enhance metastatic 

survival and the outgrowth of tumor cells. Versican, a large chondroitin sulfate proteoglycan, which is 

more frequently expressed in malignant tumors and is implicated in tumor progression, has been 

shown to activate macrophages. Kim and colleagues demonstrated that Lewis lung carcinoma cells 

produced a large amount of versican that activated macrophages via TLR-2/TLR-6 and enhanced 

metastatic tumor growth [44]. Macrophages are the major source of various proteolytic enzymes such 

as cathepsins, MMPs, and serine proteases. It has been believed that macrophage-derived proteases 

degrade the surrounding ECM and thereby allow cancer cells to invade this barrier (Figure 3). 

Gocheva and colleagues found that the depletion of TAM-derived cathepsin B and S impaired tumor 

invasion [81], signifying the important role of TAM-derived proteases in tumor invasion. Similarly, 

TAMs significantly increased the migration and invasion of cancer cells by highly expressing uPA [82]. 

5. Significant Contribution of Macrophages to Pre-metastatic Niche Formation 

Cancer metastasis is a multistep process that requires the concerted action of both primary tumors 

and distant organs. Before metastatic tumor cells colonize, secondary organs undergo early changes in 

their local microenvironment, termed the “pre-metastatic niche.” Recent studies have shown that 

macrophage recruitment is an important step for metastatic cell survival and pre-metastatic niche 

formation. Gil-Bernabe and colleagues found that tumor-derived tissue factor (coagulation factor III or 

CD142) stimulated clot formation and enhanced subsequent tumor cell survival at the metastatic site 

by recruiting CD11b+/CD68+/F4/80+/CX3CR1+ macrophages [83]. Erler and colleagues identified the 

role of lysyl oxidase (LOX) in the formation of the pre-metastatic niche (Figure 3). LOX, a  

copper-dependent amine oxidase, stabilizes the ECM network by cross-linking collagen and elastin. 

LOX secreted from tumor cells forms the cross-links of collagen IV in the basement membranes at the 

pre-metastatic sites. CD11b+ myeloid cells then adhere to the cross-linked collagen IV and produce 

MMP-2. The collagen IV peptide cleaved by MMP-2 then enhances the further recruitment of CD11b+ 

cells as a chemoattractant [84]. This positive feed-forward loop eventually increases the extracellular 

matrix remodeling and the creation of the pre-metastatic niche. 
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Figure 3. TAMs support the dissemination of tumor cells from primary to secondary sites. 

Metastatic processes begin with the invasion of tumor cells through the surrounding ECM, 

intravasation into the circulation, extravasation, and colonization at secondary sites. TAMs 

modulate the tumor microenvironment to allow tumor cell invasion by secreting growth 

factors and proteolytic enzymes. Remodeling of distant microenvironments can be induced 

by tumor-derived factors prior to the colonization of primary tumor cells. These factors 

stimulate local macrophages and endothelial cells to promote the recruitment of Mac1+ 

myeloid cells. Mac1+ myeloid cells are involved in increased ECM remodeling and  

pre-metastatic niche formation to allow metastatic tumor colonization. After the successful 

seeding of tumor cells at secondary sites, recruitment of macrophages and stromal cells are 

required to support the metastatic outgrowth. 

 

Hiratsuka and colleagues have demonstrated that primary tumors stimulated the expression of 

S100A8 and S100A9 proteins in the lung by secreting VEGF-A, TNF-α, and TGF-β. Both S100A8 

and S100A9 proteins subsequently induced the recruitment of macrophage antigen 1 (Mac1)-positive 

myeloid cells to the pre-metastatic milieu. Neutralization of these factors with specific antibodies 

blocked the infiltration of Mac1+ myeloid cells and the migration of cancer cells from primary tumors 

to the lung [85], suggesting that the S100A8 and S100A9 proteins could play a critical role in the 

formation of the pre-metastatic niche. They also found that S100A8 and S100A9 induced the 

expression of serum amyloid A3 in alveolar macrophages as well as in endothelial cells [86]. Serum 

amyloid A3 and S100A8 increased vascular permeability through the engagement of TLR4 and MD-2, 

a co-receptor for TLR4, on lung endothelial cells [87]. Because tumor cells preferentially metastasize 
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to the hyperpermeable region of the vasculature in the target organs [88], their findings propose a 

novel mechanism for the macrophage-dependent enhancement of metastatic processes (Figure 3). 

6. TAM-Mediated Immunosuppression in Tumor Microenvironment 

Escape of tumor cells from immunosurveillance is one of critical events that regulate tumor growth, 

survival, and metastasis. TAMs in a M2 macrophage-like state possess a poor antigen-presenting 

capability and suppress the immune response of T cells by releasing the immunosuppressive factors, 

IL-10 and TGF-β [89]. Kuang and colleagues observed that TNF-α and IL-10 secretion from activated 

monocytes strongly induced the expression of programmed cell death 1 (PD-L1) in an autocrine 

manner. PD-L1-positive monocytes induced T cell dysfunction, as defined by the presence of low 

cytotoxicity to tumor cells and a reduction in T cell proliferation [90]. Blocking PD-L1 with a specific 

antibody improved specific T cell immunity, suggesting that PD-L1 limits the capacity of T cells to 

eliminate tumor cells (Figure 4). 

An increased number of regulatory T cells are commonly found in various tumors [91–94]. 

CD4+CD25+FOXP3+ tumor-infiltrating regulatory T cells (Treg) counteract T cell-mediated immune 

responses. Intratumoral Treg trafficking is mediated through the CCL22/CCR4 axis [95]. In human 

ovarian carcinoma, TAMs produce the chemokine CCL22, which is one of the CCR4 ligands, as a 

mediator for the trafficking of Tregs to the tumor [93,96] (Figure 4). 

Figure 4. TAMs induce immune dysfunction and enhance tumor progression. Immune 

system promotes the elimination of tumor by the function of CD8+ T cell, NK cell, and M1 

macrophage. These immune responses are modulated or suppressed by the tumor 

microenvironment to allow tumor cells survival. The inefficacy of immune cells to destroy 

tumor is regulated by TAMs. TAMs support the immunosuppression in tumor by secreting 

several factors such as CCL22, IL-10, and TGF-β. Treg recruitment into tumor is 

controlled by the CCL22/CCR4 axis. These cells suppress immune surveillance through 

multiple mechanisms including inhibition of T cell proliferation and activation or 

inhibition of NK cell cytotoxicity. Releasing of immunosuppressive factors such as IL-10 

and TGF-β can also polarize M1 to M2 macrophage. TAMs also directly inhibit T cell 

proliferation and cytotoxicity by the PD-L1/PD1 signaling axis.  
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Figure 4. Cont. 

 

7. Roles of TAMs in Self-Renewal and Chemotherapeutic Resistance of Cancer Stem Cells 

Cancer stem cells (CSCs) represent a population of cancer cells that possess the ability to  

self-renew and give rise to malignant progeny. CSCs have also emerged as a major driving force 

governing tumor recurrence due to their resistance to chemotherapeutic agents [97,98]. TAMs have 

been reported to control both the self-renewal and drug resistance of CSCs through a complex network 

of cytokines, chemokines, growth factors, and extracellular matrix molecules. Yi and colleagues found 

that glioma-initiating cells produced CCL2, CCL5, VEGF-A, and neurotensin at higher levels than the 

glioma cells; these findings suggest that CSCs play an important role in TAM recruitment by secreting 

macrophage chemoattractants [99]. Another study also proposed various roles for TAMs in CSC  

self-renewal through the paracrine loop of the EGF signaling pathway. Yang and colleagues reported 

that TAMs promoted CSC-like phenotypes in murine breast cancer cells by activating the EGF 

signaling pathway. The EGF signal stimulated Stat3 phosphorylation and induced Sox-2 expression 

that was required for the maintenance of CSC phenotypes [100]. Matrix components in tumor 

microenvironment can also modulate the function of TAMs to support CSC self-renewal. Okuda and 

colleagues reported that HA produced by metastatic breast CSCs enhanced tumor invasion and 

metastasis into the bone microenvironment [101]. Mechanistically, HA promotes the interaction 

between TAMs and CSCs followed by PDGF-BB secretion from TAMs. The TAM-derived PDGF-BB 

then activates fibroblasts and osteoblasts to support CSC self-renewal through the induction of 

fibroblast growth factor (FGF)-7 and FGF-9 expression. 

8. Future Prospects in TAM-Targeting Cancer Therapy 

Increasing evidence has demonstrated that TAM accumulation is associated with poor clinical 

prognosis and resistance to cancer therapy [102,103]. This is in part from the immunosuppressive and 

tumor-promoting activities of TAMs. Based on these findings, TAMs are emerging as attractive targets 
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for therapeutic intervention. Recently, several studies on TAM-targeting cancer therapy have focused 

on the following strategies: inhibition of macrophage recruitment, conversion of pro-tumorigenic M2 

to the antitumor M1 phenotype, and suppression of TAM survival. 

As described above, tumor- and stroma-derived chemoattractants facilitate macrophage recruitment 

into tumors. Thus, the inhibition of macrophage recruitment through the modulation of the 

chemoattractants may become a more effective cancer therapy. Indeed, the pharmacological inhibition 

of CCL2 with Bindarit reduced macrophage recruitment and suppressed tumor growth [104]. The 

selective inhibition of VEGFR2 with a specific monoclonal antibody reduced macrophage infiltration 

and tumor growth [105]. Colony-stimulating factor 1 receptor (CSF-1R)-targeted therapy may be 

another strategy for manipulating intratumoral macrophage numbers. The humanized monoclonal 

antibody RG7155 potently inhibits CSF-1R dimerization. The clinical activity of RG7155 was 

evaluated in patients with diffuse-type giant cell tumor and was shown to induce a striking reduction in 

the CSF-1R+CD163+ macrophage population within tumor tissues [106]. PLX3397, a potent tyrosine 

kinase inhibitor of CSF-1R, enhanced the efficacy of immunotherapy by decreasing macrophage 

infiltration and activating tumor-infiltrating lymphocytes [107]. In line with these strategies, other 

macrophage chemoattractants such as CCL5 and CXCL12 may be promising targets for drug 

development [108–110]. 

Because the classical M1 macrophage possesses antitumor activity, the polarization from  

tumor-promoting M2 to tumoricidal M1 macrophages appears to be a better potential target for cancer 

therapy. Several studies have reported that TLR activation leads tumor-supporting macrophages to 

tumoricidal effectors. In tumor-bearing mice, Shime and colleagues found that activation of TLR3/ 

Toll-IL-1 receptor domain-containing adaptor molecule 1 by Poly(I:C) rapidly induced the production of 

pro-inflammatory cytokines and thereafter accelerated M1 macrophage polarization [111]. Zoledronic 

acid, a clinical drug for cancer therapy, has been found to inhibit spontaneous mammary carcinogenesis 

by reverting macrophages from the M2 phenotype to the M1 phenotype [112]. Emerging evidence has 

indicated that intratumoral blood vessels contain structural and functional abnormalities. This 

abnormal tumor vasculature alters the tumor microenvironment and influences tumor progression and 

responses to cancer therapy. Thus, the restoration of normal blood vessel structure and function may 

enhance cancer treatment. The re-education of TAMs within the tumor could block the  

pro-tumorigenic effects of TAMs through vascular normalization. Zhang et al. reported that 

polarization from an M2 to M1 phenotype suppressed mammary tumor growth and angiogenesis  

in vivo [113]. Recently, Rolny et al. demonstrated that histidine-rich glycoprotein (HRG) inhibited 

tumor growth and metastasis by inducing macrophage polarization and vessel normalization via 

downregulation of the placental growth factor (PlGF) [114]. 

It has been generally believed that suppression of TAM survival improves the therapeutic approach to 

tumors. One of the effective strategies to kill TAMs is to directly induce apoptosis in TAMs using chemical 

or synthetic drugs. Trabectedin (ET-743) is an antitumor drug for the treatment of soft tissue sarcoma and 

relapsed platinum-sensitive ovarian cancer patients. This compound can selectively deplete TAMs in tumor 

patients by activating the extrinsic apoptotic pathway via TRAIL receptors [115]. Since Trabectedin not 

only targets TAM function but also directly affects monocyte/macrophage-mediated host defense [115], 

developing TAM-specific agents would be therefore required to limit the side effects. Cieslewicz and 

colleagues developed a unique peptide M2pep that preferentially binds to M2 macrophages. A study in 
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tumor-bearing mice demonstrated that M2pep carrying a pro-apoptotic peptide selectively killed 

TAMs and improved survival rates in the mice [116]. 

9. Conclusions  

TAMs comprise a part of the tumor microenvironment in aggressive tumors, and their mobilization 

into tumor tissues is a critical event in malignant progression. Macrophage recruitment and 

polarization are regulated by multiple cues from tumor cells and the tumor microenvironment. Upon 

direct or indirect interaction with TAMs and tumor microenvironments, TAMs synthesized and 

released a vast diversity of growth factors, cytokines, chemokines, ECM components, and protease 

enzymes. These TAM-derived factors then promoted matrix remodeling, angiogenesis, anti-immune 

responses, and tumor progression. TAMs are also involved in the resistance of CSCs to chemotherapeutic 

drugs. Because high TAM infiltration is associated with poor prognosis and therapeutic failure in 

cancer patients, reprogramming of TAM toward an antitumor M1 phenotype, inhibition of TAM 

recruitment, and suppression of TAM survival may become the foci of promising novel cancer therapies. 

Acknowledgments 

This work was supported in part by grants from JSPS KAKENHI Grant Number 23590478 and 

26430125 (to N.I.) and Kyoto Sangyo University Research Grant Number C1301 (to N.I.)  

Author Contributions 

Theerawut Chanmee, Pawared Ontong, Kenjiro Konno, and Naoki Itano prepared and wrote the 

manuscript. All authors read and approved the final manuscript. 

Conflicts of Interest  

The authors declare no conflict of interest. 

References 

1. Gordon, S.; Martinez, F.O. Alternative activation of macrophages: Mechanism and functions. 

Immunity 2010, 32, 593–604. 

2. Davies, L.C.; Jenkins, S.J.; Allen, J.E.; Taylor, P.R. Tissue-resident macrophages. Nat. Immunol. 

2013, 14, 986–995. 

3. Murray, P.J.; Wynn, T.A. Protective and pathogenic functions of macrophage subsets. Nat. Rev. 

Immunol. 2011, 11, 723–737. 

4. Mantovani, A.; Sozzani, S.; Locati, M.; Allavena, P.; Sica, A. Macrophage polarization:  

Tumor-associated macrophages as a paradigm for polarized M2 mononuclear phagocytes. Trends 

Immunol. 2002, 23, 549–555. 

5. Sica, A.; Mantovani, A. Macrophage plasticity and polarization: In vivo veritas. J. Clin. Invest. 

2012, 122, 787–795. 

6. Hao, N.B.; Lu, M.H.; Fan, Y.H.; Cao, Y.L.; Zhang, Z.R.; Yang, S.M. Macrophages in tumor 

microenvironments and the progression of tumors. Clin. Dev. Immunol. 2012, 2012, 948098. 



Cancers 2014, 6 1683 

 

7. Pollard, J.W. Tumour-educated macrophages promote tumour progression and metastasis. Nat. 

Rev. Cancer 2004, 4, 71–78. 

8. Mantovani, A.; Sica, A. Macrophages, innate immunity and cancer: Balance, tolerance, and 

diversity. Curr. Opin. Immunol. 2010, 22, 231–237. 

9. Van Ginderachter, J.A.; Movahedi, K.; Hassanzadeh Ghassabeh, G.; Meerschaut, S.; Beschin, A.; 

Raes, G.; de Baetselier, P. Classical and alternative activation of mononuclear phagocytes: 

Picking the best of both worlds for tumor promotion. Immunobiology 2006, 211, 487–501. 

10. Coffelt, S.B.; Tal, A.O.; Scholz, A.; de Palma, M.; Patel, S.; Urbich, C.; Biswas, S.K.; Murdoch, C.; 

Plate, K.H.; Reiss, Y.; Lewis, C.E. Angiopoietin-2 regulates gene expression in TIE2-expressing 

monocytes and augments their inherent proangiogenic functions. Cancer Res. 2010, 70, 5270–5280. 

11. Movahedi, K.; Laoui, D.; Gysemans, C.; Baeten, M.; Stange, G.; van den Bossche, J.; Mack, M.; 

Pipeleers, D.; in’t Veld, P.; de Baetselier, P.; van Ginderachter, J.A. Different tumor 

microenvironments contain functionally distinct subsets of macrophages derived from 

Ly6C(high) monocytes. Cancer Res. 2010, 70, 5728–5739. 

12. Mantovani, A.; Allavena, P.; Sica, A.; Balkwill, F. Cancer-related inflammation. Nature 2008, 

454, 436–444. 

13. Liao, Q.; Zeng, Z.; Guo, X.; Li, X.; Wei, F.; Zhang, W.; Chen, P.; Liang, F.; Xiang, B.; Ma, J.; et al. 

LPLUNC1 suppresses IL-6-induced nasopharyngeal carcinoma cell proliferation via inhibiting 

the Stat3 activation. Oncogene 2014, 33, 2098–2109. 

14. Zijlmans, H.J.; Fleuren, G.J.; Baelde, H.J.; Eilers, P.H.; Kenter, G.G.; Gorter, A. The absence of 

CCL2 expression in cervical carcinoma is associated with increased survival and loss of 

heterozygosity at 17q11.2. J. Pathol. 2006, 208, 507–517. 

15. Tsutsui, S.; Yasuda, K.; Suzuki, K.; Tahara, K.; Higashi, H.; Era, S. Macrophage infiltration and 

its prognostic implications in breast cancer: The relationship with VEGF expression and 

microvessel density. Oncol. Rep. 2005, 14, 425–431. 

16. Gordon, S.; Taylor, P.R. Monocyte and macrophage heterogeneity. Nat. Rev. Immunol. 2005, 5, 

953–964. 

17. Dalton, H.J.; Armaiz-Pena, G.N.; Gonzalez-Villasana, V.; Lopez-Berestein, G.; Bar-Eli, M.; 

Sood, A.K. Monocyte subpopulations in angiogenesis. Cancer Res. 2014, 74, 1287–1293. 

18. Roca, H.; Varsos, Z.S.; Sud, S.; Craig, M.J.; Ying, C.; Pienta, K.J. CCL2 and interleukin-6 

promote survival of human CD11b+ peripheral blood mononuclear cells and induce M2-type 

macrophage polarization. J. Biol. Chem. 2009, 284, 34342–34354. 

19. Zhang, J.; Lu, Y.; Pienta, K.J. Multiple roles of chemokine (C-C motif) ligand 2 in promoting 

prostate cancer growth. J. Natl. Cancer Inst. 2010, 102, 522–528. 

20. Qian, B.Z.; Li, J.; Zhang, H.; Kitamura, T.; Zhang, J.; Campion, L.R.; Kaiser, E.A.; Snyder, L.A.; 

Pollard, J.W. CCL2 recruits inflammatory monocytes to facilitate breast-tumour metastasis. 

Nature 2011, 475, 222–225. 

21. Mizutani, K.; Sud, S.; McGregor, N.A.; Martinovski, G.; Rice, B.T.; Craig, M.J.; Varsos, Z.S.; 

Roca, H.; Pienta, K.J. The chemokine CCL2 increases prostate tumor growth and bone 

metastasis through macrophage and osteoclast recruitment. Neoplasia 2009, 11, 1235–1242. 



Cancers 2014, 6 1684 

 

22. Negus, R.P.; Stamp, G.W.; Relf, M.G.; Burke, F.; Malik, S.T.; Bernasconi, S.; Allavena, P.; 

Sozzani, S.; Mantovani, A.; Balkwill, F.R. The detection and localization of monocyte 

chemoattractant protein-1 (MCP-1) in human ovarian cancer. J. Clin. Invest. 1995, 95, 2391–2396. 

23. Arenberg, D.A.; Keane, M.P.; DiGiovine, B.; Kunkel, S.L.; Strom, S.R.; Burdick, M.D.; 

Iannettoni, M.D.; Strieter, R.M. Macrophage infiltration in human non-small-cell lung cancer: 

The role of CC chemokines. Cancer Immunol. Immunother. 2000, 49, 63–70. 

24. Sierra-Filardi, E.; Nieto, C.; Dominguez-Soto, A.; Barroso, R.; Sanchez-Mateos, P.;  

Puig-Kroger, A.; Lopez-Bravo, M.; Joven, J.; Ardavin, C.; Rodriguez-Fernandez, J.L.; et al. 

CCL2 shapes macrophage polarization by GM-CSF and M-CSF: Identification of CCL2/ 

CCR2-dependent gene expression profile. J. Immunol. 2014, 192, 3858–3867. 

25. Gu, L.; Tseng, S.; Horner, R.M.; Tam, C.; Loda, M.; Rollins, B.J. Control of TH2 polarization by 

the chemokine monocyte chemoattractant protein-1. Nature 2000, 404, 407–411. 

26. Wu, Y.; Li, Y.Y.; Matsushima, K.; Baba, T.; Mukaida, N. CCL3-CCR5 axis regulates 

intratumoral accumulation of leukocytes and fibroblasts and promotes angiogenesis in murine 

lung metastasis process. J. Immunol. 2008, 181, 6384–6393. 

27. Milliken, D.; Scotton, C.; Raju, S.; Balkwill, F.; Wilson, J. Analysis of chemokines and 

chemokine receptor expression in ovarian cancer ascites. Clin. Cancer Res. 2002, 8, 1108–1114. 

28. Lin, E.Y.; Nguyen, A.V.; Russell, R.G.; Pollard, J.W. Colony-stimulating factor 1 promotes 

progression of mammary tumors to malignancy. J. Exp. Med. 2001, 193, 727–740. 

29. Kao, J.; Houck, K.; Fan, Y.; Haehnel, I.; Libutti, S.K.; Kayton, M.L.; Grikscheit, T.; Chabot, J.; 

Nowygrod, R.; Greenberg, S.; et al. Characterization of a novel tumor-derived cytokine. 

Endothelial-monocyte activating polypeptide II. J. Biol. Chem. 1994, 269, 25106–25119. 

30. Scholl, S.M.; Pallud, C.; Beuvon, F.; Hacene, K.; Stanley, E.R.; Rohrschneider, L.; Tang, R.; 

Pouillart, P.; Lidereau, R. Anti-colony-stimulating factor-1 antibody staining in primary breast 

adenocarcinomas correlates with marked inflammatory cell infiltrates and prognosis. J. Natl. 

Cancer Inst. 1994, 86, 120–126. 

31. Dorsch, M.; Hock, H.; Kunzendorf, U.; Diamantstein, T.; Blankenstein, T. Macrophage  

colony-stimulating factor gene transfer into tumor cells induces macrophage infiltration but not 

tumor suppression. Eur. J. Immunol. 1993, 23, 186–190. 

32. Balkwill, F. Cancer and the chemokine network. Nat. Rev. Cancer 2004, 4, 540–550. 

33. Murdoch, C.; Giannoudis, A.; Lewis, C.E. Mechanisms regulating the recruitment of macrophages 

into hypoxic areas of tumors and other ischemic tissues. Blood 2004, 104, 2224–2234. 

34. Solinas, G.; Germano, G.; Mantovani, A.; Allavena, P. Tumor-associated macrophages (TAM) as 

major players of the cancer-related inflammation. J. Leukoc. Biol. 2009, 86, 1065–1073. 

35. Kobayashi, N.; Miyoshi, S.; Mikami, T.; Koyama, H.; Kitazawa, M.; Takeoka, M.; Sano, K.; 

Amano, J.; Isogai, Z.; Niida, S.; et al. Hyaluronan deficiency in tumor stroma impairs 

macrophage trafficking and tumor neovascularization. Cancer Res. 2010, 70, 7073–7083. 

36. De La Motte, C.A.; Hascall, V.C.; Calabro, A.; Yen-Lieberman, B.; Strong, S.A. Mononuclear 

leukocytes preferentially bind via CD44 to hyaluronan on human intestinal mucosal smooth muscle 

cells after virus infection or treatment with poly(I·C). J. Biol. Chem. 1999, 274, 30747–30755. 

37. Day, A.J.; Prestwich, G.D. Hyaluronan-binding proteins: Tying up the giant. J. Biol. Chem. 

2002, 277, 4585–4588. 



Cancers 2014, 6 1685 

 

38. De la Motte, C.A.; Hascall, V.C.; Drazba, J.; Bandyopadhyay, S.K.; Strong, S.A. Mononuclear 

leukocytes bind to specific hyaluronan structures on colon mucosal smooth muscle cells treated 

with polyinosinic acid:polycytidylic acid: Inter-alpha-trypsin inhibitor is crucial to structure and 

function. Am. J. Pathol. 2003, 163, 121–133. 

39. Chiodoni, C.; Colombo, M.P.; Sangaletti, S. Matricellular proteins: From homeostasis to 

inflammation, cancer, and metastasis. Cancer Metastasis Rev. 2010, 29, 295–307. 

40. Houghton, A.M.; Quintero, P.A.; Perkins, D.L.; Kobayashi, D.K.; Kelley, D.G.; Marconcini, L.A.; 

Mecham, R.P.; Senior, R.M.; Shapiro, S.D. Elastin fragments drive disease progression in a 

murine model of emphysema. J. Clin. Invest. 2006, 116, 753–759. 

41. Solinas, G.; Schiarea, S.; Liguori, M.; Fabbri, M.; Pesce, S.; Zammataro, L.; Pasqualini, F.; 

Nebuloni, M.; Chiabrando, C.; Mantovani, A.; et al. Tumor-conditioned macrophages secrete 

migration-stimulating factor: A new marker for M2-polarization, influencing tumor cell motility. 

J. Immunol. 2010, 185, 642–652. 

42. Schaefer, L.; Babelova, A.; Kiss, E.; Hausser, H.J.; Baliova, M.; Krzyzankova, M.; Marsche, G.; 

Young, M.F.; Mihalik, D.; Gotte, M.; et al. The matrix component biglycan is proinflammatory and 

signals through Toll-like receptors 4 and 2 in macrophages. J. Clin. Invest. 2005, 115, 2223–2233. 

43. Midwood, K.; Sacre, S.; Piccinini, A.M.; Inglis, J.; Trebaul, A.; Chan, E.; Drexler, S.; Sofat, N.; 

Kashiwagi, M.; Orend, G.; et al. Tenascin-C is an endogenous activator of Toll-like receptor 4 that is 

essential for maintaining inflammation in arthritic joint disease. Nat. Med. 2009, 15, 774–780. 

44. Kim, S.; Takahashi, H.; Lin, W.W.; Descargues, P.; Grivennikov, S.; Kim, Y.; Luo, J.L.; Karin, M. 

Carcinoma-produced factors activate myeloid cells through TLR2 to stimulate metastasis. Nature 

2009, 457, 102–106. 

45. Scheibner, K.A.; Lutz, M.A.; Boodoo, S.; Fenton, M.J.; Powell, J.D.; Horton, M.R. Hyaluronan 

fragments act as an endogenous danger signal by engaging TLR2. J. Immunol. 2006, 177,  

1272–1281. 

46. Kuang, D.M.; Wu, Y.; Chen, N.; Cheng, J.; Zhuang, S.M.; Zheng, L. Tumor-derived hyaluronan 

induces formation of immunosuppressive macrophages through transient early activation of 

monocytes. Blood 2007, 110, 587–595. 

47. Lewis, J.S.; Landers, R.J.; Underwood, J.C.; Harris, A.L.; Lewis, C.E. Expression of vascular 

endothelial growth factor by macrophages is up-regulated in poorly vascularized areas of breast 

carcinomas. J. Pathol. 2000, 192, 150–158. 

48. Grimshaw, M.J.; Wilson, J.L.; Balkwill, F.R. Endothelin-2 is a macrophage chemoattractant: 

Implications for macrophage distribution in tumors. Eur. J. Immunol. 2002, 32, 2393–2400. 

49. Matschurat, S.; Knies, U.E.; Person, V.; Fink, L.; Stoelcker, B.; Ebenebe, C.; Behrensdorf, H.A.; 

Schaper, J.; Clauss, M. Regulation of EMAP II by hypoxia. Am. J. Pathol. 2003, 162, 93–103. 

50. Korsisaari, N.; Kasman, I.M.; Forrest, W.F.; Pal, N.; Bai, W.; Fuh, G.; Peale, F.V.; Smits, R.; 

Ferrara, N. Inhibition of VEGF-A prevents the angiogenic switch and results in increased 

survival of Apc+/min mice. Proc. Natl. Acad. Sci. USA 2007, 104, 10625–10630. 

51. Casazza, A.; Laoui, D.; Wenes, M.; Rizzolio, S.; Bassani, N.; Mambretti, M.; Deschoemaeker, S.; 

van Ginderachter, J.A.; Tamagnone, L.; Mazzone, M. Impeding macrophage entry into hypoxic 

tumor areas by Sema3A/Nrp1 signaling blockade inhibits angiogenesis and restores antitumor 

immunity. Cancer Cell 2013, 24, 695–709. 



Cancers 2014, 6 1686 

 

52. Burke, B.; Tang, N.; Corke, K.P.; Tazzyman, D.; Ameri, K.; Wells, M.; Lewis, C.E.  

Expression of HIF-1alpha by human macrophages: Implications for the use of macrophages in 

hypoxia-regulated cancer gene therapy. J. Pathol. 2002, 196, 204–212. 

53. Talks, K.L.; Turley, H.; Gatter, K.C.; Maxwell, P.H.; Pugh, C.W.; Ratcliffe, P.J.; Harris, A.L. The 

expression and distribution of the hypoxia-inducible factors HIF-1alpha and HIF-2alpha in normal 

human tissues, cancers, and tumor-associated macrophages. Am. J. Pathol. 2000, 157, 411–421. 

54. Schioppa, T.; Uranchimeg, B.; Saccani, A.; Biswas, S.K.; Doni, A.; Rapisarda, A.; Bernasconi, S.; 

Saccani, S.; Nebuloni, M.; Vago, L.; et al. Regulation of the chemokine receptor CXCR4 by 

hypoxia. J. Exp. Med. 2003, 198, 1391–1402. 

55. Ceradini, D.J.; Kulkarni, A.R.; Callaghan, M.J.; Tepper, O.M.; Bastidas, N.; Kleinman, M.E.; 

Capla, J.M.; Galiano, R.D.; Levine, J.P.; Gurtner, G.C. Progenitor cell trafficking is regulated by 

hypoxic gradients through HIF-1 induction of SDF-1. Nat. Med. 2004, 10, 858–864. 

56. Eubank, T.D.; Roda, J.M.; Liu, H.; O’Neil, T.; Marsh, C.B. Opposing roles for HIF-1alpha and  

HIF-2alpha in the regulation of angiogenesis by mononuclear phagocytes. Blood 2011, 117,  

323–332. 

57. Grimshaw, M.J.; Balkwill, F.R. Inhibition of monocyte and macrophage chemotaxis by hypoxia 

and inflammation—a potential mechanism. Eur. J. Immunol. 2001, 31, 480–489. 

58. Sica, A.; Saccani, A.; Bottazzi, B.; Bernasconi, S.; Allavena, P.; Gaetano, B.; Fei, F.;  

LaRosa, G.; Scotton, C.; Balkwill, F.; et al. Defective expression of the monocyte chemotactic 

protein-1 receptor CCR2 in macrophages associated with human ovarian carcinoma. J. Immunol. 

2000, 164, 733–738. 

59. Qian, B.Z.; Pollard, J.W. Macrophage diversity enhances tumor progression and metastasis. Cell 

2010, 141, 39–51. 

60. Zaynagetdinov, R.; Sherrill, T.P.; Polosukhin, V.V.; Han, W.; Ausborn, J.A.; McLoed, A.G.; 

McMahon, F.B.; Gleaves, L.A.; Degryse, A.L.; Stathopoulos, G.T.; et al. A critical role for 

macrophages in promotion of urethane-induced lung carcinogenesis. J. Immunol. 2011, 187, 

5703–5711. 

61. Gordon, S.; Mantovani, A. Diversity and plasticity of mononuclear phagocytes. Eur. J. Immunol. 

2011, 41, 2470–2472. 

62. Sica, A.; Larghi, P.; Mancino, A.; Rubino, L.; Porta, C.; Totaro, M.G.; Rimoldi, M.;  

Biswas, S.K.; Allavena, P.; Mantovani, A. Macrophage polarization in tumour progression. 

Semin. Cancer Biol. 2008, 18, 349–355. 

63. Murdoch, C.; Muthana, M.; Coffelt, S.B.; Lewis, C.E. The role of myeloid cells in the promotion 

of tumour angiogenesis. Nat. Rev. Cancer 2008, 8, 618–631. 

64. Nakao, S.; Kuwano, T.; Tsutsumi-Miyahara, C.; Ueda, S.; Kimura, Y.N.; Hamano, S.;  

Sonoda, K.H.; Saijo, Y.; Nukiwa, T.; Strieter, R.M.; et al. Infiltration of COX-2-expressing 

macrophages is a prerequisite for IL-1 beta-induced neovascularization and tumor growth.  

J. Clin. Invest. 2005, 115, 2979–2991. 

65. Etoh, T.; Shibuta, K.; Barnard, G.F.; Kitano, S.; Mori, M. Angiogenin expression in human 

colorectal cancer: The role of focal macrophage infiltration. Clin. Cancer Res. 2000, 6, 3545–3551. 



Cancers 2014, 6 1687 

 

66. Lin, E.Y.; Li, J.F.; Bricard, G.; Wang, W.; Deng, Y.; Sellers, R.; Porcelli, S.A.; Pollard, J.W. 

Vascular endothelial growth factor restores delayed tumor progression in tumors depleted of 

macrophages. Mol. Oncol. 2007, 1, 288–302. 

67. Chen, P.; Huang, Y.; Bong, R.; Ding, Y.; Song, N.; Wang, X.; Song, X.; Luo, Y. Tumor-associated 

macrophages promote angiogenesis and melanoma growth via adrenomedullin in a paracrine and 

autocrine manner. Clin. Cancer Res. 2011, 17, 7230–7239. 

68. Laoui, D.; van Overmeire, E.; di Conza, G.; Aldeni, C.; Keirsse, J.; Morias, Y.; Movahedi, K.; 

Houbracken, I.; Schouppe, E.; Elkrim, Y.; et al. Tumor hypoxia does not drive differentiation of 

tumor-associated macrophages but rather fine-tunes the M2-like macrophage population. Cancer 

Res. 2014, 74, 24–30. 

69. Bingle, L.; Lewis, C.E.; Corke, K.P.; Reed, M.W.; Brown, N.J. Macrophages promote 

angiogenesis in human breast tumour spheroids in vivo. Br. J. Cancer 2006, 94, 101–107. 

70. Guruvayoorappan, C. Tumor versus tumor-associated macrophages: How hot is the link? Integr. 

Cancer Ther. 2008, 7, 90–95. 

71. Murdoch, C.; Lewis, C.E. Macrophage migration and gene expression in response to tumor 

hypoxia. Int. J. Cancer 2005, 117, 701–708. 

72. Burke, B.; Giannoudis, A.; Corke, K.P.; Gill, D.; Wells, M.; Ziegler-Heitbrock, L.; Lewis, C.E. 

Hypoxia-induced gene expression in human macrophages: Implications for ischemic tissues and 

hypoxia-regulated gene therapy. Am. J. Pathol. 2003, 163, 1233–1243. 

73. Du, R.; Lu, K.V.; Petritsch, C.; Liu, P.; Ganss, R.; Passegue, E.; Song, H.; Vandenberg, S.; 

Johnson, R.S.; Werb, Z.; et al. HIF1alpha induces the recruitment of bone marrow-derived 

vascular modulatory cells to regulate tumor angiogenesis and invasion. Cancer Cell 2008, 13, 

206–220. 

74. Murdoch, C.; Tazzyman, S.; Webster, S.; Lewis, C.E. Expression of Tie-2 by human monocytes 

and their responses to angiopoietin-2. J. Immunol. 2007, 178, 7405–7411. 

75. De Palma, M.; Venneri, M.A.; Galli, R.; Sergi Sergi, L.; Politi, L.S.; Sampaolesi, M.; Naldini, L. 

Tie2 identifies a hematopoietic lineage of proangiogenic monocytes required for tumor vessel 

formation and a mesenchymal population of pericyte progenitors. Cancer Cell 2005, 8, 211–226. 

76. Pucci, F.; Venneri, M.A.; Biziato, D.; Nonis, A.; Moi, D.; Sica, A.; di Serio, C.; Naldini, L.;  

de Palma, M. A distinguishing gene signature shared by tumor-infiltrating Tie2-expressing 

monocytes, blood “resident” monocytes, and embryonic macrophages suggests common 

functions and developmental relationships. Blood 2009, 114, 901–914. 

77. Lewis, C.E.; Pollard, J.W. Distinct role of macrophages in different tumor microenvironments. 

Cancer Res. 2006, 66, 605–612. 

78. Sangaletti, S.; di Carlo, E.; Gariboldi, S.; Miotti, S.; Cappetti, B.; Parenza, M.; Rumio, C.; 

Brekken, R.A.; Chiodoni, C.; Colombo, M.P. Macrophage-derived SPARC bridges tumor  

cell-extracellular matrix interactions toward metastasis. Cancer Res. 2008, 68, 9050–9059. 

79. Wyckoff, J.B.; Wang, Y.; Lin, E.Y.; Li, J.F.; Goswami, S.; Stanley, E.R.; Segall, J.E.; Pollard, J.W.; 

Condeelis, J. Direct visualization of macrophage-assisted tumor cell intravasation in mammary 

tumors. Cancer Res. 2007, 67, 2649–2656. 



Cancers 2014, 6 1688 

 

80. Wyckoff, J.; Wang, W.; Lin, E.Y.; Wang, Y.; Pixley, F.; Stanley, E.R.; Graf, T.; Pollard, J.W.; 

Segall, J.; Condeelis, J. A paracrine loop between tumor cells and macrophages is required for 

tumor cell migration in mammary tumors. Cancer Res. 2004, 64, 7022–7029. 

81. Gocheva, V.; Wang, H.W.; Gadea, B.B.; Shree, T.; Hunter, K.E.; Garfall, A.L.; Berman, T.; 

Joyce, J.A. IL-4 induces cathepsin protease activity in tumor-associated macrophages to promote 

cancer growth and invasion. Genes Dev. 2010, 24, 241–255. 

82. Almholt, K.; Lund, L.R.; Rygaard, J.; Nielsen, B.S.; Dano, K.; Romer, J.; Johnsen, M. Reduced 

metastasis of transgenic mammary cancer in urokinase-deficient mice. Int. J. Cancer 2005, 113, 

525–532. 

83. Gil-Bernabe, A.M.; Ferjancic, S.; Tlalka, M.; Zhao, L.; Allen, P.D.; Im, J.H.; Watson, K.;  

Hill, S.A.; Amirkhosravi, A.; Francis, J.L.; et al. Recruitment of monocytes/macrophages by 

tissue factor-mediated coagulation is essential for metastatic cell survival and premetastatic niche 

establishment in mice. Blood 2012, 119, 3164–3175. 

84. Erler, J.T.; Bennewith, K.L.; Cox, T.R.; Lang, G.; Bird, D.; Koong, A.; Le, Q.T.; Giaccia, A.J. 

Hypoxia-induced lysyl oxidase is a critical mediator of bone marrow cell recruitment to form the 

premetastatic niche. Cancer Cell 2009, 15, 35–44. 

85. Hiratsuka, S.; Watanabe, A.; Aburatani, H.; Maru, Y. Tumour-mediated upregulation of 

chemoattractants and recruitment of myeloid cells predetermines lung metastasis. Nat. Cell Biol. 

2006, 8, 1369–1375. 

86. Hiratsuka, S.; Watanabe, A.; Sakurai, Y.; Akashi-Takamura, S.; Ishibashi, S.; Miyake, K.; 

Shibuya, M.; Akira, S.; Aburatani, H.; Maru, Y. The S100A8-serum amyloid A3-TLR4 paracrine 

cascade establishes a pre-metastatic phase. Nat. Cell Biol. 2008, 10, 1349–1355. 

87. Hiratsuka, S.; Ishibashi, S.; Tomita, T.; Watanabe, A.; Akashi-Takamura, S.; Murakami, M.; 

Kijima, H.; Miyake, K.; Aburatani, H.; Maru, Y. Primary tumours modulate innate immune 

signalling to create pre-metastatic vascular hyperpermeability foci. Nat. Commun. 2013, 4, 1853. 

88. Hiratsuka, S.; Goel, S.; Kamoun, W.S.; Maru, Y.; Fukumura, D.; Duda, D.G.; Jain, R.K. 

Endothelial focal adhesion kinase mediates cancer cell homing to discrete regions of the lungs 

via E-selectin up-regulation. Proc. Natl. Acad. Sci. USA 2011, 108, 3725–3730. 

89. Kryczek, I.; Zou, L.; Rodriguez, P.; Zhu, G.; Wei, S.; Mottram, P.; Brumlik, M.; Cheng, P.; 

Curiel, T.; Myers, L.; et al. B7-H4 expression identifies a novel suppressive macrophage 

population in human ovarian carcinoma. J. Exp. Med. 2006, 203, 871–881. 

90. Kuang, D.M.; Zhao, Q.; Peng, C.; Xu, J.; Zhang, J.P.; Wu, C.; Zheng, L. Activated monocytes in 

peritumoral stroma of hepatocellular carcinoma foster immune privilege and disease progression 

through PD-L1. J. Exp. Med. 2009, 206, 1327–1337. 

91. Bates, G.J.; Fox, S.B.; Han, C.; Leek, R.D.; Garcia, J.F.; Harris, A.L.; Banham, A.H. 

Quantification of regulatory T cells enables the identification of high-risk breast cancer patients 

and those at risk of late relapse. J. Clin. Oncol. 2006, 24, 5373–5380. 

92. Gobert, M.; Treilleux, I.; Bendriss-Vermare, N.; Bachelot, T.; Goddard-Leon, S.; Arfi, V.;  

Biota, C.; Doffin, A.C.; Durand, I.; Olive, D.; et al. Regulatory T cells recruited through 

CCL22/CCR4 are selectively activated in lymphoid infiltrates surrounding primary breast tumors 

and lead to an adverse clinical outcome. Cancer Res. 2009, 69, 2000–2009. 



Cancers 2014, 6 1689 

 

93. Curiel, T.J.; Coukos, G.; Zou, L.; Alvarez, X.; Cheng, P.; Mottram, P.; Evdemon-Hogan, M.; 

Conejo-Garcia, J.R.; Zhang, L.; Burow, M.; et al. Specific recruitment of regulatory T cells in 

ovarian carcinoma fosters immune privilege and predicts reduced survival. Nat. Med. 2004, 10, 

942–949. 

94. Ishida, T.; Ishii, T.; Inagaki, A.; Yano, H.; Komatsu, H.; Iida, S.; Inagaki, H.; Ueda, R. Specific 

recruitment of CC chemokine receptor 4-positive regulatory T cells in Hodgkin lymphoma 

fosters immune privilege. Cancer Res. 2006, 66, 5716–5722. 

95. Iellem, A.; Mariani, M.; Lang, R.; Recalde, H.; Panina-Bordignon, P.; Sinigaglia, F.; d’Ambrosio, D. 

Unique chemotactic response profile and specific expression of chemokine receptors CCR4 and 

CCR8 by CD4(+)CD25(+) regulatory T cells. J. Exp. Med. 2001, 194, 847–853. 

96. Mizukami, Y.; Kono, K.; Kawaguchi, Y.; Akaike, H.; Kamimura, K.; Sugai, H.; Fujii, H. CCL17 

and CCL22 chemokines within tumor microenvironment are related to accumulation of Foxp3+ 

regulatory T cells in gastric cancer. Int. J. Cancer 2008, 122, 2286–2293. 

97. Clarke, M.F. Neurobiology: At the root of brain cancer. Nature 2004, 432, 281–282. 

98. Dick, J.E. Stem cell concepts renew cancer research. Blood 2008, 112, 4793–4807. 

99. Yi, L.; Xiao, H.; Xu, M.; Ye, X.; Hu, J.; Li, F.; Li, M.; Luo, C.; Yu, S.; Bian, X.; et al.  

Glioma-initiating cells: A predominant role in microglia/macrophages tropism to glioma.  

J. Neuroimmunol. 2011, 232, 75–82. 

100. Yang, J.; Liao, D.; Chen, C.; Liu, Y.; Chuang, T.H.; Xiang, R.; Markowitz, D.; Reisfeld, R.A.; 

Luo, Y. Tumor-associated macrophages regulate murine breast cancer stem cells through a novel 

paracrine EGFR/Stat3/Sox-2 signaling pathway. Stem Cells 2013, 31, 248–258. 

101. Okuda, H.; Kobayashi, A.; Xia, B.; Watabe, M.; Pai, S.K.; Hirota, S.; Xing, F.; Liu, W.;  

Pandey, P.R.; Fukuda, K.; et al. Hyaluronan synthase HAS2 promotes tumor progression in bone 

by stimulating the interaction of breast cancer stem-like cells with macrophages and stromal 

cells. Cancer Res. 2012, 72, 537–547. 

102. Fischer, C.; Jonckx, B.; Mazzone, M.; Zacchigna, S.; Loges, S.; Pattarini, L.; Chorianopoulos, E.; 

Liesenborghs, L.; Koch, M.; de Mol, M.; et al. Anti-PlGF inhibits growth of VEGF(R)-inhibitor-

resistant tumors without affecting healthy vessels. Cell 2007, 131, 463–475. 

103. Zhang, W.; Zhu, X.D.; Sun, H.C.; Xiong, Y.Q.; Zhuang, P.Y.; Xu, H.X.; Kong, L.Q.; Wang, L.; 

Wu, W.Z.; Tang, Z.Y. Depletion of tumor-associated macrophages enhances the effect of sorafenib 

in metastatic liver cancer models by antimetastatic and antiangiogenic effects. Clin. Cancer Res. 

2010, 16, 3420–3430. 

104. Gazzaniga, S.; Bravo, A.I.; Guglielmotti, A.; van Rooijen, N.; Maschi, F.; Vecchi, A.; 

Mantovani, A.; Mordoh, J.; Wainstok, R. Targeting tumor-associated macrophages and inhibition 

of MCP-1 reduce angiogenesis and tumor growth in a human melanoma xenograft. J. Invest. 

Dermatol. 2007, 127, 2031–2041. 

105. Dineen, S.P.; Lynn, K.D.; Holloway, S.E.; Miller, A.F.; Sullivan, J.P.; Shames, D.S.; Beck, A.W.; 

Barnett, C.C.; Fleming, J.B.; Brekken, R.A. Vascular endothelial growth factor receptor 2 

mediates macrophage infiltration into orthotopic pancreatic tumors in mice. Cancer Res. 2008, 

68, 4340–4346. 



Cancers 2014, 6 1690 

 

106. Ries, C.H.; Cannarile, M.A.; Hoves, S.; Benz, J.; Wartha, K.; Runza, V.; Rey-Giraud, F.;  

Pradel, L.P.; Feuerhake, F.; Klaman, I.; et al. Targeting tumor-associated macrophages with 

Anti-CSF-1R antibody reveals a strategy for cancer therapy. Cancer Cell 2014, 25, 846–859. 

107. Mok, S.; Koya, R.C.; Tsui, C.; Xu, J.; Robert, L.; Wu, L.; Graeber, T.G.; West, B.L.; Bollag, G.; 

Ribas, A. Inhibition of CSF-1 receptor improves the antitumor efficacy of adoptive cell transfer 

immunotherapy. Cancer Res. 2014, 74, 153–161. 

108. Pyonteck, S.M.; Gadea, B.B.; Wang, H.W.; Gocheva, V.; Hunter, K.E.; Tang, L.H.; Joyce, J.A. 

Deficiency of the macrophage growth factor CSF-1 disrupts pancreatic neuroendocrine tumor 

development. Oncogene 2012, 31, 1459–1467. 

109. Welford, A.F.; Biziato, D.; Coffelt, S.B.; Nucera, S.; Fisher, M.; Pucci, F.; di Serio, C.;  

Naldini, L.; de Palma, M.; Tozer, G.M.; et al. TIE2-expressing macrophages limit the therapeutic 

efficacy of the vascular-disrupting agent combretastatin A4 phosphate in mice. J. Clin. Invest. 

2011, 121, 1969–1973. 

110. Tang, X.; Mo, C.; Wang, Y.; Wei, D.; Xiao, H. Anti-tumour strategies aiming to target  

tumour-associated macrophages. Immunology 2013, 138, 93–104. 

111. Shime, H.; Matsumoto, M.; Oshiumi, H.; Tanaka, S.; Nakane, A.; Iwakura, Y.; Tahara, H.; 

Inoue, N.; Seya, T. Toll-like receptor 3 signaling converts tumor-supporting myeloid cells to 

tumoricidal effectors. Proc. Natl. Acad. Sci. USA 2012, 109, 2066–2071. 

112. Coscia, M.; Quaglino, E.; Iezzi, M.; Curcio, C.; Pantaleoni, F.; Riganti, C.; Holen, I.; 

Monkkonen, H.; Boccadoro, M.; Forni, G.; et al. Zoledronic acid repolarizes tumour-associated 

macrophages and inhibits mammary carcinogenesis by targeting the mevalonate pathway. J. Cell 

Mol. Med. 2010, 14, 2803–2815. 

113. Zhang, X.; Tian, W.; Cai, X.; Wang, X.; Dang, W.; Tang, H.; Cao, H.; Wang, L.; Chen, T. 

Hydrazinocurcumin encapsuled nanoparticles “re-educate” tumor-associated macrophages and 

exhibit anti-tumor effects on breast cancer following STAT3 suppression. PLoS One 2013,  

8, e65896. 

114. Rolny, C.; Mazzone, M.; Tugues, S.; Laoui, D.; Johansson, I.; Coulon, C.; Squadrito, M.L.; 

Segura, I.; Li, X.; Knevels, E.; et al. HRG inhibits tumor growth and metastasis by inducing 

macrophage polarization and vessel normalization through downregulation of PlGF. Cancer Cell 

2011, 19, 31–44. 

115. Germano, G.; Frapolli, R.; Belgiovine, C.; Anselmo, A.; Pesce, S.; Liguori, M.; Erba, E.;  

Uboldi, S.; Zucchetti, M.; Pasqualini, F.; et al. Role of macrophage targeting in the antitumor 

activity of trabectedin. Cancer Cell 2013, 23, 249–262. 

116. Cieslewicz, M.; Tang, J.; Yu, J.L.; Cao, H.; Zavaljevski, M.; Motoyama, K.; Lieber, A.;  

Raines, E.W.; Pun, S.H. Targeted delivery of proapoptotic peptides to tumor-associated 

macrophages improves survival. Proc. Natl. Acad. Sci. USA 2013, 110, 15919–15924. 

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/3.0/). 


