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Abstract:



In recent years, the influence of the tumor microenvironment (TME) on cancer progression has been better understood. Macrophages, one of the most important cell types in the TME, exist in different subtypes, each of which has a different function. While classically activated M1 macrophages are involved in inflammatory and malignant processes, activated M2 macrophages are more involved in the wound-healing processes occurring in tumors. Tumor-associated macrophages (TAM) display M2 macrophage characteristics and support tumor growth and metastasis by matrix remodeling, neo-angiogenesis, and suppressing local immunity. Due to their detrimental role in tumor growth and metastasis, selective targeting of TAM for the treatment of cancer may prove to be beneficial in the treatment of cancer. Due to the plastic nature of macrophages, their activities may be altered to inhibit tumor growth. In this review, we will discuss the therapeutic options for the modulation and targeting of TAM. Different therapeutic strategies to deplete, inhibit recruitment of, or re-educate TAM will be discussed. Current strategies for the targeting of TAM using nanomedicine are reviewed. Passive targeting using different nanoparticle systems is described. Since TAM display a number of upregulated surface proteins compared to non-TAM, specific targeting using targeting ligands coupled to nanoparticles is discussed in detail.
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1. Introduction


As long ago as 1863, Rudolf Virchow noticed leukocytic infiltration in neoplastic regions; he was the first to link inflammation to cancer [1]. During tumor progression, not only are the malignant cells characterized by genetic mutations, but the tumor stroma, consisting of the extracellular matrix (ECM) and cells within it, is also known to play a crucial role in this process [2,3]. Due to the resemblance of tumor stroma to the granulation tissue formed during wound healing, tumors were described as “wounds that never heal” by Hal Dvorak [4]. In recent years, our understanding of the cross-talk between malignant cells and the tumor stroma has greatly increased. The inflammatory process caused by the tumor cells and the surrounding stroma has been shown to promote tumor growth and progression [2,3,5]. Since the tumor stroma cells are more genetically stable than malignant cells, they represent promising targets for therapeutic intervention. This review provides a summary of state-of-the-art technologies for the treatment and nanoparticle-based targeting of tumor-associated macrophages (TAM).




2. Stromal Inflammation


A major drive for tumor progression is the inflammatory process that can originate from intrinsic or extrinsic pathways. In the intrinsic pathway, genetic mutations cause oncogene activation, while the extrinsic pathway includes external stimuli, such as infection or chemical insult. Chronic inflammation creates an environment that increases malignant transformation, either by causing DNA damage and impeding DNA repair, or by inducing mutations and proliferation of already mutated cells [6]. These inflammatory processes can take place at specific sites of the body, for example in the colon, where inflammatory bowel disease increases the risk of developing malignancies. Studies have suggested that inhibition of the inflammatory process may reduce the risk of developing cancer [7,8,9].



The course of immune cell infiltration and activation of stromal cells leading to cancer-related inflammation is intricate. Many different cell types (mainly macrophages, dendritic cells, neutrophils, fibroblasts, and T-cells), and tumor cells themselves, play crucial roles in regulating this process. In solid tumors, tumor cells produce transcription factors like NF-κB, signal transducer and activator of transcription 3 (STAT3), and hypoxia-inducible factor 1α (HIF-1α), all of which have a profound effect on the recruitment, differentiation, and maturation of infiltrating leukocytes [10]. Moreover, tumor cells produce chemokines (such as chemokine C–C motif 2 (CCL2), -7 and -8) and cytokines, which attract inflammatory cells to the tumor site [11]. Macrophages, whether resident or recruited, due to the local cytokine environment, acquire the TAM phenotype, stimulating tumor survival, growth, and metastasis [10,11,12,13]. Macrophage and TAM biology will be discussed in more detail below.



Only in the last few years has the role of neutrophils in tumor progression been illustrated, although the relationship between circulating neutrophil numbers and poor prognosis has been established for years [14]. There are different phenotypes for neutrophils: the antitumor N1 phenotype and the protumoral N2 phenotype [15]. During early tumor development, N2 neutrophils promote angiogenesis and subsequently support tumor growth and invasion by remodeling the ECM [15,16,17,18].




3. Macrophage Polarization


Macrophages are commonly known phagocytic cells that can display various kinds of functional activities depending on their polarization state. They are one of the most plastic cell types known so far. Resident macrophages in tissues can display a high range of phenotypes, such as Kupffer cells in the liver, microglia in brain, alveolar macrophages in lungs, and peritoneal macrophages in the gut [19,20,21]. During inflammation, infiltrated monocytes derived from the bloodstream transform into mature macrophages in specific tissues. These macrophages may transform into either classically activated (M1) macrophages, which have pro-inflammatory properties in general, or become alternatively activated (M2) macrophages, which show anti-inflammatory and tumor-promoting capabilities [13]. The polarization state is largely dependent on the cues they receive from the local microenvironment [22]. The M1 and M2 nomenclature mirrors that of T helper cell type 1 and T helper cell type 2 (Th1 and Th2), since these cells differentially produce interferon-γ (IFN-γ) and intereukin (IL)-4, cytokines that are important in the polarization of M1 and M2 types, respectively [20]. Macrophages are often classified as either M1 or M2 cells, but these represent extremes in a system of continuous functional states. They usually display a phenotype somewhere in between M1 or M2, and for this reason they are more correctly described as either M1-like or M2-like macrophages. Here, for the sake of simplicity we will refer to them as M1 or M2 macrophages. Below, we discuss the M1 and M2 phenotypes in more detail.



3.1. M1 Macrophages


Classically activated or M1 macrophages are involved in the resolution of bacterial infection and exert anti-tumor activities. These macrophages display pattern recognition receptors, such as toll-like receptors (TLRs), which are able to recognize bacterial patterns, including lipopolysaccharide (LPS), muramyl peptide, and lipoteichoic acid [23,24]. Macrophages can become polarized by these bacterial products, but also by cytokines secreted by Th1 cells (e.g., IFN-γ). Following activation, M1 macrophages stimulate the adaptive immune response by releasing the pro-inflammatory cytokines IL-1, IL-6, IL-12, IL-23, and tumor necrosis factor-α (TNF-α). M1 macrophages can also be recognized by their different metabolism, e.g., arginine is metabolized by inducible nitric oxide synthase (iNOS), producing nitric oxide (NO), which has cytotoxic effects [12,25]. There are no characteristic receptors that are able to mark macrophages as the M1 phenotype, but they do overexpress certain receptors, e.g., cluster of differentiation (CD) 16, CD86, CD80, IL-1R I, major histocompatibility complex class II (MHC II), TLR2, and TLR4 [26]. They are sometimes characterized by the cytokines which they secrete, marking them by their IL-10low, IL-12high profile [27]. M1 macrophages, either activated by bacterial products or IFN-γ, display high antigen presentation and high pro-inflammatory cytokine (e.g., IL-12 and IL-23) production, which stimulates the Th1 response. Moreover, they are able to produce high amounts of toxic intermediates (nitric oxide (NO) and reactive oxygen species (ROS)), which allows M1 macrophages to be potent effector cells in killing microbes and tumor cells [13,28,29,30].




3.2. M2 Macrophages


Unlike M1 macrophages, alternatively activated or M2 macrophages are involved in the wound healing process, allergies, and the killing of parasites, and they display pro-tumoral activities. Th2 cells elicit the stimuli (e.g., IL-4, IL-13) that are needed to polarize macrophages towards M2 phenotype. Upon differentiation, M2 cells display many receptors that are rather specific, e.g., decoy IL-1R II receptor, the macrophage scavenging receptor I (CD204), the mannose receptor (CD206), and the hemoglobin scavenger receptor (CD163) [26]. Also, because of the presence of arginase in these cells, arginine is not metabolized towards NO but to ornithine and polyamines, which are necessary for collagen synthesis and cellular proliferation [27]. M2 cells generally have a low production of pro-inflammatory cytokines, while they produce large amounts of IL-10 (IL-10high, IL-12low) [13,31,32].



Besides the normal M2 macrophages, there are also macrophages that have an “M2d state” following stimulation by immune complexes, LPS, or glucocorticosteroids [20,23]. These cells share some of the characteristics of M2 macrophages, but also produce cytokines such as IL-1 and IL-6, normally seen in M1 cells [20,23].





4. Tumor-Associated Macrophages


Tumor-associated macrophages (TAM) are key tumor stromal cell types and play a critical role in tumor survival, growth, and metastasis [10]. TAM may either originate from resident macrophages or are attracted from the bone marrow and spleen to the tumor site by the CCL2 (also known as monocyte chemoattractant protein-1 (MCP-1)). TAM are often compared to M2 macrophages. Indeed, they display characteristics of the M2 phenotype, sharing functions such as matrix remodeling, promoting angiogenesis, suppressing inflammation, and secreting growth factors [13]. Numerous investigations have shown a positive correlation between macrophage numbers and prognosis, both in human and murine malignancies [33,34,35]. The cytokine profile (macrophage colony stimulating factor (M-CSF), IL-4, IL-13, IL-10, Prostaglandin E2 (PGE2)) that is present in the tumor microenvironmentTME polarizes these macrophages and as a result they display pro-tumoral functions. Recently it has been shown that lactic acid, a byproduct of anaerobic glycolysis in tumor cells under hypoxic conditions, induces the gene expression of Vegf and Arg-1 in TAM. This effect was mediated by HIF-1α. The lactate-induced expression of Arginase-1 was shown to induce tumor growth [36]. Following acquisition of the TAM phenotype, these macrophages display a number of functions that generally lead to pro-tumoral effects, as detailed below.



4.1. Suppression of Adaptive Immunity


Suppression of the adaptive immune system is achieved by TAM through various mechanisms. TAM lack the proper ability for antigen presentation, making them unsuitable for eliciting an immune response by other immune cells. TAM also secrete anti-inflammatory cytokines such as IL-10 and TGF-β, while being unable to secrete the pro-inflammatory cytokine IL-12, a lack of which leads to induction of T-regulatory (Treg) cells. This in turn suppresses the activity of effector T-cells and other immune cells such as monocytes [13,37]. A possible regulator in these processes is STAT3, which is overactivated in TAM [38]. ROS have also been shown to play a critical role in macrophage differentiation. Recently, it has been shown that pretreatment of monocytes with the antioxidant butylated hydroxyanisole inhibits polarization of monocytes towards the M2 type, but not the M1 type, suggesting that ROS are necessary for the polarization of monocytes towards the M2 type [39]. Following differentiation, monocytes produce superoxide (O2−), which is needed for the biphasic activation of the ERK pathway, a critical pathway in macrophage differentiation [39].




4.2. Matrix Remodeling, Tumor Invasion, and Metastasis


The prognosis of patients with high numbers of infiltrating macrophages in primary tumors is unfavorable: in triple negative breast cancer, TAM infiltration was quantified using immunohistochemical staining for CD68. High numbers of infiltrating macrophages are associated with a significantly higher risk of distant metastasis, as well as a decreased disease-free and overall survival [40]. In endometrial adenocarcinoma, the presence of TAM was associated with advanced disease staging, high tumor grade, increased lymph vessel density, lymphovascular space invasion, and lymph node metastasis [41]. There is mounting evidence that TAM play a critical role in tumor invasion and metastasis [12,42,43]. In the mouse mammary tumor virus-driven polyomavirus middle T antigen (MMTV–PyMT) model of mammary carcinogenesis, in macrophage-deficient mice, tumor progression and metastasis were significantly delayed [44].



One of the most important mechanisms of tumor cell migration, induced by macrophages, has been elucidated in the past: it was shown that in in vivo experiments macrophages and tumor cells were both able to migrate to stimuli specific for only one of the cell types (i.e., colony-stimulating factor-1 (CSF-1) for macrophages and epidermal growth factor (EGF) for tumor cells), indicating the existence of a paracrine loop, leading to a synergistic relationship between migration of both macrophages and tumor cells [45]. Indeed, tumor cells produce CSF-1, which induces migration of macrophages. Macrophages in turn, produce EGF, which leads to tumor cell migration [45,46]. An important biological barrier in invasion and metastasis is the basement membrane. During cancer progression, this membrane is degraded by proteolytic enzymes. Matrix metalloproteinases (MMPs) are a class of proteases that play an important role in this process. Macrophages are able to produce a variety of MMPs, such as MMP-1, -2, -7, -9, and -12 in a TNF-α-dependent manner [47]. The ECM also plays an important role in tumor cell invasion. During mammary gland development, macrophages have been shown to promote collagen fibrillogenesis [48]. Fibrillar collagen 1 facilitates the movement of macrophages and tumor cells, at up to 10 times the speed at which they would move through the tumor stroma [49]. As these collagenous fibrils anchor easily to blood vessels, tumor cells are guided towards them, making it possible for tumor cells to escape via the vasculature [43,49].




4.3. Neo-Angiogenesis


HIF play an important role in macrophage recruitment and angiogenesis. Due to rapid growth, tumors are prone to develop hypoxic areas. In an HIF-dependent manner, vascular endothelial growth factor (VEGF), C–X–C motif chemokine ligand-12 (CXCL12) and C–X–C chemokine receptor-4 (CXCR4) attract macrophages to these hypoxic areas [10]. This leads to the activation of a pro-angiogenic program: increased expression of VEGF, basic fibroblast growth factor (bFGF), and CXCL8, also regulated by HIF-1 and 2 [13]. Although macrophages themselves can be a source of VEGF, it is also released from the ECM by ECM degradation caused by macrophage-derived MMP-9 [50]. Casazza et al. showed that hypoxia-induced Sema3A acts as a chemo attractant for TAM through the neuropilin-1 (Nrp-1) and PlexinA1/PlexinA4 receptor complex. They demonstrated that Nrp-1 is downregulated in hypoxic areas, but stop signals were still produced via signaling by Sema3A through the PlexinA1/PlexinA4 complex. This resulted in trapping of the recruited TAM in the hypoxic tumor regions. Interestingly, deletion of the Nrp-1 gene in macrophages resulted in the retention of macrophages in normoxic areas, subsequently leading to diminished pro-angiogenic and immunosuppressive functions. This study concluded that localization of macrophages, regulated by Sema3A/Nrp-1 signaling, plays an important role in their functional states [51]. In addition to degrading the basement membranes and ECM, TAM provide activated endothelial cells with an environment (via increased availability of VEGF and production of CXLC-1, -2, and -8), in which they can migrate, proliferate, and form new blood vessels [52,53,54].





5. Targeting Strategies and Active Agents


Proximity of TAM to the TME is necessary for TAM to maintain their tumor-promoting functions. Several strategies have been proposed in literature to reduce the tumor-promoting functions of TAM:

	-

	
Inhibiting macrophage recruitment;




	-

	
Reprogramming TAM towards a more anti-tumoral phenotype;




	-

	
Initiation of immune response;




	-

	
Blocking the tumor-promoting functions of TAM;




	-

	
Depletion of TAM.









5.1. Inhibiting Macrophage Recruitment


Inhibition of macrophage infiltration can be accomplished at two levels: (1) preventing chemo-attractants secreted by the tumor cells to recruit macrophages; or (2) blocking of macrophage surface receptors, thereby effectively preventing signal transduction or adhesion to be established.



CCL2 is involved in the recruitment of monocytes to the tumor site. Several small molecular inhibitors and antibodies against this protein have been used in various types of cancer. The small molecule inhibitor Bindarit has been reported to be effective in reducing tumor growth and macrophage recruitment in CCL2-positive melanoma [55]. Another approach is to block the receptor for CCL2, i.e., the C–C motif chemokine receptor 2 (CCR2). A small molecule inhibitor (RS102895) was found to be effective in inhibiting macrophage migration. In addition, two monoclonal antibodies (Carlumab and MLN1202) directed against CCL2/CCR2 are currently under investigation for their effectiveness in treating cancer [56,57,58]. Furthermore, an antibody against CD11b was used in a mouse squamous cell carcinoma xenograft model [59]. CD11b is the α-subunit of the CD18 integrin, which is expressed on both granulocytes and macrophages. This subunit has been shown to be involved in the adhesion, migration, and chemotaxis of myeloid cells [60]. In this study, the authors showed that, by administering CD11b antibodies, they inhibited the recruitment of myeloid cells into the xenografts and improved the response to irradiation [59]. A recent development for preventing macrophage recruitment is the use of inhibitors for the colony-stimulating factor receptor-1 (CSF-1R): PLX3397, BLZ945, and GW2580 [61,62,63,64]. PLX3397 showed reduction in macrophage infiltration in tumors in mouse models for neurofibroma, melanoma, gastrointestinal stromal tumors and malignant peripheral nerve sheath tumors, thereby reducing tumor growth [61,65,66,67]. The inhibitor BLZ945 was tested in a mouse model for glioblastoma multiforme. Surprisingly, TAMs were not depleted, but their survival was facilitated by IFN-γ and granulocyte macrophage colony stimulating factor (GM-CSF), while M2 markers decreased in surviving TAMs [64]. A third CSF-1R antagonist GW2580 was tested in combination therapy. Simultaneous treatment with gemcitabine augmented the effect of chemotherapy [63]. Next to small molecular inhibitors, the monoclonal antibody RG7155 has also been found to profoundly affect tumor macrophage populations. In a phase I clinical trial of patients suffering non-diffuse giant cell tumors, dose escalation studies have shown a compelling decline in CSF-1R+/CD163+ macrophages, which translated into clinical objective responses [68]. Currently, this antibody is investigated in phase 1a/1b clinical trials as monotherapy or in combination with other cancer immunotherapy agents [69].




5.2. Reprogramming and Blocking Tumor-Promoting Functions of Tumor-Associated Macrophages and Initiating Immune Response


Even though TAM exhibit tumor-promoting M2 characteristics, studies have shown that, depending on the cytokines present, they can be reprogrammed towards the tumoricidal M1-like phenotype [64,70]. Introducing Th1-cytokines or interfering in the transcription pathway leading to M2 macrophages are promising ways to modulate macrophage polarization. Another way for reprogramming is activation of the NF-κB pathway via the introduction of TLR-agonists [71]. These receptors play a major role in the innate immune system via pattern recognition of pathogens and inducing a Th1 response. In addition to introducing Th1 cytokines or ligands for TLRs, stimulating the immune response by activating co-stimulatory proteins such as CD40 has shown promising results [72,73,74]. Recently, a clinical trial using the fully humanized CD40 agonist antibody in combination with gemcitabine treatment in advanced pancreatic cancer was completed [72]. In this trial, the authors observed a partial clinical effect, the mechanism of which was later elucidated in a murine model for pancreatic cancer, where they found a modified macrophage phenotype, with increased MHC class II and CD86 expression [72]. In another study, CD40 agonist antibodies were combined with immunostimulatory CpG oligodeoxynucleotides in a model for murine multiple melanoma. Here, due to co-stimulation, macrophages were activated towards the M1 phenotype and a strong increase in IL-12 production was observed [75]. Indeed, restoring M1 macrophage functionality in tumors relieves the immunosuppressive environment and allows other effector immune cells to be recruited [76].



Other than monoclonal antibodies, Tasquinimod, a small molecule inhibitor of S100A9 and HDAC4, both important signaling molecules in the TME, used in the treatment of prostate cancer was investigated for its effects on TAM [77]. This inhibitor was found to increase the secreted amount of intra-tumoral IL-12, which resulted in a decrease of neo-vascularization and TAM infiltration as well as an increase in M1 macrophages. Furthermore, another study showed that a combination of Tasquinimod with an immunotherapy resulted in decreased M2-polarized macrophages and increased immune response [78]. Another molecule which inhibits macrophage polarization is 4-iodo-6-phenylpyrimidine (4-IPP), an inhibitor of macrophage migration inhibitory factor (MIF). MIF, both excreted by tumor cells and macrophages, has been linked to tumor promotion in paracrine and autocrine manners [79,80,81]. In melanoma-bearing mice, administration of 4-IPP led to attenuated TAM polarization, immunosuppression, neo-angiogenesis and melanoma outgrowth, offering MIF inhibition as an interesting target for further investigation [81].



In addition to preventing macrophage recruitment and reprogramming towards the tumoricidal phenotype, the prevention of M2 TAM formation has been investigated. One of the signaling pathways that, upon activation, causes M2 differentiation is the STAT3 pathway. The role of STAT3 in TAM as an important target for cancer immunotherapy was first described by Cheng et al. They showed that the disruption of the STAT3 pathway restored the responsiveness of immunotolerant T-cells from tumor-bearing mice [82]. Since then, many drugs have been used to inhibit the STAT3 pathway, including the clinically used kinase inhibitors sorafenib and sunitinib [83,84].



Another pathway involved in the differentiation towards M2 macrophages is the STAT6 pathway. Following binding of the M2-inducing cytokines IL-4 and IL-13 to their receptors, STAT6 becomes phosphorylated via Janus kinases (JAKs) and translocates to the nucleus, where it acts as a transcription factor [85]. Currently identified STAT6 inhibitors include AS1517499, TMC-264 and the active metabolite of Leflunomide (A771726) [71]. Binnemars-Postma et al. showed they could inhibit STAT6 phosphorylation and macrophage polarization towards the M2 phenotype using AS1517499. Tumor growth was significantly inhibited in the murine 4T1 mammary tumor model. Moreover, genetic markers for TAM infiltration (measured by F4/80 and YM-1) and pro-metastatic markers (matrix metalloproteinase-2 (MMP-2), Periostin and CD34) were significantly inhibited in the livers of treated mice, suggesting STAT6 is involved in the formation of the pre-metastatic niche [86].




5.3. Depletion of TAM


The most radical way of blocking TAM activity in tumors is to deplete them altogether. Currently, the most effective way of achieving this is by adding compounds that are toxic specifically to macrophages. Frequently used agents are bisphosphonates, including clodronate and zoledronic acid, but more recently trabectedin as well [71,87].



Bisphosphonates are classically used to inhibit osteoclast function and thus bone resorption in the treatment of osteoporosis, bone metastasis and Paget’s disease. Their mode of action is based upon the inhibition prenylation of proteins such as Ras, causing apoptotic cell death. Upon administration, bisphosphonates have a high binding affinity for hydroxyapatite and are therefore readily distributed to the bone, where they are taken up by the highly endocytic osteoclasts. In macrophages, bisphosphonates have been found to affect proliferation and motility and induce apoptosis [88]. Due to their extremely short half-life, most bisphosphonates by themselves do not reach sufficient tissue concentrations to exert any effect on macrophages [89]. However, when using clodronate-loaded liposomes, van Rooijen et al. found a transient decrease in spleen macrophages as soon as one day after injection [90]. In subsequent studies, the inhibition of tumor growth via macrophage depletion was established [91,92]. In a recent study using a murine xenograft model for cutaneous T-cell lymphoma, the administration of clodronate-loaded liposomes led to a reduction in tumor growth [93]. In the tumor tissue, the authors showed a decrease in pSTAT3 and total macrophage count, suggesting that clodronate-loaded liposomes caused a decrease in TAM and thereby a decrease in tumor cell growth [93]. Combinations of the various ways of targeting macrophages have also been investigated, using the combination of zoledronic acid with the previously mentioned STAT3 inhibitor sorafenib [94]. In a nude mouse xenograft model of hepatocellular carcinoma, the combination of drugs (rather than the individual drugs) was shown to significantly reduce tumor growth, metastasis, and angiogenesis [94]. More recently, nitrogen-containing bisphosphonates were found to be effective without the aid of a carrier. In this study, risedronate was able to bind to micro-calcifications, which were subsequently taken up by macrophages, but not by tumor cells [95].



Trabectedin, isolated from the sea squirt Ecteinascidia turbinata, is used in the treatment of soft tissue sarcoma, breast, and ovarian cancer [96]. This compound has been shown to induce apoptosis in macrophages as well. Its mechanism of action is complex and not fully understood. It is able to bind to DNA in the minor groove, bending it towards the major groove, severely influencing DNA structure. Additionally, it induces non-p53-induced apoptosis and blocks the cell cycle in the late S and G2–M phase [97,98,99,100]. Trabectedin has also been found to inhibit cancer cell proliferation, and modulate the TME, acting as an anti-angiogenic and anti-TAM agent [87,101,102,103].





6. Passive and Active Targeting


Up until now, few studies have investigated the drug targeting of TAM. Below, we will report on the studies that have investigated TAM targeting using specific carriers or targeting moieties. Figure 1 shows the effects of targeted nanomedicines on TAM.


Figure 1. Anti-tumoral effects by targeting TAM using nanocarriers including examples of TAM-modulating therapies (in italics). Abbreviations: CD40: cluster of differentiation 40, CpG ODN: oligodeoxynucleotides containing CpG motifs.
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6.1. Passive Targeting


Macrophages are part of the mononuclear phagocyte system (MPS). This system, mostly present in the liver, spleen, and lungs, is responsible for the clearance for foreign matter from the body [104]. As a consequence, nanoparticles that come into contact with macrophages will be rapidly recognized, internalized, and degraded [105,106,107,108]. This intrinsic mechanism of particle uptake by macrophages may be employed to target them. However, reaching certain tissues or specific cell types using passive targeting remains a challenge. Nanoparticle-based therapies, which are being used to target tumor tissues, often rely on the passive enhanced permeation and retention (EPR effect). Due to leaky vasculature and impaired drainage from the tumor site, nanoparticles tend to accumulate in the tumor near the blood vessels [109]. However, penetration of these nanoparticles inside the tumor tissue is often very poor. Moreover, following clinical experience, the EPR effect in humans seems highly variable and limited, possibly due to slow tumor growth, high interstitial fluid pressure, irregular vascular distribution and poor intra-tumoral blood flow [110,111,112]. This issue, together with degree of TAM infiltration, was addressed by imaging of magnetic nanoparticle distribution in tumors and the TME. Magnetic nanoparticles showed clear co-localization with model PLGA–PEG particles, making it possible to identify patients which would be able to benefit from nanoparticle-based therapies [113]. However, even when the EPR effect is limited, macrophages are able to migrate deeper inside tumor tissue, driven by oxygen gradients, towards the hypoxic areas [10,13]. Macrophages may also act as a drug depot, which accumulates drug-loaded nanoparticles and releases them over time [114]. Macrophages may even act as carriers themselves. In this approach, macrophages are loaded with therapeutics ex vivo, after which they will be reintroduced and act as “Trojan Horses” when recruited into the TME. As this strategy has already been reviewed elsewhere, we will not discuss it here [115]. Altogether, due to the EPR effect and the ability of macrophages to phagocytose particles and migrate into tumor areas, nanomedicine may be used to target macrophages and indirectly treat tumor cells. In the sections below, we will discuss a number of nanocarriers used to passively target TAM. A summary of the described studies is displayed in Table 1.



Table 1. Examples of studies using nanocarriers to passively target TAM.







	
Carrier Type

	
Cargo

	
Model

	
Purpose

	
Ref.






	
Liposomes

	
Simvastatin

	
B16.F10 murine melanoma

	
Improve efficacy of statins using a tumor targeted delivery system

	
[119]




	
Alendronate and doxorubicin

	
Multiple murine cancer models

	
Increase anti-tumor efficacy by co-delivery of alendronate and doxorubicin

	
[117]




	
Acetylated CMC

	
Docetaxel

	
PAN02 pancreatic cancer xenograft

	
Targeted depletion of stroma

	
[123]




	
Linear cyclodextrin-based nanoparticle

	
Fluorescent label

	
Murine GL261 glioma

	
Macrophage and microglia targeting

	
[125]




	
Iron oxide nanoparticle

	
-

	
Murine breast cancer using MMTV–PyMT cells

	
Evaluate intrinsic therapeutic effects of USPIO

	
[128]




	
Red blood cells

	
Bisphosphonates

	
Normal Swiss, C57BL/6 and Balb/C mice

	
Macrophage depletion

	
[130,131]




	
High-density lipoprotein-based nanoparticle

	
Radiolabel

	
Murine 4T1 breast cancer

	
Imaging of TAM

	
[134]




	
Cowpea mosaic virus

	
Fluorescent label, Photosensitizer

	
RAW264.7 macrophages and B16F10 tumor cells

	
TAM and tumor cell targeting

	
[135,136]




	
PAMAM dendrimers

	
Fluorescent dye

	
Rat 9L gliosarcoma

	
Cross BBB and achieve homogenous tumor distribution

	
[126]




	
Carbon nanotubes

	
Fluorescent dye

	
Murine GL261 glioma

	
Study uptake and toxicity

	
[138]




	
CpGs

	
Murine GL261 glioma

	
Evaluate CNT as a delivery vehicle

	
[139,140]




	
Albumin-paclitaxel conjugate

	
Paclitaxel

	
Murine KPC pancreatic ductal adenocarcinoma

	
Investigate new mechanism for Abraxane effectiveness

	
[146]




	
Mesoporous silicon particles loaded with albumin–paclitaxel conjugate

	
Paclitaxel

	
Murine 4T1 breast cancer and murine 3LL lung cancer

	
Redirect nab-paclitaxel to liver metastasis

	
[147]








Abbreviations: BBB: blood brain barrier, CMC: carboxymethylcellulose, USPIO: ultrasmall superparamagnetic iron oxide, PAMAM: poly(amidoamine), CNT: carbon nanotubes, CpGs: oligodeoxynucleotides containing CpG motifs.








6.1.1. Liposomes


Liposomes are one of the most studied and frequently used carriers in the nanomedicine field. Perhaps the most well-known example of macrophage targeting by liposomes is their depletion by bisphosphonate-loaded liposomes, as mentioned in the “Depletion of TAM” (Section 5.3). Other examples of liposome-based macrophage targeting are described in the section on Active Targeting (Section 6.2). Indeed, due to their composition, enabling encapsulation of hydrophobic, as well as hydrophilic compounds, liposomes have been shown to be excellent carriers for a multitude of different active ingredients, including DNA and siRNA [116]. A nice example of the versatility of liposomes is a study in which pegylated liposomes were loaded with the anti-cancer drug doxorubicin and the bisphosphonate alendronate [117]. Compared to encapsulated doxorubicin, the combination led to superior inhibition of tumor growth in lung and breast cancer mouse models. The authors attribute this enhanced effect to the possible TAM reprogramming by alendronate and heightened immune response due to increased expression of phosphoantigens in tumor cells after exposure to aminobisphosphonates [117]. Another notable example of liposomes as a carrier for the delivery of agents to the TME is the delivery of simvastatin. At high doses, statins have been shown to exert anti-tumor effects [118]. In this study, in order to increase the concentration of simvastatin at the active site, a liposomal delivery system containing simvastatin was used, which was found to inhibit tumor growth, possibly due to the reduction in oxidative stress caused by macrophages, via the inhibition of intra-tumoral HIF-1α [119].




6.1.2. Polymeric Nanoparticles


Polymeric nanoparticles are polymer-based nanoparticles that may take different forms: solid capsules/particles (polymeric nanoparticles), highly branched structures (dendrimers), or amphiphilic assemblies (micelles). Advantages of using polymers are the ability to highly tune nanoparticle properties as well as a high drug-loading capacity [120]. Poly(lactic-co-glycolic acid) (PLGA) is a biodegradable copolymer that has been approved for the delivery of therapeutics via sustained release devices and microparticle formulations [121]. Furthermore, next to a wide range of other applications, nanoparticle formulations containing PLGA as a carrier are now being investigated as a delivery mechanism to target TAM. In a recent attempt to reach glioma cells in the brain, rabies virus glycoproteins (RVG), specifically designed to cross the blood brain barrier (BBB), were conjugated to mixed-lipid covered PLGA cores. Although no specific targeting ligand is present on these particles, using in vitro cultured bone marrow derived macrophages the authors were able to show macrophage targeting, which did not occur with neural cells. In vivo results show particle brain accumulation, but specific TAM targeting needs to be confirmed [122].



In a different approach, nanoparticles were prepared using acetylated carboxymethylcellulose. Docetaxel and PEG were coupled via ester linkage (Cellax-DTX). The resulting 120-nm particles were used in different animal models for pancreatic cancer, where specific accumulation in the tumor stroma (specifically fibroblasts and macrophages) was observed, resulting in stromal depletion. However, macrophage populations were able to recover after 2–3 weeks, suggesting that depletion was based on the neutropenic effects of docetaxel rather than macrophage targeting [123].



Linear cyclodextrin polymers have been employed in the preparation of self-assembling nanoparticles. One of the best examples, currently under investigation in clinical trials, is CRLX101. This cyclodextrin-based polymer conjugate is loaded with camptothecin for the treatment of multiple tumor types [124]. Using particles similar to this platform, other applications of cyclodextrin-based polymer–drug conjugates have been investigated as well. One such example is the targeting of intracranial glioma tissues using rhodamine-labeled nanoparticles. Particles that were administered i.v. were predominantly found at the edges of gliomas, internalized by macrophages and microglia. By injecting directly into the tumors, migration of nanoparticle-positive cells was observed into circulation and distant tumor sites, indicating the ability of macrophages and microglia to carry nanoparticles from the injection site towards other affected areas [125].



In an attempt to cross the BBB for the treatment of glioblastoma, hydroxyl-functionalized, generation-4 poly(amidoamine) (PAMAM) dendrimer nanoparticles were intravenously administered to gliosarcoma-bearing rats. Investigators found homogenous distribution of the dendrimers throughout the tumor within 15 minutes after administration, after which retention in microglia and macrophages was observed. The authors propose that dendrimers hold great promise for the delivery of immunomodulatory drugs to TAM across the BBB [126].




6.1.3. Iron Oxide Nanoparticles


Ferumoxytol is an ultrasmall superparamagnetic iron oxide (USPIO) nanoparticle that has been approved for the treatment of anemia due to chronic renal failure. More recently, it has been investigated as a contrast agent in magnetic resonance imaging (MRI). Particles are cleared from the system by the reticuloendothelial system (RES) and macrophages. Due to the uptake of these particles by macrophages, iron oxide nanoparticles have been the subject of investigation in macrophage targeting and imaging [127]. Apart from their favorable imaging properties, plain USPIO have been found to inhibit tumor growth by inducing pro-inflammatory macrophage polarization. In a recent study by Zanganeh et al., in vitro incubation of femuroxytol with co-cultures of macrophages and tumor cells induced tumor cell apoptosis and enhanced macrophage M1 polarization. In vivo, co-implantation of MMTV–PyMT tumor cells with ferumoxytol led to significant inhibition of tumor growth. Analysis of TAM showed an increased presence of pro-inflammatory M1 macrophages in tumor tissues. Moreover, pre-treatment with iron particles prevented liver metastasis after i.v. tumor cell challenge [128]. Considering the available data, USPIO nanoparticles themselves may prove to be promising, not only for imaging, but also for the treatment of TAM.




6.1.4. Biological Carriers


Next to synthetic carriers, biological carriers, mainly due to their favorable immunological functions, may be employed in the targeting and treatment of TAM. Red blood cells (RBCs) have been used as carriers and loaded with various active agents. In one of the earliest studies, prolonged survival was observed after treatment with methotrexate-loaded RBCs in a mouse model of hepatoma ascites tumors [129]. Several other studies have demonstrated the successful loading of bisphosphonates into RBCs for the depletion of macrophages [130,131]. However, these therapies were not tested in disease models. Loaded RBCs in the targeting and treatment of TAM therefore remains to be investigated. High-density lipoprotein (HDL) is another class of biological particles, used in carriers, which, in contrast to RBCs has been shown to be specifically taken up by macrophages, mainly in models for atherosclerosis [132,133]. More recently, these particles, by radioactive labeling, have been used for the imaging of TAM [134]; however, although targeting has been achieved, treatment of TAM using HDL-based carriers has not been attempted yet.




6.1.5. Viral Particles


In line with non-synthetic carriers, a striking article on the use of plant virus particles, specifically interacting with M2 macrophage populations, was published. In this paper, cowpea mosaic virus (CPMV), which is known to interact with vimentin on tumor cells, was prepared as a nanoparticle and the authors demonstrated enhanced uptake by M2-differentiated macrophages [135]. In subsequent studies, however, distinct differences in uptake between M1 and M2 cells were less pronounced, possibly due to different experimental conditions [136].




6.1.6. Carbon Nanotubes


Over the years, carbon nanotubes (CNTs) have received a lot of attention for their use as a biological vector. Moreover, they have been shown to be able to penetrate cells, making them interesting carriers for cell specific targeting [137]. In one of the earliest studies using CNTs to treat brain tumors, after intra-tumoral injection, particles were found to specifically accumulate in TAM, associated with gliomas in mice. Furthermore, no significant toxicities were observed, accompanied by minor changes in tumor cytokine levels [138]. In a study investigating immunotherapy, CpG deoxyoligonucleotides (CpGs) were conjugated to CNTs and injected intratumorally in glioma-bearing mice. Conjugated CpGs were found to be more effective than free CpGs, showing enhanced uptake in TAM. Not only were intracranial gliomas eradicated, but treated mice proved to be immune to subsequent intracranial or systemic tumor challenges, suggesting an induction in systemic anti-tumor immunity [139]. In subsequent studies investigating the effect of CpG-CNT-conjugates on the brain metastasis of primary melanomas, investigators found only a modest inhibition of intracranial melanoma tumors when treating the primary subcutaneous tumor. Intracranial treatment, however, halted both brain and subcutaneous tumor growth. This effect was accompanied by a strong immune response, with increased effector cell infiltration and cytotoxicity. Further investigation into this altered response showed an increase in retention of particles and an increase in infiltration of TLR-9 positive microglia. In contrast, treated subcutaneous tumors showed abundant myeloid-derived suppressor cells. The authors concluded that intracranial delivery of CpG-CNT conjugates is more effective in stimulating immune responses that affect both the brain and subcutaneous melanomas [140].




6.1.7. Albumin Nanoparticles


In addition to other biological carriers, proteins may function as carriers for therapeutics as well. The advantages of using proteins as carrier molecules are their biodegradability (when derived from natural proteins) and their amphiphilic nature, which allows them to interact with drug molecules but also makes them soluble in aqueous environments [141]. The FDA-approved nanoparticle-albumin-bound paclitaxel (nab-paclitaxel, Abraxane) is a good example of this. It is registered for the treatment of advanced breast cancer, advanced non-small cell lung cancer, and advanced pancreatic cancer. Treatment using this conjugate, compared to the free drug, led to a decrease in side effects, increased tumor cell toxicity, and higher overall response rates [142]. Originally, these improved effects were attributed to the higher intra-tumoral concentrations of paclitaxel, due to the binding of albumin to endothelial 60-kDa glycoprotein receptor (gp60), facilitating vascular transcytosis and the binding of albumin to the tumor cell surface receptor secreted protein, acidic and rich in cysteine (SPARC) [143,144,145]. Most recently, an additional mechanism for improved effectiveness was discovered by Cullis et al. [146]. They found that nab-paclitaxel was internalized by macrophages via macropinocytosis. This led to immunostimulatory cytokine and inducible nitric oxide (iNOS) expression. In vivo, nab-paclitaxel was internalized by TAM, leading to increased MHCII+ CD80+ CD86+ M1 macrophage populations. The authors conclude that albumin nanoparticles may be used in the delivery of macrophage-activating agents in the treatment of cancer types with high amounts of M2 macrophage infiltration [146].




6.1.8. Silica Nanoparticles


Although nab-paclitaxel particles have shown potent anti-tumor effects on their own, recently these particles were incorporated into multistage nanovectors (MSVs), consisting of mesoporous silicon nanoparticles, loaded with nab-paclitaxel [147]. By loading nab-paclitaxel into mesoporous silicon nanoparticles, the authors propose a redirection of particles to the liver. In liver metastasis, originating from breast or lung cell lines, authors found decreased liver weights and increased survival of animals treated with loaded MSVs, compared to nab-paclitaxel alone. In subsequent in vitro experiments, macrophages incubated with loaded MSVs were found to form a paclitaxel depot, which was slowly released from the macrophages. The authors conclude that this approach increases therapeutic efficacy without increasing the chance of developing systemic side effects [147]. Since loading into mesoporous silicon nanoparticles dramatically increases the size of the particles, the effect on splenic uptake would be interesting to investigate as well. Indeed, nanoparticle characteristics greatly influence their uptake by different subtypes of macrophages [148]. In a recent study, we investigated the uptake of silica nanoparticles by differentiated macrophages. We found that, with increasing size, the presence of serum proteins greatly influenced the uptake of particles, which was most pronounced in M2 (TAM-like) macrophages. This study indicates that targeting may be achieved by tuning nanoparticle properties, specifically size, in such a way that they are preferentially taken up by specific macrophage populations [149].





6.2. Active Targeting


In recent years, various nanocarriers have been developed. Many of these particles end up in macrophages via endocytosis. Specific targeting of TAM without affecting other macrophage populations is a field of ongoing research. TAMs overexpress different surface receptors, which are exploited for the targeted therapy against these macrophages. Different surface receptors and other proteins that are overexpressed by TAM are discussed below. A summary of the described studies is displayed in Table 2. Figure 2 shows examples of surface proteins that can be targeted using nanoparticles.


Figure 2. Graphical presentation of surface proteins and different nanoparticles used in TAM targeting. Names of nanoparticles are displayed in their order of appearance, left to right. Abbreviations: HDL: High density lipoproteins, CD: cluster of differentiation, USPIO: ultrasmall superparamagnetic iron oxides.
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Table 2. Examples of studies using nanocarriers to actively target TAM.







	
Ligand/Target

	
Carrier

	
Cargo

	
Model

	
Purpose

	
Ref.






	
AAN/Legumain

	
Liposomes

	
Doxorubicin

	
Murine 4T1 breast cancer

	
TAM depletion

	
[179]




	
CD163 antibody/CD163

	
Liposome

	
Fluorescent label, Doxorubicin

	
In vitro HEK293, CHO K1 cells and PBMC’s

	
TAM depletion

	
[173]




	
Folate receptor

	
USPIO

	
-

	
MMTV–PyMT murine mammary carcinoma model

	
Imaging

	
[169]




	
Liposome

	
Radio- and fluorescent label

	
Murine IGROV ovarian cancer

	
Imaging

	
[165]




	
Fluorescent label, zoledronic acid

	
Several tumor types

	
TAM depletion

	
[168]




	
FR antibody

	
Pseudomonas exotoxin A

	
Human and rat C6 glioma xenografts in mice

	
TAM depletion

	
[167]




	
Galactose/MGL

	
Alginate-based nanoparticles

	
CpG, anti-IL-10 and anti-IL-10R oligonucleotides

	
Hepa 1–6 murine hepatoma

	
Inhibit pro-tumoral functions and reprogram TAM, initiate immune response

	
[181]




	
M2pep/M2 macrophages

	
Peptide-based nanoparticle

	
Fluorescent label, pro-apoptotic peptide

	
Colon carcinoma

	
Imaging

	
[184]




	
Mannose/MR

	
PLGA

	
Doxorubicin

	
Murine M-Wnt triple-negative mammary tumors

	
TAM depletion

	
[161]




	
BMA-PAA-DMAEMA micelles

	
siRNA

	
Multiple tumor types

	
Reprogramming of TAM

	
[162,163,164]




	
Liposomes

	
Radiolabel, fluorescent dye

	
Urethane-FVB pulmonary adenocarcinoma

	
Imaging

	
[155]




	
Polysaccharide from Bletilla striata/MR

	
Polysaccharide from Bletilla striata–drug conjugate

	
Alendronate

	
Murine S180 sarcoma

	
TAM depletion

	
[158]




	
Rabies virus glycoprotein

	
PLGA core with mixed lipid coating

	
Paclitaxel

	
U87 glioma xenograft

	
TAM depletion

	
[122]




	
RR-11a/Legumain

	
Liposomes

	
Hydrazinocurcumin

	
Murine 4T1 breast cancer

	
Reprogramming of TAM

	
[178]




	
β-(1→3)-(1→4)-glucan/CD11b

	
Glucan-based nanoparticle

	
MIF siRNA

	
Murine 4T1 breast cancer

	
Inhibit recruitment and reprogramming TAM

	
[182,183]








Abbreviations: AAN: alanine-alanine-asparagine, PLGA: poly(lactic-co-glycolic acid), MR: mannose receptor, BBB: blood brain barrier, BMA: butyl methacrylate, PAA: 2-propylacrylic acid, DMAEMA: 2-(dimethylamino)ethyl methacrylate, CMC: carboxymethylcellulose, FR: folate receptor, USPIO: ultrasmall superparamagnetic iron oxide, CNT: carbon nanotubes, MHC class I: major histocompatibility complex class I, PBMC: peripheral blood mononuclear cell, MGL: macrophage galactose-type C-type lectin, MIF: macrophage migration inhibitory factor, CD11b: cluster of differentiation 11b.








6.2.1. Mannose Receptor


The mannose receptor 1 (MRC1, also called CD206) is a scavenger receptor that is overexpressed on the surface of TAMs. Mannose-modified nanoparticles have been used for macrophage targeting to achieve various goals: boosting of the immune responses, imaging, depletion of macrophages, and anti-tumor therapy.



In early studies, mannose-modified cationic liposomes were used for the targeted delivery of genes to enhance the immune response [150,151,152,153]. Hattori et al. compared the delivery of the model gene for ovalbumin encapsulated in normal liposomes and mannosylated liposomes and showed they could increase the immune response by using mannose as a targeting ligand [154]. In subsequent studies, mannose was used for specific TAM targeting and treatment. Locke et al. investigated the accumulation of mannosylated 64Cu-loaded liposomes in a mouse model for pulmonary adenocarcinoma using PET imaging and fluorescence microscopy [155]. They compared mannosylated and non-mannosylated liposomes labeled with fluorescent dyes and showed that the mannosylated liposomes accumulated at the tumor regions, while the normal liposomes were distributed throughout the entire lung tissue. Subsequent confocal microscopy confirmed the uptake of the mannosylated liposomes in macrophages expressing MRC1, confirming that mannosylation is a viable approach for targeting TAMs [155]. Similar to the latter study, the polysaccharide mannan, a ligand for the mannose receptor, has been used in several studies for the delivery of nanoparticles to macrophages [156,157]. In a study by Zhan et al., a glucomannan polysaccharide from Bletilla striata was employed to target the mannose receptor [158]. The polysaccharide was coupled to the bisphosphonate alendronate for the depletion of macrophages. They showed that a conjugate of the polysaccharide and alendronate preferentially accumulated in macrophages and induced apoptosis in vitro. Furthermore, in a mouse tumor model they showed that depletion of TAM led to inhibition of angiogenesis, recovered local immune surveillance, and suppression of tumor growth [158]. Mannose has also been used in the targeting of polymeric nanoparticles towards TAM. In the past, PEG-sheddable, acid-sensitive, mannose-modified PLGA carriers have been developed and tested for their macrophage targeting potential [159]. In subsequent studies by different investigators, these particles have been tested for their efficacy in cancer treatment [160,161]. One such example is the delivery of acid-sensitive, sheddable, PEGylated, mannose-modified doxorubicin nanoparticles to TAM. In this study, targeted nanoparticles formulations were more effective in reducing tumor growth than non-targeted formulations. Using the targeted formulation, compared to doxorubicin alone, a reduction in the intra-tumoral CD206+ cell populations was observed [161].



In another approach using polymers, elegant tri-block copolymer nanoparticles were developed for the delivery of siRNA. In these particles, the core consists of a hydrophobic pH sensitive block, which triggers endosomal escape and enables cytoplasmatic delivery of siRNA. The second block consists of cationic DMAEMA polymers, which are able to condense anionic oligonucleotides within the particle, thus carrying and protecting the cargo. The third block is the azide-presenting block, which enables the particles to be functionalized with targeting molecules, in this case, mannose. Using this functionalized particle, the authors showed the effective transfection of TAM in vitro and in vivo. In primary mammary tumors, the effective delivery of labeled nucleotides was confirmed. Enhanced delivery of labeled nucleotides by targeted particles was established in ovarian tumors, compared to non-targeted particles. Furthermore, in vivo, no significant toxicity was observed [162]. Having established successful targeting of TAM in several mouse models for cancer, investigators then incorporated siRNA for manipulation of the NF-κB pathway. In vitro, the potent induction of cytotoxicity and immunostimulatory functions of TAM was confirmed. In upcoming studies, the authors plan to investigate the effects of this gene silencing in vivo [163,164].




6.2.2. Folate Receptor


Another surface receptor is folate receptor (FR), a glycoprotein that binds to folic acid with high affinity. Initially FR was found to be overexpressed on cancer types of epithelial origin and was thus used for targeted delivery of therapeutics to tumor cells. However, Turk et al. found that FR was also expressed on activated macrophages. In an experimental mouse model of ovarian cancer, they showed a 10-fold higher uptake of folate-conjugated liposomes in TAMs compared to tumor cells, where endocytosis via FR was responsible for 50% of the total uptake [165]. Additional experiments by other groups have shown the presence of the FR-β subtype on the surface of TAMs [166], and the possibility of targeting TAMs using this receptor [167]. In this study, Pseudomonas exotoxin A was coupled to an antibody directed against FR-β and injected into C6 glioma xenografts in nude mice. This treatment led to a significant reduction in tumor growth and depletion of TAM. Using this study, the authors concluded that the depletion of FR-β positive macrophages might be a suitable option for immunotherapy of human glioblastoma [167]. Hattori et al. investigated zoledronic-acid-loaded folate modified liposomes for selective TAM depletion. TAM-mediated uptake was observed; however, due to severe toxicity of both conjugated and unconjugated liposomes, no additional anti-tumoral effect could be detected [168].



Folate has also been used in the targeting of USPIO towards TAM. An example is the imaging of TAM in the PyMT mouse mammary tumor model i.v. injected USPIO enhanced MRI signaling in tumor tissues. Upon further investigation, iron oxide nanoparticles were associated with intra-tumoral TAM. In addition, by decorating USPIO nanoparticles with folate, the authors showed increased macrophage uptake [169].




6.2.3. Cluster of Differentiation 163


CD163 is a member of the scavenger receptor cysteine-rich (SRCR) superfamily. It is expressed in most mature macrophages and plays a role in the resolution of inflammation [170,171]. Moreover, it is involved in homeostasis by binding to hemoglobin–haptoglobin complexes [171]. Gordon et al. reported high expression of this receptor in alternatively activated, i.e., M2-like macrophages [172].



Although it is well established that the CD163 receptor is overexpressed on TAM, there is a lack of studies exploiting this receptor for TAM targeting. However, one study attempted to target monocytes by coupling an anti-CD163 antibody via a PEG linker to long circulating liposomes [173]. In vitro, greater uptake in CD163 transfected cells was observed compared to non-transfected cells. When using doxorubicin as a therapeutic agent, cell viability in peripheral blood mononuclear cells was greatly decreased using the targeted construct. The authors conclude that CD163 targeted stealth liposomes may be used to target macrophages in inflammatory and malignant processes.




6.2.4. Legumain


Legumain is a member of the asparaginyl endopeptidase family. It functions as a stress protein, induced by hypoxia, and is overexpressed in TAM, tumor vascular cells, and tumor cells, but not in normal tissues [174,175]. Using a DNA-based vaccine against legumain as a tool, mice were immunized against legumain, leading to depletion of TAM in tumor tissues of 4T1 breast tumor-bearing mice. Depletion of TAM led to a pronounced reduction of TGF-β, TNF-α, MMP-9, and VEGF, resulting in the suppression of angiogenesis, tumor growth, and metastasis. Moreover, vaccination after i.v. tumor cell challenge led to survival of 75% of injected mice, while 62% of them were found to be completely tumor-free [176]. In a nanoparticle-based approach, the small molecular inhibitor for legumain RR-11a was coupled to liposomes. Loading of these particles with doxorubicin led to complete inhibition of tumor growth [177]. In a follow-up study, the legumain-targeted nanoparticle was used for the treatment of TAM. In order to re-educate TAM, hydrazinocurcumin, a synthetic analogue of curcumin able to inhibit the STAT3 pathway, was encapsulated and delivered to TAM. By changing the M2 phenotype of TAM from IL-10high/IL-12low/TGF-βhigh to M1 phenotype IL-10low/IL-12high/TGF-βlow, authors were able to show TAM re-education in vitro. In vivo, suppressed tumor growth, metastasis, and angiogenesis were observed [178]. Most recently, using an elegant liposomal modification for the simultaneous targeting of TAM, endothelial cells, and tumor cells, the cyclic RGD peptide (iRGD) was combined with a substrate for legumain, alanine-alanine-asparagine (AAN), yielding nRGD [179]. nRGD could specifically bind to legumain, present on tumor endothelial cells, tumor cells, and TAM. Once cleaved by legumain, the remaining nRGD would then be able to bind to αvβ3/β5 integrin receptors, where it would be cleaved again. The remaining peptide would then bind to neuropilin-1 on tumor cells. The targeted nanoparticle was loaded with doxorubicin and subsequently used in the treatment of 4T1 tumor-bearing mice. Specific interaction with tumor vasculature and efficient tumor penetration were observed. Furthermore, the TME was modulated by depletion of TAM. Overall, the attachment of nRGD to doxorubicin-loaded liposomes led to excellent anti-tumor efficacy, increasing doxorubicin efficacy and low toxicity [179].




6.2.5. Galactose-Type C-Type Lectins


In a novel approach to target TAM for the specific delivery of oligonucleotides, specifically CpG, anti-IL-10, and anti-IL-10R, Huang et al. have developed an acid-sensitive (PEG-histidine modified alginate) nanoparticle, using galactosylated cationic dextran (gal-C-dextran) to form stable nanoplexes able to incorporate and protect oligonucleotides. TAM express high levels of macrophage galactose-type lectin (MGL), making it a suitable target for galactose [180]. In an allograft hepatoma murine model, authors found accumulation of nucleic acids in TAM after i.v. injection. Treatment using the nanoparticles led to significant reduction in tumor growth. Moreover, in TAM isolated from tumor tissues, pro-tumor functions were suppressed and anti-tumor activities were stimulated [181].




6.2.6. Cluster of differentiation 11bCD11b


In another approach to delivering siRNA to macrophages, a glucan-based carrier was developed. Glucans display pathogen-associated molecular patterns (PAMPS), which are recognized and internalized by macrophages. In previous studies, the authors developed water-soluble variants of glucan: β-(1→3)-(1→4)-glucan (BG34). This glucan was found to be internalized by primary monocytes via the CD11b receptor [182]. In a follow-up study, siRNA against MIF was incorporated into this glucan, resulting in 80–120 nm nanoparticles. An i.v. injection of these nanoparticles led to specific tumor accumulation in 4T1 mammary tumor-bearing mice. FACS analysis of TAM isolated from tumor tissues showed a sustained reduction in MIF expression [183].




6.2.7. Peptides


A different way of selectively targeting TAM is the use of peptides. This new approach for targeting TAMs was investigated by Cieslewicz et al. They identified a murine M2 macrophage specific peptide, called M2pep, using subtractive phage biopanning. They showed that this peptide was able to preferentially bind to M2 macrophages, compared to other leukocytes, and they confirmed the accumulation in TAMs in vivo. By fusing M2pep with a pro-apoptotic peptide, they were able to show delayed mortality and a decrease in M2 TAM population in a murine model for colon carcinoma [184].






7. Future Perspectives


Specific targeting of TAM is a very recent field of investigation and many hurdles are still remaining. Even though some research has been done to achieve specific targeting of TAM, the expression of the specific markers on other cell types remains a major obstacle. Most active targeting strategies are based on the targeting to upregulated receptors in TAM, but as a matter of fact macrophages often display intermediate states (in between M1 and M2 phenotypes) and other cell types may display these receptors as well [42,185]. Therefore, targeting specificity remains a key challenge. A lack of specificity may lead to treatment of tissue-specific macrophages, such as red pulp macrophages in the spleen or Kupffer cells in the liver. Effects on other macrophage types or receptor-expressing cells should be investigated as well. Moreover, acute toxicity has been observed when administering liposomal zoledronic acid, most likely caused by increased cytokine production [168,186]. Furthermore, the long-term effects of macrophage depletion have yet to be investigated, as there are indications that macrophage depletion may aggravate liver lesions in liver injury and impair skeletal muscle repair after muscle injury [187,188]. However, targeting macrophages seems to be a more effective strategy than identifying tumor specific antigens, as these may change over the course of tumor development and expression may vary between different groups of patients [189]. Recent advances have shown that the EPR effect is not as pronounced in human cancers as in mouse models. Screening of patients in terms of EPR effect and TAM infiltration may increase the number of responders to nanoparticle-based treatments [113,114]. Combining therapy with diagnostics (theranostics), which has been employed in the evaluation of the effectiveness of the targeting and treatment of TAM, might be another useful approach [190].



Production and characterization of complex nanoformulations in GMP conditions may make the translation to the clinic difficult. Production scale-up from the laboratory to the clinic will become more complicated when the particles are prepared in a multi-step process. Therefore, straightforward particles and targeting ligands would be preferable. As shown in several studies, by simply tuning particle characteristics TAM specificity may be increased [149,191]. Preparing them in a single step may make scaling up easier.




8. Conclusions


TAM prove to be an interesting therapeutic target for the inhibition of tumor growth and metastasis. Currently, many lines of research are being investigated for the effective delivery of TAM-modulating therapies. A large number of successful attempts have been reported to target TAM via cell-specific surface receptors either to deplete, re-educate, or initiate anti-tumor immune responses. Moreover, the combination of TAM-targeted therapies with conventional medication, directed against the tumor and metastatic sites, holds great promise for effective cancer therapy in the future. Although there are still some hurdles to be overcome, the many preclinical studies reviewed herein show promising results and warrant the further translation of TAM targeting technologies towards the clinic.
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