

[image: The role of macrophage migratory behavior in development, homeostasis and tumor invasion]
The role of macrophage migratory behavior in development, homeostasis and tumor invasion





REVIEW

published: 11 November 2024

doi: 10.3389/fimmu.2024.1480084

[image: image2]


The role of macrophage migratory behavior in development, homeostasis and tumor invasion


Michael W. Murrey, Isaac Trinstern Ng and Fiona J. Pixley *


Macrophage Biology and Cancer Laboratory, School of Biomedical Sciences, The University of Western Australia, Crawley, WA, Australia




Edited by: 

David Entenberg, Albert Einstein College of Medicine, United States

Reviewed by: 

Suzanne Marie Ponik, University of Wisconsin-Madison, United States

Hava Gil-Henn, Bar-Ilan University, Israel

*Correspondence: 

Fiona J. Pixley
 fiona.pixley@uwa.edu.au


Received: 13 August 2024

Accepted: 23 October 2024

Published: 11 November 2024

Citation:
Murrey MW, Ng IT and Pixley FJ (2024) The role of macrophage migratory behavior in development, homeostasis and tumor invasion. Front. Immunol. 15:1480084. doi: 10.3389/fimmu.2024.1480084



Tumor-associated macrophages (TAMs) recapitulate the developmental and homeostatic behaviors of tissue resident macrophages (TRMs) to promote tumor growth, invasion and metastasis. TRMs arise in the embryo and colonize developing tissues, initially to guide tissue morphogenesis and then to form complex networks in adult tissues to constantly search for threats to homeostasis. The macrophage growth factor, colony-stimulating factor-1 (CSF-1), which is essential for TRM survival and differentiation, is also responsible for the development of the unique motility machinery of mature macrophages that underpins their ramified morphologies, migratory capacity and ability to degrade matrix. Two CSF-1-activated kinases, hematopoietic cell kinase and the p110δ catalytic isoform of phosphatidylinositol 3-kinase, regulate this machinery and selective inhibitors of these proteins completely block macrophage invasion. Considering tumors co-opt the invasive capacity of TAMs to promote their own invasion, these proteins are attractive targets for drug development to inhibit tumor progression to invasion and metastasis.
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1 Introduction

Tumor-associated macrophages (TAMs) are now widely understood to play a range of mostly deleterious roles in cancer progression. In doing so, TAMs recapitulate behaviors of normal macrophages during embryogenesis, homeostasis and repair. Macrophage behaviors such as growth factor secretion, immune regulation, extracellular matrix (ECM) remodeling and guidance of other cells in developing and healing tissues are subverted by cancers to encourage their growth and dissemination (1, 2).

While macrophages have long been known for their phagocytic and host defense capacities, more recently we have come to understand that they have many non-immune roles, some common to all macrophages and some highly specific to their tissue of residence (3–5). These tissue resident macrophages (TRMs) integrate tightly into all tissues with their heterogeneous phenotypes reflecting different environments and demands. TRM specification begins very early in embryogenesis soon after macrophage precursors (pMacs) migrate into developing organs and differentiate in response to local cues (6). Differentiated TRMs also migrate within tissues during development to guide formation of structures such as the mammary gland ductal network (7). In adult organisms, TRMs patrol their local territory to maintain tissue homeostasis and initiate wound repair by either migrating through or extending long dendrites or shorter finger-like pseudopodia into tissue structures (8, 9). Many of the same mechanisms regulating interstitial migration also control dynamic cell projections in macrophages, which express a unique set of motility molecules for this purpose (9, 10). In invasive cancer, the migratory activity of TAMs is hijacked by tumor cells with TAMs guiding tumor cells out of the tumor and into surrounding tissue, thereby recapitulating embryonic TRM behavior (11, 12).

Many excellent reviews have recently been published on the general biology of TAMs in cancer, including a masterful historical overview of TAMs and their many roles in cancer promotion (2). Rather than undertaking a comprehensive overview of how macrophage behaviors are subverted in cancer development and progression, this review examines the role of macrophage motility in normal development and homeostasis and, with a particular focus on the mammary gland, how cancers co-opt this core function to enable local tumor invasion, which leads to distant metastasis.




2 Macrophage biology

The mechanisms by which TRMs contribute to tissue development and homeostasis indicate how TAMs contribute to tumor invasion and metastasis. The need for macrophages in normal development was first revealed by the discovery of multiple congenital abnormalities in organisms lacking expression of either the primary macrophage growth factor, colony-stimulating factor-1 (CSF-1), or its receptor (CSF-1R) (13−16). Macrophages were subsequently shown to colonize embryonic tissues very early to help shape organogenesis and then help maintain tissue homeostasis and restore it after various disturbances (3, 5, 17). In response to local cues, newly arrived TRMs functionally integrate with parenchymal cells to carry out both common core housekeeping functions and highly tissue-specific functions. TRMs make up 8-18% of tissue mass in adult tissues (18). After tissue-specific adaptations, TRMs can undergo additional phenotypic changes in response to perturbations such as injury, infection and disease. In other words, macrophages are chameleon-like in their ability to respond to both short and long term cues in their host tissue. With this finely tuned responsiveness to the local environment, it is not surprising that macrophages are co-opted in a number of ways by disease processes, including cancer.



2.1 Macrophage ontogeny

Before fate mapping approaches revealed that macrophages arise from several distinct hematopoietic origins in the embryo, all macrophages were thought to be derived from pluripotent hematopoietic stem cells (HSCs) that differentiated into progenitor cells of the mononuclear phagocytic lineage under the influence of a cocktail of hematopoietic factors, CSF-1 being the most important (19, 20). According to this model, highly proliferative progenitor cells in the bone marrow differentiate into circulating monocytes that enter tissues where they differentiate into macrophages. Once in situ, macrophages were considered incapable of further proliferation and were replenished by incoming monocytes (19). However, over the last 15 years, fate mapping studies have revolutionized our understanding of macrophage biology, using lineage markers of macrophages or their progenitors to demonstrate that embryonic TRMs arise from non-monocytic yolk sac macrophage progenitors and fetal liver-derived monocytes (2, 6, 21−23). These embryonic TRMs are long-lived and proliferate locally to maintain numbers (22, 24). Indeed, some TRMs, notably microglia and Langerhans cells, rely entirely on life-long self-renewal although they can be replaced by monocytes if profoundly depleted (23, 25, 26). Distinct TRM populations in the same organ can demonstrate different replacement kinetics with embryonically-derived Kupffer cells replaced by self-renewal in the healthy liver while liver capsular macrophages are monocyte-derived (5, 17, 27). In contrast, macrophages in the gut and dermis, which undergo rapid turnover, rely on circulating monocytes to maintain their numbers (28, 29). In a fitting twist that exemplifies the developmental role of macrophages, embryonic macrophages shape the architecture of the hematopoietic niche for HSCs in the fetal liver and the adult bone marrow such that their depletion leads to premature differentiation of HSCs (30).

Unlike most organs, development of the mammary gland largely occurs postnatally (31). A study that used CD11b as a marker of mammary gland macrophages revealed persistence of fetal macrophages in the stroma of the postpubertal mammary gland (32). However, a CD11b-/Cd11c+ ductal macrophage population was recently identified lying between the luminal and basal ductal epithelial cells in mouse mammary ducts (33, 34). The same intraductal population of TRMs is seen between the epithelial layers in human mammary ducts and their branched morphology is very different to that of the large, circular macrophages seen within the duct lumen (Figures 1B, D). Compared to stromal macrophages, ductal macrophages form a small proportion of TRMs in the virgin mouse mammary gland but expand 40-fold during pregnancy, through both local proliferation of embryonic macrophages and recruitment of bone marrow-derived monocytes, before decreasing to baseline numbers in involution (33). Lineage tracing was used to show that initially both stromal and ductal TRMs are embryonically derived with stromal macrophages slowly replaced over time while embryonic ductal macrophages are largely replaced by monocyte-derived macrophages during puberty after which they self-renew (33, 34). In general, however, circulating monocytes do not act as a supply reservoir for most TRM populations in steady-state. Rather they are recruited in large numbers to sites of inflammation, infection or injury then typically disappear unless inflammation persists (5, 27). As ‘wounds that never heal’, tumors attract and retain monocyte-derived TAMs, often in huge numbers if the tumor cells secrete CSF-1 and other macrophage or monocyte chemokines such as CCL2 (35, 36).




Figure 1 | Macrophage motility in development, homeostasis and breast cancer. (A) In the developing mammary gland, terminal end bud outgrowth and elongation into the mammary fat pad is guided by macrophages (green) that move along and remodel collagen fibrils surrounding the developing duct. (B) In the adult mammary gland, elongated and branched macrophages (green) are found intercalated between the luminal and basal epithelial layers of mammary ducts embedded in a mix of adipose and connective tissue with their own tissue resident macrophage populations. While ductal macrophages do not migrate through tissue, their dendritic branches routinely patrol the ductal epithelium (33). (C) In invasive triple negative breast cancer, macrophages (green) accumulate in large numbers particularly at the invasive front. For the immunofluorescent immunohistochemistry images of a normal human mammary duct (D) and human triple negative breast cancer (E), ionized calcium binding adaptor molecule (IBA)1+ macrophages are shown in green and nuclei are magenta. Arrows indicate ductal macrophages and the arrowhead points to a group of luminal macrophages in (D). In (E), arrows indicate TAMs and arrowheads point to adipocytes at the invasive front. Scale bars represent 100µm. The schematic diagrams in this figure were created in BioRender.com.






2.2 TRM plasticity: specification, activation, morphology and function

While lineage tracing and single cell technologies have confirmed the extraordinary heterogeneity of TRMs, striking morphological differences between tissue-specific macrophages such as Kupffer cells, microglia and alveolar macrophages had long been recognized (37). Morphologically disparate TRMs also exist within organs, for example ramified microglia, spindle-shaped meningeal macrophages and stellate choroid plexus macrophages in the brain, reflecting the niche-specific demands placed on TRMs (38, 39). As noted earlier, embryonic tissues are colonized by pMacs, which express a set of core macrophage genes under the influence of CSF-1 and the macrophage lineage-determining factor PU.1 (5, 6). As pMacs migrate into tissues, they rapidly differentiate into tissue-specific TRMs in response to local cues, the process driven by upregulated expression of tissue-specific TRM lineage determining factors (6, 40–42). Hence, Kupffer cells upregulate ID3, microglia SALL1 and alveolar macrophages PPARγ with a host of other lineage determining factors driving specialization in other TRM populations (5, 6, 39, 43).

After tissue specific adaptation, macrophages can undergo additional phenotypic changes in response to exposure to external cues such as cytokines, microbial products and other modulators (44). For some time, these changes were believed to occur in a binary fashion with a ‘classical’ or M1 phenotype developing in response to interferon (IFN)γ or toll-like receptor (TLR) ligands and an ‘alternatively activated’ or M2 phenotype arising after exposure to interleukin (IL)-4, which was thought to reflect the transition from inflammation to repair (45). However, this is now known to be a very simplistic representation of the full range of macrophage activation states in response to a panoply of modulators. Transcriptional analyses of human macrophages activated in vitro by a diverse range of stimuli or in different murine TRMs in vivo indicate that many distinct gene expression changes occur between each macrophage population (40, 46). Indeed, the full spectrum of macrophage activation states is very complex and appears to be of limited use in the context of human health and disease (1, 2). Yet the oversimplified classification of TAM activation phenotypes into M1-like or anti-tumoral and M2-like or pro-tumoral unfortunately lingers despite strong evidence of TAM phenotypic diversity in a range of different cancers such as breast cancer and glioblastoma (47–49).

Morphological changes are central to TRM differentiation and specialization. Microglia form a highly ramified, regularly spaced network in the brain (37, 38). Several other TRM populations create similarly complex tissue surveillance networks such as epidermal Langerhans cells whose dendrites and migration towards lymph nodes resulted in their misidentification as dendritic cells for decades (50). Early immunohistochemical studies also demonstrated highly dendritic morphologies in bone marrow stromal macrophages (37). Similar if less complex membrane extensions are seen in other TRMs such as Kupffer cells, which use finger-like extensions to sample liver sinusoidal fluid, and lymph node subcapsular macrophages, which extend fingers upwards into the subcapsular space to capture antigens as well as long branches downwards into underlying follicles to interact with B cells (51, 52). Even yolk sac pMacs have a stellate morphology (18). While it is difficult to observe dynamic behavior of TRM dendritic networks deep in tissues, high resolution live imaging in the mammary gland has shown that mammary ductal macrophages move their dendrites constantly to survey the entire ductal epithelium within a two hour cycle (33). Similarly ramified ductal macrophages can be seen lying between the luminal and basal epithelial layers of the collecting ducts and in lobules in human breast tissue. Dynamic TRM responses to injury have also been captured by intravital imaging in the peritoneum (53).

However specialized, TRMs still carry out core macrophage functions such as phagocytosis and immune surveillance (3). Migration is also an essential core function, which is used by pMacs to colonize embryonic tissues and by differentiated TRMs to guide tissue morphogenesis (9). Although mature TRMs, considered by some to be sessile, may no longer move through tissues routinely, dynamic dendrite movement in interstitial or sinusoidal spaces is unceasing and, when tissue injury occurs, TRMs can extend pseudopods to cloak microlesions and limit inflammation or move into larger wounds to orchestrate repair (33, 53, 54). Thus, TRMs retain the capacity for interstitial migration, which can be coopted to facilitate tumor invasion.

The molecular mechanisms that underpin formation of protrusive membrane structures in macrophages such as the leading edge of a migrating cell, a phagocytic cup or a probing dendrite are similar and involve actin polymerization and coordinated formation of specialized adhesions to enable rapid responses (9, 55). TRMs selectively express a complex array of adhesion and actin cytoskeletal remodeling proteins to enable them to extend, maintain and restructure these processes (9). Moreover, TRMs are embedded in ECM and express a huge number of matrix metalloproteinases (MMPs) and cathepsins to enable protease-dependent mesenchymal migration (10, 56). CSF-1R signaling is essential for the expression of this unique set of motility and matrix degrading proteins as evidenced by the myriad changes in expression of genes regulating adhesion, actin cytoskeletal remodeling and matrix degradation seen with CSF-1-induced differentiation of non-adherent progenitor cells into mature, adherent macrophages (9, 10). The dependence on CSF-1R signaling for macrophage motility is underscored in zebrafish with an inactivating Csf1r mutation. Yolk sac-derived macrophage progenitors in the mutant zebrafish are unable to migrate into the cephalic mesenchyme to become microglia (15). Hence, to acquire full tissue-specific functionality, TRMs require CSF-1R signaling as well as niche-specific signals.




2.3 CSF-1R signaling to macrophage morphology and motility

CSF-1R signaling is essential for TRM survival and self-renewal as well as differentiation, morphology and function, as demonstrated by the almost total depletion of most TRM populations following administration of a CSF-1R blocking antibody (20, 57). CSF-1 was originally considered the only CSF-1R ligand but the more severe developmental abnormalities of the CSF-1R-deficient mouse led to the discovery of an additional ligand, IL-34 (16, 58). However, CSF-1 drives the expansion of the majority of TRMs required for normal development and homeostasis, microglia and Langerhans cells excepted (14, 59). The striking effects of CSF-1 on macrophage morphology are easily observed in bone marrow-derived macrophages in vitro. CSF-1 triggers actin polymerization and adhesion formation to cause ruffling and spreading within a minute followed by further spreading, polarization and finally migration over the ensuing 10 minutes (60–62). The CSF-1R is a class III receptor tyrosine kinase that autophosphorylates multiple tyrosine residues to create binding sites for docking and activation of downstream signaling proteins (20, 63). A macrophage cell line system with individual CSF-1R tyrosine mutants was used to identify two autophosphorylated CSF-1R tyrosine residues, Y721 and Y974, primarily responsible for triggering signals to macrophage motility (62, 64, 65).

Loss of signaling from Y721 in the CSF-1R greatly reduces CSF-1-induced actin polymerization and adhesion formation, resulting in a striking reduction in macrophage motility (62). CSF-1R pY721 binds and activates the class IA phosphatidylinositol 3-kinase (PI3K) to produce a rapid pulse of PI 3,4,5-trisphosphate (PIP3) at the leading edge membrane (62, 66). PIP3 then triggers membrane translocation of pleckstrin homology domain-containing molecules such as AKT/PKB to activate growth, survival and proliferation as well as migration signals (67, 68). The three catalytic isoforms of PI3K, ubiquitous p110α and p110β and hematopoietically restricted p110δ, all of which are expressed by macrophages, have non-redundant biological roles and isoform selective inhibitors indicate that only PI3K p110δ activates CSF-1-induced macrophage motility and matrix degradation signals (68–70). Reflecting the importance of macrophage motility on tumor invasion, PI3K p110δ inhibition also completely blocks co-migration and invasion of co-cultured macrophages and tumor cells in an in vitro invasion model (36). Although the precise motility pathways downstream of PI3K p110δ have not been fully elucidated, AKT, Rho family GTPases Rho, Rac and Cdc42, along with Src family kinases (SFKs) regulate actin cytoskeletal remodeling and phosphorylation of adhesion proteins such as paxillin and leupaxin (9, 10). However, because PI3K-activating motility signaling involves bifurcating pathways, direct inhibition of PI3K p110δ is likely to be a more successful strategy to target macrophage motility.

Adhesion and motility in macrophages are also regulated by SFKs (65, 71). Macrophages express no less than five SFKs, each of which has overlapping and unique functions (65). Expression of HCK and LYN increases as macrophages differentiate from non-adherent precursors under the influence of CSF-1 while SRC and FGR decrease (10). CSF-1R pY974-based signaling regulates at least some of these changes as FGR expression is dramatically increased in CSF-1R Y974F mutant macrophages, which spread and move slowly in response to CSF-1 (65). Of the SFKs expressed in macrophages, only HCK and LYN associate with the CSF-1R, HCK in a CSF-1 dependent manner, suggesting it transduces signaling from the activated CSF-1R (65). Confirmation that HCK is the primary SFK transducing the CSF-1R motility signal in macrophages was provided by the observation that macrophages expressing constitutively active HCK move faster, digest matrix more efficiently and encourage greater tumor cell invasion in vitro than control macrophages while a HCK selective inhibitor, RK20449, blocks motility, degradation and invasion of both control and constitutively active HCK macrophages (72). Constitutive activation of HCK also drives increased invasion in vivo in a gastric tumor model (72). Thus, HCK is an attractive target for macrophage motility inhibition as a therapeutic strategy.




2.4 CSF-1R signaling and macrophage motility in the mammary gland

The importance of CSF-1R signaling and macrophage motility is evident in the developing mammary gland. During puberty, mammary epithelial structures called ductal terminal end buds grow into the mammary fat pad then elongate and branch to fill the fat pad with a complex ductal tree (Figure 1A) (31). CSF-1-dependent TRMs are recruited in large numbers to the neck of terminal end buds to help guide ductal morphogenesis as ductal length and branching are reduced in CSF-1-deficient female mice while transgenic over-expression of CSF-1 produces increased branching (31, 73, 74). Intravital imaging has shown that mammary gland macrophages associate with collagen fibers found alongside growing terminal end buds and that these macrophages migrate along the fibers and fuse shorter fibers to promote their elongation, thereby shaping ductal outgrowth into the mammary fat pad (Figure 1A) (7). Mammary macrophages also shape lobular morphogenesis during the estrous cycle and pregnancy and phagocytose apoptotic epithelial cells during involution (75). There are large increases in ductal TRM numbers during puberty and pregnancy to facilitate these processes (32, 33). Importantly, ductal and not stromal macrophages are thought to be co-opted by tumor cells to become TAMs in breast cancer (33, 34).





3 TAMs and tumor progression

Tumors are aberrant organs with their own integrated populations of resident macrophages known as TAMs. Indeed, most solid tumors contain large numbers of TAMs with a high correlation between TAM density and poor outcome in many types of cancers in humans, including breast cancer (76–79). Single cell transcriptomic studies have confirmed both the abundance and heterogeneity of TAMs within and between tumor types in a range of human cancers, including breast cancer (43, 79–82). Consistent with these observations, TAM density is striking highly in triple negative breast cancer, which has the lowest survival of breast cancer subtypes (Figures 1C, E) (82, 83). Furthermore, macrophage heterogeneity is increased in tumors compared to nearby normal tissue (81).

It is now well understood that TAMs co-evolve with cancers and contribute to their development and progression in several ways, including support of tumor growth through production of growth factors, promotion of angiogenesis through secretion of pro-angiogenic factors and immunosuppressive effects on the adaptive immune system (2, 49, 84–87). However, perhaps the most lethal contribution TAMs make to tumor progression is their promotion of tumor invasion and metastasis (2, 88−90). Consistent with this notion, TAMs have been shown to accumulate at the invasive front of breast cancers (Figures 1C, E) (91).



3.1 CSF-1R signaling in TAMs and tumor invasion

The importance of CSF-1R signaling in cancer progression was originally hinted at by the association of high circulating levels of CSF-1 with poor outcomes in breast, ovarian and endometrial cancers and further supported by the co-localization of CSF-1 expressing carcinoma cells with CSF-1R+ TAMs in invasive breast cancer (91–94). Confirmation that CSF-1-dependent macrophages promote tumor progression, particularly to invasion and metastasis, was provided by an experimental model in which the CSF-1-deficient osteopetrotic mouse was crossed with the polyoma middle T (PyMT) mouse, an autochthonous model of breast cancer to produce CSF-1-deficient PyMT mice. Multifocal mammary tumors arise and progress steadily to pulmonary metastasis in the female mice and, while initiation and early progression of mammary tumors are unchanged, late stage progression is slowed and pulmonary metastasis is all but halted in the absence of CSF-1-dependent TAMs (88, 95). Inhibition of pulmonary metastasis is due in part to the failure of tumor cells to disrupt the basement membrane unless macrophages are present (88, 89). This is because TAMs set up a paracrine chemokine interaction with tumor cells to activate tumor invasion via a mechanism of relay chemotaxis (89). Tumor cells secrete CSF-1 and TAMs secrete epidermal growth factor (EGF) to enable both cell types to co-migrate along collagen fibers in an alternating fashion (11, 89). Notably, either CSF-1R or EGFR inhibition signaling completely stop invasion of both TAMs and tumor cells (89, 96).

In vitro live imaging of co-cultured mammary tumor organoids and bone marrow-derived macrophages enables a closer examination of relay chemotaxis and reveals that tumor cell invasion from the organoids only occurs after motile macrophages that had previously exited the organoid make contact with the tumor cells to activate their motility then lead them into the surrounding matrix (36). Flow cytometric analysis of the invasive cells revealed a 3:1 ratio of tumor cells to macrophages (36). In this co-invasion assay, selective inhibition of either HCK or PI3K p110δ are equally as effective as CSF-1R inhibition in shutting down macrophage-led tumor cell invasion while macrophages expressing constitutively active HCK promote increase tumor cell invasion (36, 72). Consistent with a requirement for matrix degrading activity in invasive macrophages that lead tumor cells out of tumors, upregulation of cathepsin protease activity increases the invasion-promoting activity of TAMs (97). Underlining the central role of motility in this interaction between macrophages and tumor cells, gene expression studies of co-migrating tumor cells and TAMs show upregulation of motility genes in the tumor cells with upregulation of trophic genes in the already motile macrophages (98, 99). Thus, motile TAMs appear to be an essential component of tumor cell invasion in at least some invasive tumors such as breast cancer. In a form of what has been labeled ‘oncofetal reprogramming’, interstitial migratory TAMs recapitulate the motile and matrix remodeling behavior of embryonic TRMs and activate tumor cell motility to lead them through the basement membrane and into nearby tissue (100). This leads to the notion that not only does TAM-dependent invasive activity lead to metastatic spread due to incidental breaching of blood or lymphatic vessels but, by releasing physical constraints on primary tumor growth, invasive TAMs contribute to primary tumor growth, i.e. invasive growth.




3.2 TAM ontogeny and heterogeneity

Until the identification of self-renewing embryonic TRMs, all TAMs were thought to be derived from circulating monocytes. It is important to note, however, that maintenance of TRM populations through self-renewal relies on steady state conditions as perturbations such as extensive tissue injury or experimental macrophage depletion can lead to replacement of TRMs by circulating monocytes that differentiate into TRMs, albeit with distinct phenotypes (2, 6, 23, 101). As flagged earlier, monocytes are also recruited in large numbers to sites of inflammation and, since chronic inflammation is a consistent feature of cancer, it is not surprising that monocyte-derived TAMs are found in large numbers in many tumors (5, 35). However, as TRMs are proliferative, TAMs can also arise from local TRM populations. Consistent with this possibility, parabiotic studies in a mouse model of pancreatic ductal carcinoma showed that embryonic TRM-derived TAMs appear to predominate and they drive the strong fibrotic response so typical of these tumors (102). In contrast, TAMs in spontaneous PyMT mammary tumors are predominantly monocytic in origin (103). Other tumor types display a mix of monocyte-derived and TRM-derived TAMs, for example early non-small cell lung cancers contain mostly TRM-derived TAMs that are gradually replaced by monocyte-derived TAMs as the tumor progresses, and brain cancer (86, 104). Thus, it would appear that monocytes and TRMs account for distinct proportions of TAMs in different mouse models of cancer and these proportions can change over time as the cancers progress (101, 105).

TAM ontogeny in human tumors is more difficult to tease apart for obvious reasons. Nevertheless, a meta-analysis of single cell transcriptomic data from lung, colon and liver cancers and nearby normal tissues demonstrated an increase of monocyte-derived macrophages compared to normal tissue, although TRMs contributed to TAM numbers in liver cancer (43). Consistent with the largely postnatal development of the mammary gland, lineage tracing and other approaches used to map the ontogeny of TAMs in experimental models indicate that TAMs are largely monocyte-derived in breast cancer. In the PyMT mammary tumor model, TAMs are phenotypically distinct from TRMs and are recruited from the bone marrow through tumor cell secretion of CSF-1 and the monocyte chemokine CCL2 (36, 101, 103). Continuous seeding of monocyte-derived TAMs was also demonstrated in three additional models of breast cancer (47). Whether monocyte-derived TAMs also predominate in human breast cancer is currently not clear, due in part to TAM heterogeneity. Nevertheless, it is likely that the majority of TAMs in human breast cancer are monocyte-derived while TRMs contribute to one or more TAM subtypes (106). Metastasis-associated macrophages are functionally distinct from primary tumor TAMs and are also predominantly monocyte-derived and recruited by tumor cell-secreted CCL2 in the PyMT and other models of breast cancer that give rise to pulmonary metastases (2, 107). However, as both monocyte-derived TAMs and TRM-derived TAMs have the capacity to proliferate, it is likely that both populations contribute to the abundant TAMs that accumulate in human tumors and their metastases, with the balance of each contribution differing between tumor types (2).

Just as there are diverse TRMs within individual organs, human tumors contain heterogeneous TAMs. A study comparing breast and endometrial cancer revealed that TAMs within tumors are more diverse than and distinct from TRMs in neighboring normal tissue and also that they differ between tumor types (79). Considerable inter-patient variation in TAM abundance and phenotypes is also seen in individual cases of human breast cancer (81). Similarly, distinct transcriptomic profiles of diverse TAM subtypes can be seen across many different human cancer types (80, 87). Spatial transcriptomics has added yet more complexity to the classification of TAMs and this has been further complicated by evidence that progressive differentiation of TAMs can occur within tumors. For example, invasive TAMs that co-migrate hand in hand with tumor cells out of tumors transition into sessile perivascular TAMs in the vicinity of blood vessels in PyMT breast cancers (108). Similarly, in an orthotopic PyMT model of breast cancer, the adipose tissue-rich environment of the mammary gland induces a lipid-associated phenotype in all TAM clusters whereas this phenotype only occurs in specific subtypes in other cancers (Murrey at al., under review) (82, 109, 110). Thus, the influence of the tumor environment and nearby tissues on TAM phenotypes is critical. Moreover, while transcriptomic analysis might classify particular TAM subtypes as pro-angiogenic or immunosuppressive, other subtypes also express angiogenic and immune suppressing genes.

Despite this heterogeneity, consistent subtypes are found across different tumor types such as angiogenic TAMs that accumulate in hypoxic, necrotic regions and immunosuppressive TAMs that inhibit cytotoxic T cells and NK cells and recruit immunosuppressive regulatory T cells (2, 47, 111). Because of this, two groups recently attempted to develop a consensus nomenclature for TAM molecular subtypes using single cell and spatial transcriptomic data extracted from several pan- cancer data sets. Six subtypes plus proliferating TAMs were identified with broad agreement across four subtypes - interferon-primed/interferon-mediated regulatory TAMs, immune regulatory TAMs, inflammatory TAMs and proangiogenic TAMs – with disagreement on whether lipid-associated TAMs constitute a specific subtype, which may reflect the adiposity of the tumor environment (109, 110).

A couple of additional points regarding single cell studies of TAM heterogeneity deserve consideration. Firstly and relevant to interpretations of mouse models of cancer, TAM heterogeneity is significantly greater in spontaneously arising PyMT breast cancers, which develop within ductal tissue, than in orthotopic PyMT tumors, which develop as a ball of tumor cells outside the normal ductal architecture (34). This is an important consideration as the former reflects the natural history of human breast cancer and because ductal macrophages are believed to be the TRM population that contribute to breast cancer development (33, 34). Secondly, concomitant expression of M1 and M2 markers in various TAM subtypes across several studies indicates that the concept of anti-tumoral M1-like and pro-tumoral M2 TAMs-like is well and truly outdated (80, 81).




3.3 Therapeutic targeting of TAMs

The broad range and prolonged effects of the tumor promoting activities of TAMs have made them obvious therapeutic targets. In addition, TAMs interfere with patient responses to chemotherapy and radiotherapy as cytotoxic therapies result in increased macrophage infiltration or altered TAM behavior (112–115). One particular mechanism of therapeutic interference was revealed when paclitaxel treatment of PyMT mice was shown to increase tumor cell secretion of CSF-1 and IL-34 and addition of a CSF-1R inhibitor to the treatment regime reduced tumor growth and rates of pulmonary metastasis (116). TAMs can also interfere with treatment response by directly secreting growth and angiogenic factors to maintain tumor cell survival and, through their promotion of immune evasion, they are potent inhibitors of responses to immunotherapies (117, 118).

Because macrophages depend on CSF-1 for survival, TAM drug development was initially focused on depleting them through inhibition of the CSF-1R, either by small molecule inhibitors or antibodies targeting the CSF-1/CSF-1R axis. CSF-1R inhibition reduces tumor growth in several mouse models of cancer, including PyMT-driven mammary cancer, cervical cancer, glioblastoma and melanoma (119−121). Surprisingly, CSF-1R inhibition in the glioblastoma model does not reduce TAM numbers but alters their phenotype from pro-tumoral to anti-tumoral in response to tumor secretion of granulocyte macrophage (GM)-CSF (120). However, while a CSF-1R blocking antibody is clinically useful in tenosynovial giant cell tumors driven by constitutive synovial CSF-1 production, clinical trials of CSF-1R inhibitors as single agents have proven disappointing (118, 122). Moreover, long term administration of these agents also depletes TRMs with adverse consequences and there is evidence that TAMs can also promote cytotoxic T cells responses such that wholesale TAM ablation can reduce anti-tumoral immunity (118, 123).

Hence, rather than eliminating TAMs altogether, attention turned towards blocking monocyte recruitment to tumors or reprogramming TAM behavior within tumors (111, 118). Monocyte recruitment can be inhibited by targeting either CCL2 or its receptor, CCR2. However, a CCL2 neutralizing antibody did not show any clinical benefit in a trial of advanced solid cancers and more recent CCL2 inhibitor trials have also been disappointing, perhaps because monocytes continue to be recruited by alternative chemokines (118, 124). Concerningly, interruption of CCL2 inhibition in several metastatic mouse models of breast cancer models appears to accelerate bone marrow monocyte release and increase the rates of metastasis and death, suggesting that caution should be exercised with CCL2/CCR2 inhibitor development (125).

Thus, a number of TAM drug development programs have been directed towards targeting specific pro-tumoral behaviors of TAMs. For example, tumor cells express a ‘don’t eat me signal’ CD47, which interacts with TAM-expressed signal regulatory protein (SIRP)α to stop tumor cells from being phagocytosed (126). Antibodies targeting CD47 enhance tumor cell phagocytosis to reduce tumor growth in xenograft models and a number of clinical trials of anti-CD47 antibodies and small molecule inhibitors have produced good results in lymphomas (127). However, their therapeutic use has been limited by adverse hematological effects (127). Although a range of other TAM-reprogramming therapeutics are currently under development, they are not reviewed here (118, 128). Considering the lethal contribution of TAMs to tumor invasion and metastasis, it is worth examining whether TAM migration could be targeted to inhibit tumor invasion. As outlined earlier, TAMs depend on the CSF-1/CSF-1R axis not only to stimulate their migration via PI3K p110δ/AKT and HCK signaling but also to acquire the molecular machinery supporting macrophage interstitial migration. There are several clues that macrophage motility plays an important role in tumor growth and invasion and that targeting macrophage motility might be a useful therapeutic approach. Firstly, selective inhibition of either PI3K p110δ or HCK with idelalisib or RK20449 respectively shut down both motility and matrix degradation in macrophages in vitro (65, 70, 72). These findings can be extended in a complex in vitro co-invasion assay using mammary tumor spheroids pre-infiltrated with macrophages, where tumor cell invasion is completely blocked by inhibition of macrophage motility signaling (36, 72). Finally, both RK20449 or acalisib, another PI3K p110δ inhibitor, produce striking reductions in orthotopic PyMT mammary tumor growth in vivo (Murrey et al., manuscript submitted) (129). Inhibition of macrophage motility is, therefore, an alternative and potentially powerful approach to therapeutically target the invasion and metastasis-promoting behavior of TAMs.





4 Concluding comments

We now understand that macrophages have critical immune and non-immune functions in the body, beginning in embryogenesis and lasting throughout life. Embryonic macrophages infiltrate into every tissue and organ system where they rapidly differentiate into highly specific TRMs that contribute to normal development and then actively monitor the local environment for signs of perturbation of homeostasis. In order to undertake regular and comprehensive tissue surveillance as well as activate repair mechanisms, TRMs either move or extend dynamic dendritic branches to explore their regions of responsibility. CSF-1 is the most important cytokine regulating TRM survival, differentiation and migration. Tumors, which are aberrant organs, secrete CSF-1 to recruit monocyte-derived macrophages as well as subvert the normal housekeeping activities of TRMs to promote tumor invasion and metastasis, angiogenesis, immunosuppression and resistance to cytotoxic therapies. Therefore, it is not surprising that TAMs form a compelling target for drug development in the treatment of cancer, especially in combination with other therapies. While blockade of the CSF-1R itself has not proven helpful in the clinic except for tenosynovial giant cell tumors, the many deleterious behaviors of TAMs can be specifically targeted, including the particularly dangerous effect they have on tumor invasion and metastasis.





Author contributions

MM: Data curation, Writing – review & editing. IN: Writing – review & editing. FP: Conceptualization, Data curation, Writing – original draft, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. The project was funded by the Cancer Council of Western Australia (FP APP112230, APP118357, RPG0059) and Australian Research Training Program Scholarships and University of Western Australia Safety Net top-up scholarships (MM and IN).




Acknowledgments

The authors would like to acknowledge helpful discussions with colleagues, especially Matthias Ernst, Ashleigh Poh, Steve Mutsaers and Wally Langdon. We also thank Rowan Webster and Marcus Dabner for providing the samples of human breast tissue and triple negative breast cancer used in the figure.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





References

1. Wynn, TA, Chawla, A, and Pollard, JW. Macrophage biology in development, homeostasis and disease. Nature. (2013) 496:445–55. doi: 10.1038/nature12034

2. Cassetta, L, and Pollard, JW. A timeline of tumour-associated macrophage biology. Nat Rev Cancer. (2023) 23:238–57. doi: 10.1038/s41568-022-00547-1

3. Okabe, Y, and Medzhitov, R. Tissue biology perspective on macrophages. Nat Immunol. (2015) 17:9–17. doi: 10.1038/ni.3320

4. Lee, CZW, and Ginhoux, F. Biology of resident tissue macrophages. Development. (2022) 149:dev200270. doi: 10.1242/dev.200270

5. Lazarov, T, Juarez-Carreño, S, Cox, N, and Geissmann, F. Physiology and diseases of tissue-resident macrophages. Nature. (2023) 618:698–707. doi: 10.1038/s41586-023-06002-x

6. Mass, E, Ballesteros, I, Farlik, M, Halbritter, F, Günther, P, Crozet, L, et al. Specification of tissue-resident macrophages during organogenesis. Science. (2016) 353:aaf4238. doi: 10.1126/science.aaf4238

7. Ingman, WV, Wyckoff, J, Gouon-Evans, V, Condeelis, J, and Pollard, JW. Macrophages promote collagen fibrillogenesis around terminal end buds of the developing mammary gland. Dev Dyn. (2006) 235:3222–9. doi: 10.1002/dvdy.v235:12

8. Gordon, S, Plüddemann, A, and Martinez Estrada, F. Macrophage heterogeneity in tissues: phenotypic diversity and functions. Immunol Rev. (2014) 262:36–55. doi: 10.1111/imr.2014.262.issue-1

9. Pixley, FJ. Macrophage migration and its regulation by CSF-1. Int J Cell Biol. (2012) 2012:1–12. doi: 10.1155/2012/501962

10. Murrey, MW, Steer, JH, Greenland, EL, Proudfoot, JM, Joyce, DA, and Pixley, FJ. Adhesion, motility and matrix-degrading gene expression changes in CSF-1-induced mouse macrophage differentiation. J Cell Sci. (2020) 133:1–16. doi: 10.1242/jcs.232405

11. Wyckoff, JB, Wang, Y, Lin, EY, Li, JF, Goswami, S, Stanley, ER, et al. Direct visualization of macrophage-assisted tumor cell intravasation in mammary tumors. Cancer Res. (2007) 67:2649–56. doi: 10.1158/0008-5472.CAN-06-1823

12. Condeelis, J, and Pollard, JW. Macrophages: obligate partners for tumor cell migration, invasion, and metastasis. Cell. (2006) 124:263–6. doi: 10.1016/j.cell.2006.01.007

13. Wiktor-Jedrzejczak, W, Bartocci, A, Ferrante, AWJ, Ahmed-Ansari, A, Sell, KW, Pollard, JW, et al. Total absence of colony-stimulating factor 1 in the macrophage-deficient osteopetrotic (op/op) mouse. Proc Natl Acad Sci U S A. (1990) 87:4828–32. doi: 10.1073/pnas.87.12.4828

14. Cecchini, MG, Dominguez, MG, Mocci, S, Wetterwald, A, Felix, R, Fleisch, H, et al. Role of colony stimulating factor-1 in the establishment and regulation of tissue macrophages during postnatal development of the mouse. Development. (1994) 120:1357–72. doi: 10.1242/dev.120.6.1357

15. Herbomel, P, Thisse, B, and Thisse, C. Zebrafish early macrophages colonize cephalic mesenchyme and developing brain, retina, and epidermis through a M-CSF receptor-dependent invasive process. Dev Biol. (2001) 238:274–88. doi: 10.1006/dbio.2001.0393

16. Dai, XM, Ryan, GR, Hapel, AJ, Dominguez, MG, Russell, RG, Kapp, S, et al. Targeted disruption of the mouse colony-stimulating factor 1 receptor gene results in osteopetrosis, mononuclear phagocyte deficiency, increased primitive progenitor cell frequencies, and reproductive defects. Blood. (2002) 99:111–20. doi: 10.1182/blood.V99.1.111

17. Mass, E, Nimmerjahn, F, Kierdorf, K, and Schlitzer, A. Tissue-specific macrophages: how they develop and choreograph tissue biology. Nat Rev Immunol. (2023) 23:563–79. doi: 10.1038/s41577-023-00848-y

18. Sasmono, RT, Oceandy, D, Pollard, JW, Tong, W, Pavli, P, Wainwright, BJ, et al. A macrophage colony-stimulating factor receptor-green fluorescent protein transgene is expressed throughout the mononuclear phagocyte system of the mouse. Blood. (2003) 101:1155–63. doi: 10.1182/blood-2002-02-0569

19. van Furth, R, Cohn, ZA, Hirsch, JG, Humphrey, JH, Spector, WG, and Langevoort, HL. The mononuclear phagocyte system: a new classification of macrophages, monocytes, and their precursor cells. Bull World Health Organ. (1972) 46:845–52.

20. Pixley, FJ, and Stanley, ER. CSF-1 regulation of the wandering macrophage: complexity in action. Trends Cell Biol. (2004) 14:628–38. doi: 10.1016/j.tcb.2004.09.016

21. Schulz, C, Gomez Perdiguero, E, Chorro, L, Szabo-Rogers, H, Cagnard, N, Kierdorf, K, et al. A lineage of myeloid cells independent of Myb and hematopoietic stem cells. Science. (2012) 336:86–90. doi: 10.1126/science.1219179

22. Yona, S, Kim, KW, Wolf, Y, Mildner, A, Varol, D, Breker, M, et al. Fate mapping reveals origins and dynamics of monocytes and tissue macrophages under homeostasis. Immunity. (2013) 38:79–91. doi: 10.1016/j.immuni.2012.12.001

23. Gomez Perdiguero, E, Klapproth, K, Schulz, C, Busch, K, Azzoni, E, Crozet, L, et al. Tissue-resident macrophages originate from yolk-sac-derived erythro-myeloid progenitors. Nature. (2015) 518:547–51. doi: 10.1038/nature13989

24. Hashimoto, D, Chow, A, Noizat, C, Teo, P, Beasley, MB, Lebouef, M, et al. Tissue-resident macrophages self-maintain locally throughout adult life with minimal contribution from circulating monocytes. Immunity. (2013) 38:792–804. doi: 10.1016/j.immuni.2013.04.004

25. Ginhoux, F, Greter, M, Leboeuf, M, Nandi, S, See, P, Gokhan, S, et al. Fate mapping analysis reveals that adult microglia derive from primitive macrophages. Science. (2010) 330:841–5. doi: 10.1126/science.1194637

26. Merad, M, Manz, MG, Karsunky, H, Wagers, A, Peters, W, Charo, I, et al. Langerhans cells renew in the skin throughout life under steady-state conditions. Nat Immunol. (2002) 3:1135–41. doi: 10.1038/ni852

27. Liu, Z, Gu, Y, Chakarov, S, Bleriot, C, Kwok, I, Chen, X, et al. Fate mapping via Ms4a3-expression history traces monocyte-derived cells. Cell. (2019) 178:1509–25.e19. doi: 10.1016/j.cell.2019.08.009

28. Bain, CC, and Mowat, AM. The monocyte-macrophage axis in the intestine. Cell Immunol. (2014) 291:41–8. doi: 10.1016/j.cellimm.2014.03.012

29. Tamoutounour, S, Guilliams, M, Montanana Sanchis, F, Liu, H, Terhorst, D, Malosse, C, et al. Origins and functional specialization of macrophages and of conventional and monocyte-derived dendritic cells in mouse skin. Immunity. (2013) 39:925–38. doi: 10.1016/j.immuni.2013.10.004

30. Monticelli, S, Sommer, A, AlHajj Hassan, Z, Garcia Rodriguez, C, Adé, K, Cattenoz, P, et al. Early-wave macrophages control late hematopoiesis. Dev Cell. (2024) 59:1284–301.e8. doi: 10.1016/j.devcel.2024.03.013

31. Gouon-Evans, V, Rothenberg, ME, and Pollard, JW. Postnatal mammary gland development requires macrophages and eosinophils. Development. (2000) 127:2269–82. doi: 10.1242/dev.127.11.2269

32. Jäppinen, N, Félix, I, Lokka, E, Tyystjärvi, S, Pynttäri, A, Lahtela, T, et al. Fetal-derived macrophages dominate in adult mammary glands. Nat Commun. (2019) 10:281. doi: 10.1038/s41467-018-08065-1

33. Dawson, CA, Pal, B, Vaillant, F, Gandolfo, LC, Liu, Z, Bleriot, C, et al. Tissue-resident ductal macrophages survey the mammary epithelium and facilitate tissue remodelling. Nat Cell Biol. (2020) 22:546–58. doi: 10.1038/s41556-020-0505-0

34. Laviron, M, Petit, M, Weber-Delacroix, E, Combes, AJ, Arkal, AR, Barthélémy, S, et al. Tumor-associated macrophage heterogeneity is driven by tissue territories in breast cancer. Cell Rep. (2022) 39:110865. doi: 10.1016/j.celrep.2022.110865

35. Franklin, RA, and Li, MO. Ontogeny of tumor-associated macrophages and its implication in cancer regulation. Trends Cancer. (2016) 2:20–34. doi: 10.1016/j.trecan.2015.11.004

36. Dwyer, AR, Ellies, LG, Holme, AL, and Pixley, FJ. A three-dimensional co-culture system to investigate macrophage-dependent tumor cell invasion. J Biol Methods. (2016) 3:e49. doi: 10.14440/jbm.2016.132

37. Gordon, S, Keshav, S, and Chung, LP. Mononuclear phagocytes: tissue distribution and functional heterogeneity. Curr Opin Immunol. (1988) 1:26–35. doi: 10.1016/0952-7915(88)90047-7

38. Li, Q, and Barres, BA. Microglia and macrophages in brain homeostasis and disease. Nat Rev Immunol. (2018) 18:225–42. doi: 10.1038/nri.2017.125

39. Utz, SG, See, P, Mildenberger, W, Thion, MS, Silvin, A, Lutz, M, et al. Early fate defines microglia and non-parenchymal brain macrophage development. Cell. (2020) 181:557–73.e18. doi: 10.1016/j.cell.2020.03.021

40. Gautier, EL, Shay, T, Miller, J, Greter, M, Jacubzick, C, Ivaniv, S, et al. Gene-expression profiles and transcriptional regulatory pathways that underlie the identity and diversity of mouse tissue macrophages. Nat Immunol. (2012) 13:1118–28. doi: 10.1038/ni.2419

41. Gosselin, D, Link, VM, Romanoski, CE, Fonseca, GJ, Eichenfield, DZ, Spann, NJ, et al. Environment drives selection and function of enhancers controlling tissue-specific macrophage identities. Cell. (2014) 159:1327–40. doi: 10.1016/j.cell.2014.11.023

42. Lavin, Y, Winter, D, Blecher-Gonen, R, David, E, Keren-Shaul, H, Merad, M, et al. Tissue-resident macrophage enhancer landscapes are shaped by the local microenvironment. Cell. (2014) 159:1312–26. doi: 10.1016/j.cell.2014.11.018

43. Mulder, K, Patel, AA, Kong, WT, Piot, C, Halitzki, E, Dunsmore, G, et al. Cross-tissue single-cell landscape of human monocytes and macrophages in health and disease. Immunity. (2021) 54:1883–900. doi: 10.1016/j.immuni.2021.07.007

44. Murray, PJ, Allen, JE, Biswas, SK, Fisher, EA, Gilroy, DW, Goerdt, S, et al. Macrophage activation and polarization: nomenclature and experimental guidelines. Immunity. (2014) 41:14–20. doi: 10.1016/j.immuni.2014.06.008

45. Mills, CD, Kincaid, K, Alt, JM, Heilman, MJ, and Hill, AM. M-1/M-2 macrophages and the Th1/Th2 paradigm. J Immunol. (2000) 164:6166–73. doi: 10.4049/jimmunol.164.12.6166

46. Xue, J, Schmidt, SV, Sander, J, DraAehn, A, Krebs, W, Quester, I, et al. Transcriptome-based network analysis reveals a spectrum model of human macrophage activation. Immunity. (2014) 40:274–88. doi: 10.1016/j.immuni.2014.01.006

47. Movahedi, K, Laoui, D, Gysemans, C, Baeten, M, Stange, G, Van den Bossche, J, et al. Different tumor microenvironments contain functionally distinct subsets of macrophages derived from Ly6C(high) monocytes. Cancer Res. (2010) 70:5728–39. doi: 10.1158/0008-5472.CAN-09-4672

48. Pombo Antunes, AR, Scheyltjens, I, Lodi, F, Messiaen, J, Antoranz, A, Duerinck, J, et al. Single-cell profiling of myeloid cells in glioblastoma across species and disease stage reveals macrophage competition and specialization. Nat Neurosci. (2021) 24:595–610. doi: 10.1038/s41593-020-00789-y

49. Kloosterman, DJ, and Akkari, L. Macrophages at the interface of the co-evolving cancer ecosystem. Cell. (2023) 186:1627–51. doi: 10.1016/j.cell.2023.02.020

50. Doebel, T, Voisin, B, and Nagao, K. Langerhans cells - the macrophage in dendritic cell clothing. Trends Immunol. (2017) 38:817–28. doi: 10.1016/j.it.2017.06.008

51. Naito, M, Hasegawa, G, Ebe, Y, and Yamamoto, T. Differentiation and function of Kupffer cells. Med Electron Microsc. (2004) 37:16–28. doi: 10.1007/s00795-003-0228-x

52. Moran, I, Grootveld, AK, Nguyen, A, and Phan, TG. Subcapsular sinus macrophages: the seat of innate and adaptive memory in murine lymph nodes. Trends Immunol. (2019) 40:35–48. doi: 10.1016/j.it.2018.11.004

53. Uderhardt, S, Martins, AJ, Tsang, JS, Lämmermann, T, and Germain, RN. Resident macrophages cloak tissue microlesions to prevent neutrophil-driven inflammatory damage. Cell. (2019) 177:541–555.e17. doi: 10.1016/j.cell.2019.02.028

54. Wynn, TA, and Vannella, KM. Macrophages in tissue repair, regeneration, and fibrosis. Immunity. (2016) 44:450–62. doi: 10.1016/j.immuni.2016.02.015

55. Davidson, AJ, and Wood, W. Macrophages use distinct actin regulators to switch engulfment strategies and ensure phagocytic plasticity in vivo. Cell Rep. (2020) 31:107692. doi: 10.1016/j.celrep.2020.107692

56. Van Goethem, E, Poincloux, R, Gauffre, F, Maridonneau-Parini, I, and Le Cabec, V. Matrix architecture dictates three-dimensional migration modes of human macrophages: differential involvement of proteases and podosome-like structures. J Immunol. (2010) 184:1049–61. doi: 10.4049/jimmunol.0902223

57. MacDonald, KP, Palmer, JS, Cronau, S, Seppanen, E, Olver, S, RaAelt, NC, et al. An antibody against the colony-stimulating factor 1 receptor depletes the resident subset of monocytes and tissue- and tumor-associated macrophages but does not inhibit inflammation. Blood. (2010) 116:3955–63. doi: 10.1182/blood-2010-02-266296

58. Lin, H, Lee, E, Hestir, K, Leo, C, Huang, M, Bosch, E, et al. Discovery of a cytokine and its receptor by functional screening of the extracellular proteome. Science. (2008) 320:807–11. doi: 10.1126/science.1154370

59. Nakamichi, Y, Udagawa, N, and Takahashi, N. IL-34 and CSF-1: similarities and differences. J Bone Miner Metab. (2013) 31:486–95. doi: 10.1007/s00774-013-0476-3

60. Pixley, FJ, Lee, PS, Condeelis, JS, and Stanley, ER. Protein tyrosine phosphatase phi regulates paxillin tyrosine phosphorylation and mediates colony-stimulating factor 1-induced morphological changes in macrophages. Mol Cell Biol. (2001) 21:1795–809. doi: 10.1128/MCB.21.5.1795-1809.2001

61. Pixley, FJ, Xiong, Y, Yu, RY, Sahai, EA, Stanley, ER, and Ye, BH. BCL6 suppresses RhoA activity to alter macrophage morphology and motility. J Cell Science. (2005) 118:1873–83. doi: 10.1242/jcs.02314

62. Sampaio, NG, Yu, W, Cox, D, WyckoA, J, Condeelis, J, Stanley, ER, et al. Phosphorylation of CSF-1R Y721 mediates its association with PI3K to regulate macrophage motility and enhancement of tumor cell invasion. J Cell Sci. (2011) 124:2021–31. doi: 10.1242/jcs.075309

63. Dwyer, AR, Greenland, EL, and Pixley, FJ. Promotion of tumor invasion by tumor-associated macrophages: the role of CSF-1-activated phosphatidylinositol 3 kinase and src family kinase motility signaling. Cancers (Basel). (2017) 9:68. doi: 10.3390/cancers9060068

64. Yu, W, Chen, J, Xiong, Y, Pixley, FJ, Dai, XM, Yeung, YG, et al. CSF-1 receptor structure/function in MacCsf1r-/- macrophages: regulation of proliferation, differentiation, and morphology. J Leukocyte Biol. (2008) 84:852–63. doi: 10.1189/jlb.0308171

65. Dwyer, AR, Mouchemore, KA, Steer, JH, Sunderland, AJ, Sampaio, NG, Greenland, EL, et al. Src family kinase expression and subcellular localization in macrophages: implications for their role in CSF-1-induced macrophage migration. J Leukoc Biol. (2016) 100:163–75. doi: 10.1189/jlb.2A0815-344RR

66. Reedijk, M, Liu, X, van der Geer, P, Letwin, K, Waterfield, MD, Hunter, T, et al. Tyr721 regulates specific binding of the CSF-1 receptor kinase insert to PI 3’-kinase SH2 domains: a model for SH2-mediated receptor-target interactions. EMBO J. (1992) 11:1365–72. doi: 10.1002/j.1460-2075.1992.tb05181.x

67. Kölsch, V, Charest, PG, and Firtel, RA. The regulation of cell motility and chemotaxis by phospholipid signaling. J Cell Sci. (2008) 121:551–9. doi: 10.1242/jcs.023333

68. Bilanges, B, Posor, Y, and Vanhaesebroeck, B. PI3K isoforms in cell signalling and vesicle trafficking. Nat Rev Mol Cell Biol. (2019) 20:515–34. doi: 10.1038/s41580-019-0129-z

69. Papakonstanti, EA, Zwaenepoel, O, Bilancio, A, Burns, E, Nock, GE, Houseman, B, et al. Distinct roles of class IA PI3K isoforms in primary and immortalised macrophages. J Cell Sci. (2008) 121:4124–33. doi: 10.1242/jcs.032763

70. Mouchemore, KA, Sampaio, NG, Murrey, MW, Stanley, ER, Lannutti, BJ, and Pixley, FJ. Specific inhibition of PI3K p110δ inhibits CSF-1-induced macrophage spreading and invasive capacity. FEBS J. (2013) 280:5228–36. doi: 10.1111/febs.2013.280.issue-21

71. Abram, CL, and Lowell, CA. The diverse functions of Src family kinases in macrophages. Front Biosci. (2008) 13:4426–50. doi: 10.2741/3015

72. Poh, AR, Dwyer, AR, Eissmann, MF, Chand, AL, Baloyan, D, Boon, L, et al. Inhibition of the SRC kinase HCK impairs STAT3-dependent gastric tumor growth in mice. Cancer Immunol Res. (2020) 8:428–35. doi: 10.1158/2326-6066.CIR-19-0623

73. Nguyen, A, and Pollard, JW. Colony stimulating factor-1 is required to recruit macrophages into the mammary gland to facilitate mammary ductal outgrowth. Dev Biol. (2002) 247:11–25. doi: 10.1006/dbio.2002.0669

74. Kirma, N, Luthra, R, Jones, J, Liu, YG, Nair, HB, Mandava, U, et al. Overexpression of the colony-stimulating factor (CSF-1) and/or its receptor c-fms in mammary glands of transgenic mice results in hyperplasia and tumor formation. Cancer Res. (2004) 64:4162–70. doi: 10.1158/0008-5472.CAN-03-2971

75. Chua, AC, Hodson, LJ, Moldenhauer, LM, Robertson, SA, and Ingman, WV. Dual roles for macrophages in ovarian cycle-associated development and remodelling of the mammary gland epithelium. Development. (2010) 137:4229–38. doi: 10.1242/dev.059261

76. Bingle, L, Brown, NJ, and Lewis, CE. The role of tumour-associated macrophages in tumour progression: implications for new anticancer therapies. J Pathol. (2002) 196:254–65. doi: 10.1002/path.v196:3

77. Leek, RD, and Harris, AL. Tumor-associated macrophages in breast cancer. J Mammary Gland Biol Neoplasia. (2002) 7:177–89. doi: 10.1023/A:1020304003704

78. Zhao, X, Qu, J, Sun, Y, Wang, J, Liu, X, Wang, F, et al. Prognostic significance of tumor-associated macrophages in breast cancer: a meta-analysis of the literature. Oncotarget. (2017) 8:30576–86. doi: 10.18632/oncotarget.15736

79. Cassetta, L, Fragkogianni, S, Sims, AH, Swierczak, A, Forrester, LM, Zhang, H, et al. Human tumor-associated macrophage and monocyte transcriptional landscapes reveal cancer-specific reprogramming, biomarkers, and therapeutic targets. Cancer Cell. (2019) 35:588–602. doi: 10.1016/j.ccell.2019.02.009

80. Cheng, S, Li, Z, Gao, R, Xing, B, Gao, Y, Yang, Y, et al. A pan-cancer single-cell transcriptional atlas of tumor infiltrating myeloid cells. Cell. (2021) 184:792–809. doi: 10.1016/j.cell.2021.01.010

81. Azizi, E, Carr, AJ, Plitas, G, Cornish, AE, Konopacki, C, Prabhakaran, S, et al. Single-cell map of diverse immune phenotypes in the breast tumor microenvironment. Cell. (2018) 174:1293–308. doi: 10.1016/j.cell.2018.05.060

82. Wu, SZ, Al-Eryani, G, Roden, DL, Junanka, S, Harvey, K, Andersson, A, et al. A single-cell and spatially resolved atlas of human breast cancers. Nat Genet. (2021) 53:1334–47. doi: 10.1038/s41588-021-00911-1

83. Kuroda, H, Jamiyan, T, Yamaguchi, R, Kakumoto, A, Abe, A, Harada, O, et al. Tumor microenvironment in triple-negative breast cancer: the correlation of tumor-associated macrophages and tumor-infiltrating lymphocytes. Clin Transl Oncol. (2021) 23:2513–25. doi: 10.1007/s12094-021-02652-3

84. O’Sullivan, C, Lewis, CE, Harris, AL, and McGee, JO. Secretion of epidermal growth factor by macrophages associated with breast carcinoma. Lancet. (1993) 342:148–9. doi: 10.1016/0140-6736(93)91348-P

85. Lin, EY, Li, JF, Gnatovskiy, L, Deng, Y, Zhu, L, Grzesik, DA, et al. Macrophages regulate the angiogenic switch in a mouse model of breast cancer. Cancer Res. (2006) 66:11238–46. doi: 10.1158/0008-5472.CAN-06-1278

86. Casanova-Acebes, M, Dalla, E, Leader, AM, LeBerichel, A, Nikolic, J, Morales, BM, et al. Tissue-resident macrophages provide a pro-tumorigenic niche to early NSCLC cells. Nature. (2021) 595:578–84. doi: 10.1038/s41586-021-03651-8

87. Coulton, A, Murai, J, Qian, D, Thakkar, K, Lewis, CE, and Litchfield, K. Using a pan-cancer atlas to investigate tumour associated macrophages as regulators of immunotherapy response. Nat Commun. (2024) 15:5665. doi: 10.1038/s41467-024-49885-8

88. Lin, EY, Nguyen, AV, Russell, RG, and Pollard, JW. Colony-stimulating factor 1 promotes progression of mammary tumors to Malignancy. J Exp Med. (2001) 193:727–40. doi: 10.1084/jem.193.6.727

89. Wyckoff, J, Wang, W, Lin, EY, Wang, Y, Pixley, F, Stanley, ER, et al. A paracrine loop between tumor cells and macrophages is required for tumor cell migration in mammary tumors. Cancer Res. (2004) 64:7022–9. doi: 10.1158/0008-5472.CAN-04-1449

90. Yamaguchi, H, Wyckoff, J, and Condeelis, J. Cell migration in tumors. Curr Opin Cell Biol. (2005) 17:559–64. doi: 10.1016/j.ceb.2005.08.002

91. Tang, R, Beuvon, F, Ojeda, M, Mosseri, V, Pouillart, P, and Scholl, S. M-CSF. (monocyte colony stimulating factor) and M-CSF receptor expression by breast tumour cells: M-CSF mediated recruitment of tumour infiltrating monocytes? J Cell Biochem. (1992) 50:350–6. doi: 10.1002/jcb.240500403

92. Scholl, SM, Bascou, CH, Mosseri, V, Olivares, R, Magdelenat, H, Dorval, T, et al. Circulating levels of colony-stimulating factor 1 as a prognostic indicator in 82 patients with epithelial ovarian cancer. Br J Cancer. (1994) 69:342–6. doi: 10.1038/bjc.1994.62

93. McDermott, RS, Deneux, L, Mosseri, V, Vedrenne, J, Clough, K, Fourquet, A, et al. Circulating macrophage colony stimulating factor as a marker of tumour progression. Eur Cytokine Netw. (2002) 13:121–7. doi: 10.1158/0008-5472.CAN-07-3234

94. Scholl, SM, Pallud, C, Beuvon, F, Hacene, K, Stanley, ER, Rohrschneider, L, et al. Anti-colony-stimulating factor-1 antibody staining in primary breast adenocarcinomas correlates with marked inflammatory cell infiltrates and prognosis. J Natl Cancer Inst. (1994) 86:120–6. doi: 10.1093/jnci/86.2.120

95. Guy, CT, Cardiff, RD, and Muller, WJ. Induction of mammary tumors by expression of polyomavirus middle T oncogene: a transgenic mouse model for metastatic disease. Mol Cell Biol. (1992) 12:954–61. doi: 10.1128/mcb.12.3.954

96. Goswami, S, Sahai, E, Wyckoff, JB, Cammer, M, Cox, D, Pixley, FJ, et al. Macrophages promote the invasion of breast carcinoma cells via a colony-stimulating factor-1/epidermal growth factor paracrine loop. Cancer Res. (2005) 65:5278–83. doi: 10.1158/0008-5472.CAN-04-1853

97. Gocheva, V, Wang, HW, Gadea, BB, Shree, T, Hunter, KE, Garfall, AL, et al. IL-4 induces cathepsin protease activity in tumor-associated macrophages to promote cancer growth and invasion. Genes Dev. (2010) 24:241–55. doi: 10.1101/gad.1874010

98. Wang, W, Wyckoff, JB, Goswami, S, Wang, Y, Sidani, M, Segall, JE, et al. Coordinated regulation of pathways for enhanced cell motility and chemotaxis is conserved in rat and mouse mammary tumors. Cancer Res. (2007) 67:3505–11. doi: 10.1158/0008-5472.CAN-06-3714

99. Ojalvo, LS, Whittaker, CA, Condeelis, JS, and Pollard, JW. Gene expression analysis of macrophages that facilitate tumor invasion supports a role for Wnt-signaling in mediating their activity in primary mammary tumors. J Immunol. (2010) 184:702–12. doi: 10.4049/jimmunol.0902360

100. Sharma, A, Blériot, C, Currenti, J, and Ginhoux, F. Oncofetal reprogramming in tumour development and progression. Nat Rev Cancer. (2022) 22:593–602. doi: 10.1038/s41568-022-00497-8

101. Laviron, M, and Boissonnas, A. Ontogeny of tumor-associated macrophages. Front Immunol. (2019) 10:1799. doi: 10.3389/fimmu.2019.01799

102. Zhu, Y, Herndon, JM, Sojka, DK, Kim, KW, KnolhoA, BL, Zuo, C, et al. Tissue-resident macrophages in pancreatic ductal adenocarcinoma originate from embryonic hematopoiesis and promote tumor progression. Immunity. (2017) 47:323–38. doi: 10.1016/j.immuni.2017.07.014

103. Franklin, RA, Liao, W, Sarkar, A, Kim, MV, Bivona, MR, Liu, K, et al. The cellular and molecular origin of tumor-associated macrophages. Science. (2014) 344:921–5. doi: 10.1126/science.1252510

104. Bowman, RL, Klemm, F, Akkari, L, Pyonteck, SM, Sevenich, L, Quail, DF, et al. Macrophage ontogeny underlies differences in tumor-specific education in brain Malignancies. Cell Rep. (2016) 17:2445–59. doi: 10.1016/j.celrep.2016.10.052

105. Blériot, C, Dunsmore, G, Alonso-Curbelo, D, and Ginhoux, F. A temporal perspective for tumor-associated macrophage identities and functions. Cancer Cell. (2024) 42:747–58. doi: 10.1016/j.ccell.2024.04.002

106. Nalio Ramos, R, Missolo-Koussou, Y, Gerber-Ferder, Y, Bromley, CP, Bugatti, M, Núñez, NG, et al. Tissue-resident FOLR2+ macrophages associate with CD8+ T cell infiltration in human breast cancer. Cell. (2022) 185:1189–207. doi: 10.1016/j.cell.2022.02.021

107. Qian, BZ, Li, J, Zhang, H, Kitamura, T, Zhang, J, Campion, LR, et al. CCL2 recruits inflammatory monocytes to facilitate breast-tumour metastasis. Nature. (2011) 475:222–5. doi: 10.1038/nature10138

108. Arwert, EN, Harney, AS, Entenberg, D, Wang, Y, Sahai, E, Pollard, JW, et al. A unidirectional transition from migratory to perivascular macrophage is required for tumor cell intravasation. Cell Rep. (2018) 23:1239–48. doi: 10.1016/j.celrep.2018.04.007

109. Ma, RY, Black, A, and Qian, BZ. Macrophage diversity in cancer revisited in the era of single-cell omics. Trends Immunol. (2022) 43:546–63. doi: 10.1016/j.it.2022.04.008

110. Nasir, I, McGuinness, C, Poh, AR, Ernst, M, Darcy, PK, and Britt, KL. Tumor macrophage functional heterogeneity can inform the development of novel cancer therapies. Trends Immunol. (2023) 44:971–85. doi: 10.1016/j.it.2023.10.007

111. Beltraminelli, T, and De Palma, M. Biology and therapeutic targeting of tumour-associated macrophages. J Pathol. (2020) 250:573–92. doi: 10.1002/path.v250.5

112. Shree, T, Olson, OC, Elie, BT, Kester, JC, Garfall, AL, Simpson, K, et al. Macrophages and cathepsin proteases blunt chemotherapeutic response in breast cancer. Genes Dev. (2011) 25:2465–79. doi: 10.1101/gad.180331.111

113. Beach, C, MacLean, D, Majorova, D, Arnold, JN, and Olcina, MM. The effects of radiation therapy on the macrophage response in cancer. Front Oncol. (2022) 12:1020606. doi: 10.3389/fonc.2022.1020606

114. De Palma, M, and Lewis, CE. Macrophage regulation of tumor responses to anticancer therapies. Cancer Cell. (2013) 23:277–86. doi: 10.1016/j.ccr.2013.02.013

115. Ruffell, B, and Coussens, LM. Macrophages and therapeutic resistance in cancer. Cancer Cell. (2015) 27:462–72. doi: 10.1016/j.ccell.2015.02.015

116. DeNardo, DG, Brennan, DJ, Rexhepaj, E, RuAell, B, Shiao, SL, Madden, SF, et al. Leukocyte complexity predicts breast cancer survival and functionally regulates response to chemotherapy. Cancer Discovery. (2011) 1:54–67. doi: 10.1158/2159-8274.CD-10-0028

117. Coussens, LM, Zitvogel, L, and Palucka, AK. Neutralizing tumor-promoting chronic inflammation: a magic bullet? Science. (2013) 339:286–91. doi: 10.1126/science.1232227

118. Cassetta, L, and Pollard, JW. Targeting macrophages: therapeutic approaches in cancer. Nat Rev Drug Discovery. (2018) 17:887–904. doi: 10.1038/nrd.2018.169

119. Strachan, DC, Ruffell, B, Oei, Y, Bissell, MJ, Coussens, LM, Pryer, N, et al. CSF1R inhibition delays cervical and mammary tumor growth in murine models by attenuating the turnover of tumor-associated macrophages and enhancing infiltration by CD8 T cells. Oncoimmunology. (2013) 2:e26968. doi: 10.4161/onci.26968

120. Pyonteck, SM, Akkari, L, Schuhmacher, AJ, Bowman, RL, Sevenich, L, Quail, DF, et al. CSF-1R inhibition alters macrophage polarization and blocks glioma progression. Nat Med. (2013) 19:1264–72. doi: 10.1038/nm.3337

121. Mok, S, Koya, RC, Tsui, C, Robert, L, Wu, L, Graeber, TG, et al. Inhibition of CSF-1 receptor improves the antitumor efficacy of adoptive cell transfer immunotherapy. Cancer Res. (2014) 74:153–61. doi: 10.1158/0008-5472.CAN-13-1816

122. Ries, CH, Cannarile, MA, Hoves, S, Benz, J, Wartha, K, Runza, V, et al. Targeting tumor-associated macrophages with anti-CSF-1R antibody reveals a strategy for cancer therapy. Cancer Cell. (2014) 25:846–59. doi: 10.1016/j.ccr.2014.05.016

123. Hoves, S, Ooi, CH, Wolter, C, Sade, H, Bissinger, S, Schmittnaegel, M, et al. Rapid activation of tumor-associated macrophages boosts preexisting tumor immunity. J Exp Med. (2018) 215:859–76. doi: 10.1084/jem.20171440

124. Sandhu, SK, Papadopoulos, K, Fong, PC, Patnaik, A, Messiou, C, Olmos, D, et al. A first-in-human, first-in-class, phase I study of carlumab (CNTO 888), a human monoclonal antibody against CC-chemokine ligand 2 in patients with solid tumors. Cancer Chemother Pharmacol. (2013) 71:1041–50. doi: 10.1007/s00280-013-2099-8

125. Bonapace, L, Coissieux, MM, Wyckoff, J, Mertz, KD, Varga, Z, Junt, T, et al. Cessation of CCL2 inhibition accelerates breast cancer metastasis by promoting angiogenesis. Nature. (2014) 515:130–3. doi: 10.1038/nature13862

126. Takimoto, CH, Chao, MP, Gibbs, C, McCamish, MA, Liu, J, Chen, JY, et al. The Macrophage ‘Do not eat me’ signal, CD47, is a clinically validated cancer immunotherapy target. Ann Oncol. (2019) 30:486–9. doi: 10.1093/annonc/mdz006

127. Yang, H, Xun, Y, and You, H. The landscape overview of CD47-based immunotherapy for hematological Malignancies. biomark Res. (2023) 11:15. doi: 10.1186/s40364-023-00456-x

128. Rannikko, JH, and Hollmén, M. Clinical landscape of macrophage-reprogramming cancer immunotherapies. Br J Cancer. (2024) 131:627–40. doi: 10.1038/s41416-024-02715-6

129. Biswas, T, Gu, X, Yang, J, Ellies, LG, and Sun, LZ. Attenuation of TGF-beta signaling supports tumor progression of a mesenchymal-like mammary tumor cell line in a syngeneic murine model. Cancer Lett. (2014) 346:129–38. doi: 10.1016/j.canlet.2013.12.018




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2024 Murrey, Ng and Pixley. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu.2024.1480084_cover.jpg
& frontiers | Frontiers in Immunology

The role of macrophage migratory behavior
in development, homeostasis and tumor
invasion





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        The role of macrophage migratory behavior in development, homeostasis and tumor invasion

      

        		

          1 Introduction

        



        		

          2 Macrophage biology

        

          		

            2.1 Macrophage ontogeny

          



          		

            2.2 TRM plasticity: specification, activation, morphology and function

          



          		

            2.3 CSF-1R signaling to macrophage morphology and motility

          



          		

            2.4 CSF-1R signaling and macrophage motility in the mammary gland

          



        



        



        		

          3 TAMs and tumor progression

        

          		

            3.1 CSF-1R signaling in TAMs and tumor invasion

          



          		

            3.2 TAM ontogeny and heterogeneity

          



          		

            3.3 Therapeutic targeting of TAMs

          



        



        



        		

          4 Concluding comments

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-15-1480084-g001.jpg
motile
macrophages

KN\ luminal ductal
\\ macrophage

3 \  macrophagein
3, adipose tissue

macrophages
with dendritic
branches

luminal
epithelial cell

basal
epithelial cell

N /

N

gzt

2o :"\:3,1 7

e

triple negative
breast cancer

adipose tissue

connective tissue





