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Solid cancers such as breast tumors comprise a collection of tumor, stromal and immune cells, embedded within a network of tumor-specific extracellular matrix. This matrix is associated with tumor aggression, treatment failure, chemo- and radio-resistance, poor survival and metastasis. Recent data report an immunomodulatory role for the matrix in cancer, via the creation of niches that control the migration, localization, phenotype and function of tumor-infiltrating immune cells, ultimately contributing to escape of immune surveillance. Macrophages are crucial components of the immune infiltrate in tumors; they are associated with a poor prognosis in breast cancer and contribute to shaping the anti-tumor immune response. We and others have described how matrix molecules commonly upregulated within the tumor stroma, such as tenascin-C, fibronectin and collagen, exert a complex influence over macrophage behavior, for example restricting or enhancing their infiltration into the tumor, and driving their polarization towards or away from a pro-tumoral phenotype, and how in turn macrophages can modify matrix production in the tumor to favor tumor growth and metastasis. Targeting specific domains of matrix molecules to reinstate an efficient anti-tumor immune response, and effectively control tumor growth and spread, is emerging as a promising field offering a new angle for cancer therapy. Here, we review current knowledge on the interactions between tumor-associated macrophages and matrix molecules that occur within the tumor microenvironment of breast cancer, and discuss how these pathways can be targeted for new immunotherapies for hard to treat, desmoplastic tumors.
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Introduction

The extracellular matrix (ECM) is a complex network of secreted molecules that, in healthy conditions, serves to define tissue architecture and stiffness, and program cell behavior including supporting cell adhesion, survival and migration. The matrix comprises collagens, proteoglycans and glycoproteins (including fibronectin, laminin, osteopontin, tenascin-C), along with a variety of matrix-associated molecules such as glycosaminoglycans, enzymes such as proteases, cross-linkers and kinases, and soluble factors such as chemokines, growth factors and cytokines (1). The study of the stroma during neoplasia reveals a deeply reorganized composition compared to healthy tissues, at both the cellular and molecular levels. In particular, tumors comprise a highly heterogeneous and dysregulated ECM network, embedding tumor cells and cancer-associated fibroblasts (CAF), as well as newly developed blood vessels (2). In breast cancer, ECM accumulation and desmoplasia in general are associated with a poor prognosis (3), and increased matrix deposition can predict breast tumor formation (4). Well-studied changes in the breast TME include abnormal matrix molecule expression, permanent remodeling, destruction by proteolytic enzymes and concomitant repair (5). Moreover, changes in individual matrix constituents have also been associated with breast cancer aggressiveness and metastasis. For example, tenascin-C, a protein which is not detected in most healthy adult tissues is notably re-expressed during tumorigenesis (6), deposition of collagen types I, III and V is particularly affected, with progressive fibril linearization and thickening over time during breast carcinogenesis (7–9), and epithelial upregulation of the ubiquitous matrix glycoprotein fibronectin (10) as well as enrichment of specific splice variants containing the oncofetal extra domain A (EDA) or extra domain B (EDB) (11) are observed. At the functional level, the unique matrix composition of tumors can influence all aspects of carcinogenesis, from angiogenesis, EMT, metastasis to immune surveillance (12). However, the molecular mechanisms defining cell-matrix interactions in the TME are not yet completely understood, highlighting the need for a better understanding of the role of the ECM during cancer evolution.

Macrophages have a central role in cancer immune surveillance in general (13) and in breast cancers in particular, where they are associated with a poor prognosis (14) and with negative hormone receptor status and malignant phenotype (15). However the prognostic role of tumor-associated macrophages (TAM) is not as clear cut as reported for other immune subsets, such as Th1 or Treg cells (16), as TAM may be also associated with a positive outcome in some cancers like colorectal carcinoma (14). This discrepancy may be explained by the extraordinary phenotypic plasticity of these cells, which are easily modified depending on local stimuli from the tumor microenvironment (TME). TAMs with a “M1-like” phenotype are characterized by tumor-killing functions, inflammatory cytokines production such as TNFα, IL-1β, IL-6, and IL-8, nitric oxide (NO) and reactive oxygen species (ROS), as well as improved priming capacities towards T cells via upregulated MHC class I and II presentation and associated co-stimulatory molecules (17). On the other extremity of this spectrum, “M2-like” alternatively activated macrophages present tumor-facilitating characteristics, characterized by secretion of immunosuppressive effectors such as TGFβ and IL-10, promotion of tissue remodeling and expression of inhibitory checkpoint molecules such as PD-1 (18). However, the phenotypic spectrum of TAM is much more complex than initially described. In breast cancer, TAM can express in the same cells a combination of M1-like and M2-like signature genes that correlate along the same activation trajectory (19), and TAM subsets that exert pro-angiogenic capacities via the expression of pro-angiogenic factors and vascular promotion (20), or favor the formation of pre-metastatic niches in breast cancer (21), have been identified.

A close relationship between TAM and the tumor-specific ECM network has been known for almost 40 years (22), with more recent studies reporting an increasingly complex crosstalk between these two components of the TME, comprising multiple layers of molecular and cellular cues reciprocally influencing both TAM biology and ECM composition. In this review, we will describe how the tumor-specific ECM can modify TAM phenotype, function and migration in breast cancer and how in turn TAM can influence the ECM network to favor tumor growth and spread. We will explore how the understanding of these mechanisms can be exploited to offer novel therapeutic solutions for cancers in need of novel treatments, drug resistant or poorly immune infiltrated “cold” tumors.


ECM Favoring Macrophage Infiltration in the Tumor

The prognostic impact of the immune infiltrate in tumors has historically been defined by cell density (23). The density of the TAM infiltrate varies between different cancer types, but these cells are particularly abundant in breast cancers, where they can represent up to 50% of the tumor mass (24). Correlative data suggest an association between the composition of the tumor-specific ECM and TAM infiltrate. For example, a higher deposition of hyaluronan, a glycosaminoglycan of the ECM, correlated with higher macrophage counts and poor outcome in a cohort of 278 people with breast cancer, regardless of their tumor subtype (25, 26). Moreover, ECM stiffness and activation of TGFβ signaling, classically associated with fibrosis, both positively correlated with the number of macrophages at the invasive front in 20 breast cancer patients (9). Similar associations have also been observed in murine models of breast tumorigenesis. For example, when Pten, a gene involved in tumor growth regulation, is inactivated in the stromal fibroblasts of mice mammary glands, in MMTV-ErbB2/neu mice, the spontaneous tumorigenesis observed in mice expressing wild type levels of stromal Pten was decreased compared to mice lacking stromal Pten, a phenomenon associated with both collagen I deposition and increased macrophage infiltration (27). Furthermore, in a MMTV-PyMT/colla1tm1jae model of spontaneous mammary tumorigenesis, increased collagen deposition within the tumor was associated with higher TAM numbers, an effect dependent on COX2 expression, and in which COX2 blockade limited TAM and collagen levels (28). Similarly, constitutive expression of CCL2 in the mammary epithelium, which leads to increased macrophage infiltration, was associated with increased stromal deposition of collagen, that could elevate the risk of cancer development (29). Also, the overexpression of CCL2 by breast stromal cells transplanted into mouse mammary glands leads to enhanced TAM infiltration, concomitant with increased collagen expression. Both of these effects were ablated by depletion of CD11b expressing cells (30). These data suggest that tumors can manipulate the CCL2/CCR2 pathway to facilitate the infiltration of tumor prone collagen-producing macrophages.

Together these studies demonstrate a positive correlation between TAM density, ECM remodeling and tumor progression, although it is difficult to distinguish cause and effect. The underlying reasons for altered TAM density are also not known; it is possible that this phenomenon may result directly from higher TAM infiltration, but could also arise from changes in monocyte infiltration and subsequent differentiation, and/or changes in monocyte and macrophage survival (Figure 1).




Figure 1 | Interactions between the ECM and macrophages in the tumor microenvironment. The tumor-specific ECM network has a panel of possible interaction pathways with macrophages, all of which ultimately impact the evolution of cancer growth and prognosis. ECM molecules including tenascin-C, collagen, fibronectin, osteopontin, hyaluronan, versican, and thrombospondin, are highly upregulated in primary and metastatic breast cancer and embed epithelial tumor cells, and are produced by tumor cells, CAF, or immune cells. The ECM presence is associated with an increased migration of macrophages to the tumor site, with which they directly interact via the expression of integrins including αMβ2, α2β2, α2β1, αvβ5, or α9β1, or are guided by patterns of chemokine-matrix gradients. On site, macrophages are able to degrade the ECM fibers by secreting MMP2, 9, 13, and 14, and reorganize the collagen fibers. Together with their capacity to help cancer cell migration, intra- and extravasation, and initiating the EMT process, ECM help TAM contribute to accelerated metastasis. The ECM network is able to drive TAM towards either pro-angiogenic, anti-tumor M1-like or anti-tumor M2-like phenotype depending of the local contexture. Moreover, the EDA and FBG domains of fibronectin and tenascin-C respectively are TLR4 ligands that can trigger inflammatory responses in myeloid cells.



More information has come from colocalization studies, which imply direct matrix-TAM interactions within the TME in experimental breast cancer. For example, using an orthotopic mammary tumor model, in which grafted tumor cells were engineered to express high or low levels of tenascin-C, we observed not only more numerous TAM in tenascin-C high tumors, but that TAM were exclusively present inside “tracks” formed by tenascin-C deposition. Treatment of mice with function blocking anti-tenascin-C antibodies caused TAM to accumulate at the edge of the tumor, compared to higher numbers within the tumor stroma in untreated mice (Figure 2) (31). These data indicate the capacity of ECM molecules to promote TAM infiltration during tumorigenesis, and demonstrate a role for the tumor specific-matrix in controlling the spatial positioning of TAM once within the TME. Conversely, matrix molecules may also restrict TAM infiltration; for example, blockade of the EDA domain of fibronectin in a mouse colon cancer model reduced tumor growth and led to increased infiltration of macrophages in the tumor (32), with a direct interaction of Fn-EDA with macrophages demonstrated by immunofluorescence (33). These data reveal not only the versatility of the effect of ECM molecules on TAM infiltration, but also indicate that this function may be limited to specific domains of these large multimodular molecules. However, little is known at the molecular level as to if, and if so how, these matrix molecules directly control TAM migration and positioning in the breast TME, or whether changes in the matrix indirectly affect immune cell infiltration.




Figure 2 | In vivo blockade of the FBG domain of tenascin-C diminishes TAM numbers and restrict their presence to tumor edge in a mammary tumor model. Mammary tumors from mice that were treated with a blocking anti-FBG antibody (upper panels) or a control isotype (lower panels) were collected 21 days after engraftment and stained with anti-CD206 (light blue), anti-F4/80 (red), and anti-TNC (green) antibodies.



Several cellular and molecular pathways have been brought forward from studies outside of breast cancer to explain how matrix molecules can interact with macrophages to promote their infiltration. TAM adhere directly to fibronectin and collagens in the ECM via integrins such as αMβ2 and α2β2 (34). These interactions have been shown to contribute to TAM motility and functions within breast (35), lung and colon (36), and prostate (37) cancers. However, binding to other matrix components, using other integrins, may also play a role. For example αvβ5, expression by TAM in glioblastoma serves as a receptor for the matrix glycoprotein osteopontin, whose interaction provides a chemotactic signal that is essential for macrophage recruitment (38). In addition to cell-matrix adhesion directly mediating TAM infiltration, the ECM also serves as a reservoir for soluble factors including chemokines. Chemokine-matrix interactions, in particular chemokine binding to matrix-resident glycosaminoglycans, are important in controlling not only local concentrations of these soluble factors, but also their oligomerization state, resistance to proteolysis, activity and signaling capabilities (39, 40). As such changes in the tumor-specific matrix may alter the capacity to bind and retain secreted molecules classically produced by tumor cells, thus impacting cell infiltration. For example, CCL2, a major player responsible for monocyte/macrophage infiltration into tumors, is known to rely on glycosaminoglycans within the extracellular matrix to effectively signal (41, 42). Moreover, other matrix-chemokine mediated mechanisms may also be at play in modifying TAM migration. In a mouse model of bladder cancer, versican, a large extracellular matrix proteoglycan, enhances lung metastasis in a manner dependent on the presence of CCL2 and of macrophages in the TME (43). One could argue that signals from the TME could induce parallel production of both versican and CCL2 by tumor cells, which signals could synergize in favor of metastasis colonization.

Together, these studies demonstrate that in breast cancer, there is a correlation between changes in expression levels of ECM molecules such as hyaluronan, collagen, fibronectin or tenascin-C with intratumoral TAM density, linked to disease outcome (Table 1). Moreover, data are emerging that the tumor-specific ECM creates sub-tumoral niches or tracks to control the distribution of TAM within the TME. Studying other cancer models has revealed a number of proposed mechanisms to explain how the ECM network may promote TAM infiltration, which includes providing an adhesive substrate for cells to attach to, and move along, and the patterning of TAM-attracting chemokines to provide migration permissive gradients. Their evaluation offers new clues for a better understanding of the mechanisms at stake in breast cancer.


Table 1 | TAM and ECM interactions described in breast cancer studies.





ECM as a Modulator of TAM Phenotype in the TME

As the complexities of macrophage biology continue to emerge, it is clear that moving beyond a simple consideration of intra-tumoral TAM density, to take into account the nature of the TAM infiltrate, is essential. If the tumor-specific ECM network is able to modulate the infiltration of myeloid cells in the tumor tissue, it can also directly impact their polarization and activation status, by driving them either towards tumor-facilitating or anti-tumor phenotype. In vitro, the impact of matrix on cultured macrophages and macrophage cell lines has been well documented, and most report that the ECM drives an M2-like phenotype. This was first noted in a historical paper from 1983, where Kaplan demonstrated the immunomodulatory role of collagen by cultivating human primary monocytes on collagen, which blunted their capacity to kill cancer cells (22). Similarly, overexpression of the anti-inflammatory transcription factor ATF3 (activating transcription factor 3) in RAW 264.7 macrophage cell line lead to an upregulation of tenascin-C, which was directly responsible for subsequent M2 differentiation and increased migration (54), whilst a hyaluronan and collagen mix drove the upregulation of the hyaluronan receptor CD44 in THP-1 macrophage cell line, together with the upregulation of a group of M2-related genes like CD163, IL-10 and CCL22 (55).

These studies support the idea that in breast cancer, tumors can manipulate ECM production to highjack the immune infiltrate, and switch the phenotype of TAM from efficient tumor killing cells to tumor-facilitating cells, further helping the tumor to thrive. But driving macrophages towards M2-like polarization is not the only impact induced by the ECM; these external signals can also affect another major pro-tumoral function of macrophages in tumors - to enhance or accelerate the neoangiogenesis required for the growth of cancer (56). The culture of macrophages with conditioned media of breast carcinoma cells in the presence of high molecular weight hyaluronan lead to an increased production of angiogenic factors such as VEGF, and increased endothelial cell migration. In line with this, macrophages primed with high molecular weight hyaluronan increased the number of blood vessels in breast carcinoma xenograft models (26, 45). Similarly, the chemical inhibition of CYP4A (Cytochrome P450 4A) in TAM in mouse models of breast cancer skewed their phenotype away from M2-like, and decreased the recruitment of VEGFR1+ myeloid cells and the expression of fibronectin by fibroblasts, altogether contributing to the metastatic process (21).

The molecular mechanisms by which the tumor-specific ECM may orientate the activation and polarization of macrophages and the immune response in the TME includes a variety of secreted factors, in particular those controlled by toll-like receptors (TLR) and NF-κB dependent inflammatory signaling. Indeed, it has been known for a long time that not only infectious triggers can drive a TLR-dependent responses in myeloid cells expressing these receptors, but endogenous triggers, or DAMPs (damage associated molecular pattern), also activate these cells during “sterile” inflammation. DAMP-mediated TLR signaling is involved in the pathogenesis of inflammatory diseases such as auto-immune diseases, atherosclerosis and cancer, where it can initiate and maintain a deleterious chronic immune response (57). ECM domains that are highly expressed in cancer have been identified as TLR-engaging DAMPs, and are likely to be involved in the skewing of the TAM phenotype and functions. For example, the fibrinogen-like globe (FBG) domain of tenascin-C was identified more than 10 years ago as a ligand of TLR4, and is able to engage aberrant inflammatory responses in TLR4-expressing myeloid cells via the release of TNFα, IL-6, and IL-8 (58), that are distinct from LPS-dependent responses (59), prolonging inflammation in arthritis models. Recently, we used an orthotopic grafting murine model of breast cancer to demonstrate that the tumor-derived tenascin-C is able to switch the phenotype of TAM towards a M2-like, pro-tumoral polarization, in a FBG/TLR4 dependent fashion (31). The triggering of this pathway generated a deleterious inflammatory contexture that helped the tumor escape from immune surveillance and supported a pro-metastatic environment, demonstrating a role for the TLR4 engagement by tenascin-C for tumor growth and spread. Similarly, a pro-tumorigenic role for versican-mediated TLR activation has been reported. When produced by lung lewis carcinoma tumor cells, versican acts as a ligand for TLR2 and TLR6 expressed by macrophages, generating a strong TNFα response from these cells, and ultimately acting as a help for metastasis (60), via mechanisms that could include TNFα-dependent stimulation of cancer cells proliferation, intravasation and extravasation.

However, little is still known about the impact of ECM-driven inflammation on macrophages phenotypes and functions in breast cancer, including the role of other TLR-binding ECM proteins and the importance of the local microenvironment. It is however noteworthy that matrix-mediated TLR ligation is not always tumor supportive. For example, fibronectin, in which the alternatively spliced EDA domain is also able to bind TLR4 (61), activates inflammatory responses in TLR4-expressing cells. This has led to the use of the EDA domain as an adjuvant for a protein vaccine derived from HPV (human papillomavirus) against HPV+ cervical carcinoma, which was able to generate antigen-specific CD8 T cells and eradicate tumors (62) via the activation and maturation of myeloid cells, hence triggering anti-tumor responses. Another example of matrix being able to modulate the orientation of tumor immunity one way or another is thrombospondin-1. Thrombospondin-1 can indeed generate enhanced expression of TNFα in bone marrow derived macrophages upon triggering of its receptor CD36, via signaling mediated by TLR4 and NF-κB (63), and the addition of exogenous thrombospondin-1 to a murine macrophage cell line in vitro blocked IL-10 production induced upon ionizing radiations (64), suggesting a tumor-facilitating role. But on the other hand, thrombospondin-1 can also exert a protective activity against carcinogenesis in vivo, as its absence during skin carcinogenesis limits cancer growth via its anti-inflammatory properties, including decreasing the levels of IL-6 and IL-12 and limiting the local infiltration of neutrophils and macrophages (65), highlighting a dual and probably context-dependent role of this protein during carcinogenesis.

Matrix-mediated pro- and anti-tumoral effects may be accounted for by the fact that different stimuli have different effects, despite using the same receptor, or receptor family. However, for one TLR4 ligand, the story is more complex, exerting distinct effects depending on the disease model or even the cellular source. Whilst we showed that tumor-derived tenascin-C drives M2 macrophage polarization in experimental mammary tumors, contradictory findings to ours have been found in glioblastoma. The absence of expression of CD47 on tumor cells increased the expression of tenascin-C in the TME, which in turn triggered TLR4-dependant inflammation in macrophages, characterized by high levels of TNFα secretion and activation of STAT-3 dependent signaling, together with an increased phagocytosis of tumor cells, suggesting an anti-tumor role for this ECM molecule in this model (66). Data from mouse models of cardiac pathologies show that up-regulation of tenascin-C during disease was associated with the shifting of macrophage phenotype towards M1-like via the engagement of TLR4 (67). However in hepatocellular carcinoma, Nong et al. demonstrated that macrophage-derived TNFα induces the production of tenascin-C by cancer cells in an NF-kB dependent pathway, promoting cell migration and tumor aggressiveness (68). Indeed, when we deleted host tenascin-C we found that, in contrast to deletion of tumor-derived tenascin-C, this resulted in diminished M1-like macrophage behavior (31). These data suggest that whilst host-derived matrix can be used to trigger TLR-mediated anti-tumoral immune responses, tumor-derived matrix can trigger TLR-mediated tumor supportive phenotypes, which may explain why pre-clinical global TLR4 blockade has provided mixed results to date.

These data highlight how the cell source of the matrix, the local microenvironment and specific tissue pathology can influence the pro- or anti-tumoral role of the ECM on immunity. Moreover, it is however important to note that the in vitro impact of any single matrix molecule on macrophage phenotype may be more complex than a black and white dichotomy, as highlighted by Huleihel et al. This group exposed macrophages to ECM bioscaffolds (69) and observed that macrophages turned either M1-like or M2-like depending on the tissular origin of the ECM. Moreover, pre-activation of macrophages with IFNγ and LPS lead to a decrease of inflammatory responses in all ECM stimuli tested, altogether indicating that not only the ECM network composition can influence macrophage activation status, but that the inflammatory contexture may also orientate their polarization.

Together, these studies reveal the role of the immunomodulatory properties of the ECM to be a double edged sword in the shaping of the immune response, as ECM molecules can drive an M2 phenotype in TAM as well as triggering TLR and NF-κB dependent inflammatory responses based on the specific cues of the local cellular and tissular microenvironment. Understanding the mechanisms by which the ECM network shape the TAM phenotype may offer clues about events occurring during breast cancer. Although it is likely that the levels of ECM expression and the number of macrophages may modulate these responses, the cellular source of ECM molecules, which alternatively spliced domains can be differentially expressed by different cell types, is also an important factor to take in account for the capacity of ECM to modulate macrophages, and will be discussed below.



Macrophages as Shapers of the Tumor ECM

Whilst the tumor-associated matrix is able to modify macrophage infiltration, organization and phenotype, in turn, macrophages are also capable of directly modulating the organization and composition of the ECM network. This phenomenon has been well described in particular via the capacity of macrophages to secrete matrix metalloproteinases (MMP), enzymes that are able to degrade ECM proteins and that are key determinants for facilitating cell migration (70). In breast cancer, MMP-2, 9, 13 and 14 are involved in a broad spectrum of actions including the remodeling of the ECM, cell migration and metastasis, as well as neo-angiogenesis (71). Several studies further suggest that macrophages have a crucial role in the organization of the ECM. In CSF-KO mice, where numbers of circulating and mammary glands resident macrophages are greatly reduced due to their dependency on CSF, mammary tissue levels of collagen were unaffected, however collagen fibrillogenesis into long fibers was impaired (72). Moreover, the depletion of TAM dramatically altered collagen fibrillar microstructure in the tumor, changes that were associated with an increase in the number of lung metastases in an orthotopic engraftment breast tumor model (46). This could be explained by the involvement of macrophage-derived MMPs, contributing to the degradation of the matrix and as a consequence help for cancer cell intravasation and extravasation. These data suggest a role for TAM in the organization, or re-organization, the matrix, but other studies show that TAM may also play a role in de novo synthesis of the tumor specific ECM.

Macrophages can directly secrete ECM components. For example, this was demonstrated by an RNA expression study in primary human cells, showing that most myeloid cells are able to secrete tenascin-C upon activation (73). Similarly, macrophages are also able to produce different types of collagen upon a TLR4-dependent activation (59), further demonstrating the importance of TLR triggers is this crosstalk. Moreover, the presence of IL-6 and collagen in a triple negative mammary tumor model drove TAM towards a “wound healing” phenotype characterized by the production of effectors of the inflammatory phase of wound healing IL-1β, IL-6 and osteopontin in that in this context facilitated the trans-endothelial migration of tumor cells (44). Whilst a link between macrophage residence in the TME and matrix synthesis in the breast remains to be further explored, data are available from other tumor sites. For example, using an orthotopic model of colorectal carcinoma, Afik et al. showed that the ECM composition in tumors is markedly different in TAM high or deficient tumors as TAM activate matrix remodeling programs upon their differentiation from monocytes (74). In particular, TAM were able to express unique ECM and ECM-associated genes in the TME, including collagen type I VI and XIV, collagen synthesis and assembly as well as matrix cross linkers gene sets, leading to an impaired deposition, cross-linking and linearization of the matrix in presence of TAM, and altogether shaping the tumor invasiveness (74). The idea has been broached that TAM have a unique impact on ECM remodeling compared to other macrophage subsets. This was investigated in a study showing that TAM from ovarian carcinoma are remarkably similar at the transcriptomic and protein expression levels to resident peritoneal macrophages, sharing features such as phagocytic and antigen presentation capabilities levels (75). However, TAM had a non-overlapping gene expression signature not shared with monocyte-derived macrophages and resident peritoneal macrophages, mainly composed of matrix-remodeling genes and collagen fiber organization. These data indicate that these macrophage subpopulations acquire particular capacities to manipulate the ECM in tumors (75). How these cells acquire these novel capabilities remains unclear but this re-programming may be induced by tumors cells in order to aid tumor escape from immunosurveillance.

In a model of mammary tumor engraftment by tumor cells with a conditional Her2 downmodulation inducible by doxycycline which leads to tumor regression, the following tumoral recurrence is associated with an increased tumor production of CCL5, a chemokine involved in many aspects of tumor progression in breast cancer (76). The authors link this secretion with the recruitment of CCR5 expressing macrophages that express genes of collagen and collagen-deposition factors such as procollagen C-endopeptidase enhancer 1 and asporin (47), suggesting that the CCL5/CCR5 pathway can be manipulated by tumors to provoke macrophage to directly deposit collagen into the tumors, favoring their recurrence.

The functional implications of TAM-derived ECM networks are also emerging, with data showing that immune cell-mediated matrix synthesis directly contribute to tumor growth. For example, in mouse models of mammary tumors cell lines orthotopic engraftment, the use of osteopontin wt or ko mice showed that myeloid derived suppressor cells (MDSC) exerted a more immunosuppressive impact at the metastatic site in presence than in absence of osteopontin (48). In non-small cell lung cancer, the concomitant tissue detection and quantification of macrophages and osteopontin revealed that osteopontin produced by TAM is also associated with progression and poor survival (77) and in colorectal cancer co-culture models, the expression by cancer cells of osteopontin receptor CD44 drives its production by TAM, which in turn favors tumor cells tumorogenicity (78). On the contrary, Szulzewsky et al. showed that glioblastoma-associated monocytes are the main producers of osteopontin in the TME and that it exerts an anti-tumor effect, as opposed to tumor-derived osteopontin which has little impact (79). This suggests that TAM-derived osteopontin can be used as a communication tool by macrophages to interact with cancer cells and impact the TME. This idea of an intermediate signal used by macrophages to shape the ECM in breast cancer can also be applied to TGFβ, which not only can be produced by tumor-facilitating M2-like TAM and is a key regulator of carcinogenesis in tumors such as breast cancer (80), but is also a key signal involved in fibrosis and ECM production (81). Moreover, TGFβ in conjunction with tenascin-C are associated with an epithelial to mesenchymal transition (EMT) of breast cancer cells (82), and stimulation of macrophages by TGFβ force them to produce type VI collagen (83). Finally, although not in models of tumorigenesis, but during experimental dermal remodeling, CCR2 expressing macrophages directly degraded collagen and fibrins, and the addition of GM-CSF selectively enhanced their collagen endocytosis capacities, likely via the proliferation-inducing capacities of this cytokine (84). These data suggest an involvement of the CCL2/CCR2 axis in matrix remodeling and tissue repair mechanisms, in favor of a positive reinforcement loop between the ECM and macrophages; it is for example known that collagen degradation products can play a chemotactic role towards macrophages, which may contribute to their recruitment to the tumor site (85).

These data demonstrate how macrophages can modify the composition and the organization of the ECM network in tumors by producing specific ECM or ECM associated components or by reshaping collagen fibers, showing that TAM-ECM crosstalk occurs in both directions.



The Regulation of EMT and Metastasis by ECM and TAM

One of the best studied roles of the ECM network in breast cancer is its contribution to driving metastatic transition (86). The role of TAM in this process have also been extensively studied via their capacity to secrete matrix metalloproteinase MMPs that are critical for the digestion of ECM prelaminar to the migration of cancer cells outside the primary tumor site (87), and this has been reviewed elsewhere (88, 89). However, other mechanisms of interplay between TAM and ECM have also been reported in breast cancer models, such as in driving epithelial to mesenchymal transition (EMT). For example, versican, a matrix proteoglycan, is produced by monocytes in pre-metastatic lesions where it aids breast cancer cell transformation in MMTV-PyMT mice (51), whilst expression of the ECM glycoprotein SPARC (secreted protein acidic and rich in cysteine) by breast tumor cells induces EMT dependently on the presence of MDSC (52) in breast cancer cell engraftment, and expression of SPARC by macrophages induces cell migration and metastasis in triple-negative breast cancer cells engraftment (50). Moreover, Wyckoff et al. elegantly used intravital microscopy in a MMTV-PyMT model to show that the cancer cell intravasation observed by live imaging in mammary tumors was helped by perivascular macrophages that accumulated by collagen-rich tumor border in association with the EGF and CSF-1 pathways (49). Together, these data provide clues for a better understanding of one of the tumor-facilitating roles of the ECM-TAM collaboration, which is the promotion of early events crucial for metastasis in epithelial cancers including EMT and cancer cell migration.



The Need for CAF in the TAM-ECM Relationship

The presence of a specific ECM network within tumors is the result of the contribution of many cellular players including not only tumor cells and immune cells, but also CAF. CAF are critical for breast cancer evolution and important producers of extracellular matrix in tumors (90, 91). The interactions between CAF and TAM are becoming increasingly well characterized, for example co-culture of monocytes with pancreatic tumor cells with CAF drives monocytic differentiation into cells with an M2-like macrophage phenotype (92). Moreover, CAF and TAM crosstalk can synergize to increase the invasiveness of the tumor by increasing cell mobility, as well as favoring neoangiogenesis programs (93). Indeed, a role for the ECM in this intercellular interplay is also emerging; endogenous fibroblasts and TAM may also matrix molecules as a means to communicate with one another in the breast TME. For example, fibroblast synthesis of FAP (fibroblast activation protein), a membrane-bound serine protease that can cleave collagen fibers and thus increase TAM adhesion in an MMTV-PyMT breast cancer model (53). In our work, using a syngeneic orthotopic grafting model of breast cancer, the absence of tenascin-C production by tumor cells was compensated by CAF-derived tenascin-C, meaning that total tumor levels of this matrix protein were not altered when grafting tumors with high or low tenascin-C expression levels. However, tenascin-C derived from each cellular source had a dramatically different impact on the TAM phenotype; only tumor-derived tenascin-C could induce a pro-tumor TAM phenotype, as opposed to CAF-derived tenascin-C (31). These data together pinpoint CAF as contributors of the TAM-ECM crosstalk in the breast TME and potential target to block these pro-tumor processes.




Conclusions and Perspectives

A growing number of studies report ever increasingly complex interactions between the ECM and the tumor myeloid compartment. These extend beyond the degradation of ECM by TAM-derived MMPs and integrin-mediated TAM-matrix cell adhesion. As discussed here, tumor-specific ECM and TAM crosstalk has multiple faces; the ECM can shape macrophage infiltration, positioning and phenotype, driving cells towards anti- to pro-tumoral, inflammatory, pro-angiogenic or pro-metastatic depending on the local tissue contexture, whilst macrophages can systematically modify the organization of ECM fibers, as well as the composition of the ECM network (Figure 1, Table 1). The coordination of the ECM–TAM crosstalk ultimately impacts the orientation and strength of the innate and adaptive anti-tumor immune response, and thus modulates the rate of the primary tumor growth and metastasis. The importance of these interactions for cancer evolution therefore represents a pool of promising biomarkers and myriad of potential therapeutic targets for new anti-cancer immunotherapies in breast cancer.

Moreover, the interaction between the ECM and TAMs is not static, but constantly changing. As the tumor develops, grows, and spreads, changes in the tumor microenvironment brought by cooperative anabolism and catabolism of CAFs, proliferating tumor cells and infiltrating immune cells contribute to dynamically modify the biochemical and mechanical signals mediated by the ECM that shapes cell behavior. At present, we have a limited understanding of the complexities of this evolving TAM-ECM relationship, despite the recent increase in the number of interactions being discovered and functionally characterized, and with it the perspective of novel biomarkers (94). Furthermore, more detailed investigation into pathways that are universal amongst tumors, compared to tumor-, or tissue-, specific changes will be of importance. This approach may indeed shape our understanding of how the crosstalk between ECM and TAM may have a different impact on cancer evolution depending on disease stage, tumor type and contexture as well as articulation with co-treatments, and become critical for the success of new immunotherapies.

The field of immunotherapies in general, and in cancer in particular, is indeed evolving in giant strides, as represented by the success of T-cell targeting immune checkpoints inhibitors anti-PD1, anti-PD-L1 and anti-CTLA4, that revolutionized treatment of cancer patients (95). But immune checkpoints inhibitors face limitations, due to induced resistance, lack of target expression, or lack of immune infiltrate in “cold” tumors (96, 97). In breast cancer, in particular, we see highly heterogeneous pathology (98), with a complex organization of the therapeutic landscape. Triple negative breast cancer (TNBC) that are defined by their lack of expression of progesterone receptor, estrogen receptors and Her2-neu particularly suffer from an absence of viable long-term therapeutic options, and although anti-PD-L1 immune checkpoints inhibitors have recently given promising results after a phase III clinical trial (99). To this end, and because of the importance of macrophages in this cancer, several macrophage-targeting options have been extensively explored, mainly including blocking the CCL2/CCR2 or the CSF1/CSFR1 pathways (100, 101), but they have faced mitigated success. Targeting specific domains of the tumor-specific ECM in order to reorient the immune response is in this context an emerging option which efficacy has been explored in different situations. In our model of mammary tumor expressing or not tenascin-C, the blockade of the TLR4-binding domain of tenascin-C, FBG, with a neutralizing antibody (102) lead to a reversion of the TAM phenotype towards a tumor-killing type, and was associated with decreased tumor growth and smaller lung metastases (31). Moreover, the therapeutic combination of this FBG-targeting therapy with an anti-PD-L1 antibody further diminished the tumor growth. Similar options were investigated against the EDA alternatively spliced domain of fibronectin, by developing a fusion protein with an anti-EDA sequence and calreticulin, an alarmin serving as a pro-phagocytosis signal towards myeloid cells. In a colon cancer model, its therapeutic use helped slow down tumor growth and this treatment worked synergistically with an anti-PDL1 antibody (32), confirming the interest for combining this type of matrix-targeting therapy modulating the macrophage innate response with T-cell targeting with immune checkpoints inhibitors to unlock different levels of tumor-associated immune suppression. Arribillaga et al. used the capacity of the EDA domain of fibronectin to activate myeloid cells via binding TLR4 (61) to develop an immunogenic antigen delivery tool by coupling EDA with proteins, activating dendritic cells, which were then able to effectively prime specific T cells (103), highlighting again the dual role of ECM domains of the activation of innate immune cells. Other options have been explored to use the immunomodulatory properties of fibronectin, including against the alternatively spliced EDB domain, which neutralizing sc-Fv fragment L19 was coupled with IL-2 to trigger immunogenicity (104). Thrombospondin-1 could also be used as a target, and its neutralization blocked the osteoclast differentiation from monocytes formation occurring during myeloma bone (105). Another way by which therapies investigate the blocking or enhancement of the ECM-macrophages interaction consists in targeting membrane-bound molecules serving as receptors for ECM or ECM-associated proteins. It is the case for CD47, a ligand of thrombospondin-1, which can be expressed by cancer cells and act as a “don’t eat me” signal towards macrophages, hence a good target for cancer (106). Anti-CD47 neutralization has shown promising anti-tumor properties by promoting the phagocytosis of cancer cells by TAM, and evidenced potential to synergize with other tumor-targeting therapies (107). Finally, the blockade of the interaction between ECM and TAM can be performed via integrin blockade. α4β1 in particular, is an integrin expressed by monocytes and necessary to their homing into the tumor as well as a receptor for the EDA domain of fibronectin (108) and its blockade on TAM limited the macrophage-induced neoangiogenesis (36), helping control the tumor growth. Finally, it is noteworthy that CSFR1 inhibitors were able to block the migration of macrophages induced by fibronectin (109). The exploration of how macrophages and the matrix work together to shape the TME provides a large panel of pathways that leads the tumor growth and spread, and the understanding of these signaling is still at its beginning. The majority of these studies report the tumor-facilitating roles of the TAM and ECM crosstalk, and these pathways constitute powerful and relatable predictive biomarkers for cancer evolution and metastasis. But they also provide invaluable indications for new pathways to target in novel therapy for cancers that are lacking options, like the TNBC. Preclinical studies suggest that targeting immunomodulatory domains of the ECM can be an efficient and safe way to reinstate an efficient innate immune response, and is working well as combination therapies, at a time where multi-hit therapy paves its way in the cancer therapeutic landscape.



Author Contributions

CD and KM wrote the review. All authors contributed to the article and approved the submitted version.



Abbreviations

CAF, cancer-associated fibroblasts; CCL, chemokine ligand; CCR, chemokine receptor; DAMP, damage associated molecular pattern; ECM, extracellular matrix; EDA, Extra Domain A; FBG, fibrinogen-like globe domain; GM-CSF, granulocyte-monocyte colony stimulating factor; IFNγ, interferon gamma; IL, interleukin; M-CSF, macrophage colony stimulating factor; MMP, matrix metalloproteinase; NF-KB, nuclear factor kappa b; TAM, tumor-associated macrophages; TGFβ, transforming growth factor beta; TLR, toll like receptor; TNBC, triple negative breast cancer; TNFα, tumor necrosis factor alpha; TME, tumor microenvironment.



References

1. Naba, A, Clauser, KR, Ding, H, Whittaker, CA, Carr, SA, and Hynes, RO. The extracellular matrix: Tools and insights for the “omics” era. Matrix Biol (2016) 49:10–24. doi: 10.1016/j.matbio.2015.06.003

2. Walker, C, Mojares, E, and del Río Hernández, A. Role of Extracellular Matrix in Development and Cancer Progression. Int J Mol Sci (2018) 19. doi: 10.3390/ijms19103028

3. Insua-Rodríguez, J, and Oskarsson, T. The extracellular matrix in breast cancer. Advanced Drug Delivery Rev (2016) 97:41–55. doi: 10.1016/j.addr.2015.12.017

4. Boyd, NF, Dite, GS, Stone, J, Gunasekara, A, English, DR, McCredie, MRE, et al. Heritability of mammographic density, a risk factor for breast cancer. N Engl J Med (2002) 347:886–94. doi: 10.1056/NEJMoa013390

5. Giussani, M, Merlino, G, Cappelletti, V, Tagliabue, E, and Daidone, MG. Tumor-extracellular matrix interactions: Identification of tools associated with breast cancer progression. Semin Cancer Biol (2015) 35:3–10. doi: 10.1016/j.semcancer.2015.09.012

6. Oskarsson, T, Acharyya, S, Zhang, XH-F, Vanharanta, S, Tavazoie, SF, Morris, PG, et al. Breast cancer cells produce tenascin C as a metastatic niche component to colonize the lungs. Nat Med (2011) 17:867–74. doi: 10.1038/nm.2379

7. Conklin, MW, Eickhoff, JC, Riching, KM, Pehlke, CA, Eliceiri, KW, Provenzano, PP, et al. Aligned collagen is a prognostic signature for survival in human breast carcinoma. Am J Pathol (2011) 178:1221–32. doi: 10.1016/j.ajpath.2010.11.076

8. Provenzano, PP, Eliceiri, KW, Campbell, JM, Inman, DR, White, JG, and Keely, PJ. Collagen reorganization at the tumor-stromal interface facilitates local invasion. BMC Med (2006) 4:38. doi: 10.1186/1741-7015-4-38

9. Acerbi, I, Cassereau, L, Dean, I, Shi, Q, Au, A, Park, C, et al. Human Breast Cancer Invasion and Aggression Correlates with ECM Stiffening and Immune Cell Infiltration. Integr Biol (Camb) (2015) 7:1120–34. doi: 10.1039/c5ib00040h

10. Bae, YK, Kim, A, Kim, MK, Choi, JE, Kang, SH, and Lee, SJ. Fibronectin expression in carcinoma cells correlates with tumor aggressiveness and poor clinical outcome in patients with invasive breast cancer. Hum Pathol (2013) 44:2028–37. doi: 10.1016/j.humpath.2013.03.006

11. Matsumoto, E, Yoshida, T, Kawarada, Y, and Sakakura, T. Expression of Fibronectin Isoforms in Human Breast Tissue: Production of Extra Domain A+/Extra Domain B+ by Cancer Cells and Extra Domain A+ by Stromal Cells. Jpn J Cancer Res (1999) 90:320–5. doi: 10.1111/j.1349-7006.1999.tb00750.x

12. Pickup, MW, Mouw, JK, and Weaver, VM. The extracellular matrix modulates the hallmarks of cancer. EMBO Rep (2014) 15:1243–53. doi: 10.15252/embr.201439246

13. Noy, R, and Pollard, JW. Tumor-associated macrophages: from mechanisms to therapy. Immunity (2014) 41:49–61. doi: 10.1016/j.immuni.2014.06.010

14. Fridman, WH, Zitvogel, L, Sautès-Fridman, C, and Kroemer, G. The immune contexture in cancer prognosis and treatment. Nat Rev Clin Oncol (2017) 14:717–34. doi: 10.1038/nrclinonc.2017.101

15. 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

16. Fridman, WH, Pagès, F, Sautès-Fridman, C, and Galon, J. The immune contexture in human tumours: impact on clinical outcome. Nat Rev Cancer (2012) 12:298–306. doi: 10.1038/nrc3245

17. Sica, A, and Mantovani, A. Macrophage plasticity and polarization: in vivo veritas. J Clin Invest (2012) 122:787–95. doi: 10.1172/JCI59643

18. Gordon, SR, Maute, RL, Dulken, BW, Hutter, G, George, BM, McCracken, MN, et al. PD-1 expression by tumour-associated macrophages inhibits phagocytosis and tumour immunity. Nature (2017) 545:495–9. doi: 10.1038/nature22396

19. 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.e36. doi: 10.1016/j.cell.2018.05.060

20. Leek, RD, Hunt, NC, Landers, RJ, Lewis, CE, Royds, JA, and Harris, AL. Macrophage infiltration is associated with VEGF and EGFR expression in breast cancer. J Pathol (2000) 190:430–6. doi: 10.1002/(SICI)1096-9896(200003)190:4<430::AID-PATH538>3.0.CO;2-6

21. Chen, XW, Yu, TJ, Zhang, J, Li, Y, Chen, HL, Yang, GF, et al. CYP4A in tumor-associated macrophages promotes pre-metastatic niche formation and metastasis. Oncogene (2017) 36:5045–57. doi: 10.1038/onc.2017.118

22. Kaplan, G. In vitro differentiation of human monocytes. Monocytes cultured on glass are cytotoxic to tumor cells but monocytes cultured on collagen are not. J Exp Med (1983) 157:2061–72. doi: 10.1084/jem.157.6.2061

23. Galon, J, Pagès, F, Marincola, FM, Thurin, M, Trinchieri, G, Fox, BA, et al. The immune score as a new possible approach for the classification of cancer. J Transl Med (2012) 10:1. doi: 10.1186/1479-5876-10-1

24. Pollard, JW. Macrophages define the invasive microenvironment in breast cancer. J Leukoc Biol (2008) 84:623–30. doi: 10.1189/jlb.1107762

25. Tiainen, S, Tumelius, R, Rilla, K, Hämäläinen, K, Tammi, M, Tammi, R, et al. High numbers of macrophages, especially M2-like (CD163-positive), correlate with hyaluronan accumulation and poor outcome in breast cancer. Histopathology (2015) 66:873–83. doi: 10.1111/his.12607

26. Spinelli, FM, Vitale, DL, Sevic, I, and Alaniz, L. Hyaluronan in the Tumor Microenvironment. Adv Exp Med Biol (2020) 1245:67–83. doi: 10.1007/978-3-030-40146-7_3

27. Trimboli, AJ, Cantemir-Stone, CZ, Li, F, Wallace, JA, Merchant, A, Creasap, N, et al. Pten in stromal fibroblasts suppresses mammary epithelial tumours. Nature (2009) 461:1084–91. doi: 10.1038/nature08486

28. Esbona, K, Inman, D, Saha, S, Jeffery, J, Schedin, P, Wilke, L, et al. COX-2 modulates mammary tumor progression in response to collagen density. Breast Cancer Res (2016) 18:35. doi: 10.1186/s13058-016-0695-3

29. Sun, X, Glynn, DJ, Hodson, LJ, Huo, C, Britt, K, Thompson, EW, et al. CCL2-driven inflammation increases mammary gland stromal density and cancer susceptibility in a transgenic mouse model. Breast Cancer Res (2017) 19:4. doi: 10.1186/s13058-016-0796-z

30. Kuziel, G, Thompson, V, D’Amato, JV, and Arendt, LM. Stromal CCL2 Signaling Promotes Mammary Tumor Fibrosis through Recruitment of Myeloid-Lineage Cells. Cancers (Basel) (2020) 12. doi: 10.3390/cancers12082083

31. Deligne, C, Murdamoothoo, D, Gammage, AN, Gschwandtner, M, Erne, W, Loustau, T, et al. Matrix-Targeting Immunotherapy Controls Tumor Growth and Spread by Switching Macrophage Phenotype. Cancer Immunol Res (2020) 8:368–82. doi: 10.1158/2326-6066.CIR-19-0276

32. Ziffels, B, Grötsch, A, Al-Bayati, L, and Neri, D. Targeted delivery of calreticulin to ED-A fibronectin leads to tumor-growth retardation. J Biotechnol (2019) 290:53–8. doi: 10.1016/j.jbiotec.2018.12.007

33. Doddapattar, P, Gandhi, C, Prakash, P, Dhanesha, N, Grumbach, IM, Dailey, ME, et al. Fibronectin Splicing Variants Containing Extra Domain A Promote Atherosclerosis in Mice Through Toll-Like Receptor 4. Arterioscler Thromb Vasc Biol (2015) 35:2391–400. doi: 10.1161/ATVBAHA.115.306474

34. Hoffmann, EJ, and Ponik, SM. Biomechanical Contributions to Macrophage Activation in the Tumor Microenvironment. Front Oncol (2020) 10:787. doi: 10.3389/fonc.2020.00787

35. Chen, C-C, Chen, L-L, Hsu, Y-T, Liu, K-J, Fan, C-S, and Huang, T-S. The endothelin-integrin axis is involved in macrophage-induced breast cancer cell chemotactic interactions with endothelial cells. J Biol Chem (2014) 289:10029–44. doi: 10.1074/jbc.M113.528406

36. Jin, H, Su, J, Garmy-Susini, B, Kleeman, J, and Varner, J. Integrin alpha4beta1 promotes monocyte trafficking and angiogenesis in tumors. Cancer Res (2006) 66:2146–52. doi: 10.1158/0008-5472.CAN-05-2704

37. Lu, H, Bowler, N, Harshyne, LA, Craig Hooper, D, Krishn, SR, Kurtoglu, S, et al. Exosomal αvβ6 integrin is required for monocyte M2 polarization in prostate cancer. Matrix Biol (2018) 70:20–35. doi: 10.1016/j.matbio.2018.03.009

38. Wei, J, Marisetty, A, Schrand, B, Gabrusiewicz, K, Hashimoto, Y, Ott, M, et al. Osteopontin mediates glioblastoma-associated macrophage infiltration and is a potential therapeutic target. J Clin Invest (2019) 129:137–49. doi: 10.1172/JCI121266

39. Proudfoot, AEI, Johnson, Z, Bonvin, P, and Handel, TM. Glycosaminoglycan Interactions with Chemokines Add Complexity to a Complex System. Pharmaceuticals (2017) 10:70. doi: 10.3390/ph10030070

40. Monneau, Y, Arenzana-Seisdedos, F, and Lortat-Jacob, H. The sweet spot: how GAGs help chemokines guide migrating cells. J Leukocyte Biol (2016) 99:935–53. doi: 10.1189/jlb.3MR0915-440R

41. Yoshimura, T. The chemokine MCP-1 (CCL2) in the host interaction with cancer: a foe or ally? Cell Mol Immunol (2018) 15:335–45. doi: 10.1038/cmi.2017.135

42. Gschwandtner, M, Derler, R, and Midwood, KS. More Than Just Attractive: How CCL2 Influences Myeloid Cell Behavior Beyond Chemotaxis. Front Immunol (2019) 10:2759. doi: 10.3389/fimmu.2019.02759

43. Said, N, Sanchez-Carbayo, M, Smith, SC, and Theodorescu, D. RhoGDI2 suppresses lung metastasis in mice by reducing tumor versican expression and macrophage infiltration. J Clin Invest (2012) 122:1503–18. doi: 10.1172/JCI61392

44. Muliaditan, T, Caron, J, Okesola, M, Opzoomer, JW, Kosti, P, Georgouli, M, et al. Macrophages are exploited from an innate wound healing response to facilitate cancer metastasis. Nat Commun (2018) 9:2951. doi: 10.1038/s41467-018-05346-7

45. Spinelli, FM, Vitale, DL, Icardi, A, Caon, I, Brandone, A, Giannoni, P, et al. Hyaluronan preconditioning of monocytes/macrophages affects their angiogenic behavior and regulation of TSG-6 expression in a tumor type-specific manner. FEBS J (2019) 286:3433–49. doi: 10.1111/febs.14871

46. Burke, RM, Madden, KS, Perry, SW, Zettel, ML, and Brown, EB. Tumor-associated macrophages and stromal TNF-α regulate collagen structure in a breast tumor model as visualized by second harmonic generation. J BioMed Opt (2013) 18:86003. doi: 10.1117/1.JBO.18.8.086003

47. Walens, A, DiMarco, AV, Lupo, R, Kroger, BR, Damrauer, JS, and Alvarez, JV. CCL5 promotes breast cancer recurrence through macrophage recruitment in residual tumors. eLife (2019) 8. doi: 10.7554/eLife.43653

48. Sangaletti, S, Tripodo, C, Sandri, S, Torselli, I, Vitali, C, Ratti, C, et al. Osteopontin Shapes Immunosuppression in the Metastatic Niche. Cancer Res (2014) 74:4706–19. doi: 10.1158/0008-5472.CAN-13-3334

49. Wyckoff, JB, Wang, Y, Lin, EY, Li, J, 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

50. Sangaletti, S, Di Carlo, E, Gariboldi, S, Miotti, S, Cappetti, B, Parenza, M, et al. Macrophage-derived SPARC bridges tumor cell-extracellular matrix interactions toward metastasis. Cancer Res (2008) 68:9050–9. doi: 10.1158/0008-5472.CAN-08-1327

51. Gao, D, Joshi, N, Choi, H, Ryu, S, Hahn, M, Catena, R, et al. Myeloid progenitor cells in the premetastatic lung promote metastases by inducing mesenchymal to epithelial transition. Cancer Res (2012) 72:1384–94. doi: 10.1158/0008-5472.CAN-11-2905

52. Sangaletti, S, Tripodo, C, Santangelo, A, Castioni, N, Portararo, P, Gulino, A, et al. Mesenchymal Transition of High-Grade Breast Carcinomas Depends on Extracellular Matrix Control of Myeloid Suppressor Cell Activity. Cell Rep (2016) 17:233–48. doi: 10.1016/j.celrep.2016.08.075

53. Mazur, A, Holthoff, E, Vadali, S, Kelly, T, and Post, SR. Cleavage of Type I Collagen by Fibroblast Activation Protein-α Enhances Class A Scavenger Receptor Mediated Macrophage Adhesion. PloS One (2016) 11. doi: 10.1371/journal.pone.0150287

54. Sha, H, Zhang, D, Zhang, Y, Wen, Y, and Wang, Y. ATF3 promotes migration and M1/M2 polarization of macrophages by activating tenascin−C via Wnt/β−catenin pathway. Mol Med Rep (2017) 16:3641–7. doi: 10.3892/mmr.2017.6992

55. Kim, H, Cha, J, Jang, M, and Kim, P. Hyaluronic acid-based extracellular matrix triggers spontaneous M2-like polarity of monocyte/macrophage. Biomater Sci (2019) 7:2264–71. doi: 10.1039/c9bm00155g

56. Fu, L-Q, Du, W-L, Cai, M-H, Yao, J-Y, Zhao, Y-Y, and Mou, X-Z. The roles of tumor-associated macrophages in tumor angiogenesis and metastasis. Cell Immunol (2020) 353:104119. doi: 10.1016/j.cellimm.2020.104119

57. Piccinini, AM, and Midwood, KS. DAMPening inflammation by modulating TLR signalling. Mediators Inflammation (2010) 2010. doi: 10.1155/2010/672395

58. Midwood, K, Sacre, S, Piccinini, AM, Inglis, J, Trebaul, A, Chan, E, et al. Tenascin-C is an endogenous activator of Toll-like receptor 4 that is essential for maintaining inflammation in arthritic joint disease. Nat Med (2009) 15:774–80. doi: 10.1038/nm.1987

59. Piccinini, AM, Zuliani-Alvarez, L, Lim, JMP, and Midwood, KS. Distinct microenvironmental cues stimulate divergent TLR4-mediated signaling pathways in macrophages. Sci Signal (2016) 9:ra86. doi: 10.1126/scisignal.aaf3596

60. Kim, S, Takahashi, H, Lin, W-W, Descargues, P, Grivennikov, S, Kim, Y, et al. Carcinoma-produced factors activate myeloid cells through TLR2 to stimulate metastasis. Nature (2009) 457:102–6. doi: 10.1038/nature07623

61. Okamura, Y, Watari, M, Jerud, ES, Young, DW, Ishizaka, ST, Rose, J, et al. The extra domain A of fibronectin activates Toll-like receptor 4. J Biol Chem (2001) 276:10229–33. doi: 10.1074/jbc.M100099200

62. Mansilla, C, Berraondo, P, Durantez, M, Martínez, M, Casares, N, Arribillaga, L, et al. Eradication of large tumors expressing human papillomavirus E7 protein by therapeutic vaccination with E7 fused to the extra domain a from fibronectin. Int J Cancer (2012) 131:641–51. doi: 10.1002/ijc.26412

63. Li, Y, Qi, X, Tong, X, and Wang, S. Thrombospondin 1 activates the macrophage Toll-like receptor 4 pathway. Cell Mol Immunol (2013) 10:506–12. doi: 10.1038/cmi.2013.32

64. Ridnour, LA, Cheng, RYS, Weiss, JM, Kaur, S, Soto-Pantoja, DR, Basudhar, D, et al. NOS Inhibition Modulates Immune Polarization and Improves Radiation-Induced Tumor Growth Delay. Cancer Res (2015) 75:2788–99. doi: 10.1158/0008-5472.CAN-14-3011

65. Mirzoeva, S, Tong, X, Bridgeman, BB, Plebanek, MP, and Volpert, OV. Apigenin Inhibits UVB-Induced Skin Carcinogenesis: The Role of Thrombospondin-1 as an Anti-Inflammatory Factor. Neoplasia (2018) 20:930–42. doi: 10.1016/j.neo.2018.07.005

66. Ma, D, Liu, S, Lal, B, Wei, S, Wang, S, Zhan, D, et al. Extracellular Matrix Protein Tenascin C Increases Phagocytosis Mediated by CD47 Loss of Function in Glioblastoma. Cancer Res (2019) 79:2697–708. doi: 10.1158/0008-5472.CAN-18-3125

67. Kimura, T, Tajiri, K, Sato, A, Sakai, S, Wang, Z, Yoshida, T, et al. Tenascin-C accelerates adverse ventricular remodelling after myocardial infarction by modulating macrophage polarization. Cardiovasc Res (2019) 115:614–24. doi: 10.1093/cvr/cvy244

68. Nong, Y, Wu, D, Lin, Y, Zhang, Y, Bai, L, and Tang, H. Tenascin-C expression is associated with poor prognosis in hepatocellular carcinoma (HCC) patients and the inflammatory cytokine TNF-α-induced TNC expression promotes migration in HCC cells. Am J Cancer Res (2015) 5:782–91.

69. Huleihel, L, Dziki, JL, Bartolacci, JG, Rausch, T, Scarritt, ME, Cramer, MC, et al. Macrophage phenotype in response to ECM bioscaffolds. Semin Immunol (2017) 29:2–13. doi: 10.1016/j.smim.2017.04.004

70. Paolillo, M, and Schinelli, S. Extracellular Matrix Alterations in Metastatic Processes. Int J Mol Sci (2019) 20. doi: 10.3390/ijms20194947

71. Jena, MK, and Janjanam, J. Role of extracellular matrix in breast cancer development: a brief update. F1000Res (2018) 7. doi: 10.12688/f1000research.14133.2

72. 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.20972

73. Giblin, SP, Schwenzer, A, and Midwood, KS. Alternative splicing controls cell lineage-specific responses to endogenous innate immune triggers within the extracellular matrix. Matrix Biol (2020) 93:95–114. doi: 10.1016/j.matbio.2020.06.003

74. Afik, R, Zigmond, E, Vugman, M, Klepfish, M, Shimshoni, E, Pasmanik-Chor, M, et al. Tumor macrophages are pivotal constructors of tumor collagenous matrix. J Exp Med (2016) 213:2315–31. doi: 10.1084/jem.20151193

75. Finkernagel, F, Reinartz, S, Lieber, S, Adhikary, T, Wortmann, A, Hoffmann, N, et al. The transcriptional signature of human ovarian carcinoma macrophages is associated with extracellular matrix reorganization. Oncotarget (2016) 7:75339–52. doi: 10.18632/oncotarget.12180

76. Velasco-Velázquez, M, Xolalpa, W, and Pestell, RG. The potential to target CCL5/CCR5 in breast cancer. Expert Opin Ther Targets (2014) 18:1265–75. doi: 10.1517/14728222.2014.949238

77. Li, Y, Sun, B-S, Pei, B, Li, C-G, Zhang, Z-F, Yin, Y-S, et al. Osteopontin-expressing macrophages in non-small cell lung cancer predict survival. Ann Thorac Surg (2015) 99:1140–8. doi: 10.1016/j.athoracsur.2014.11.054

78. Rao, G, Wang, H, Li, B, Huang, L, Xue, D, Wang, X, et al. Reciprocal interactions between tumor-associated macrophages and CD44-positive cancer cells via osteopontin/CD44 promote tumorigenicity in colorectal cancer. Clin Cancer Res (2013) 19:785–97. doi: 10.1158/1078-0432.CCR-12-2788

79. Szulzewsky, F, Schwendinger, N, Güneykaya, D, Cimino, PJ, Hambardzumyan, D, Synowitz, M, et al. Loss of host-derived osteopontin creates a glioblastoma-promoting microenvironment. Neuro-oncology (2018) 20:355–66. doi: 10.1093/neuonc/nox165

80. Zarzynska, JM. Two faces of TGF-beta1 in breast cancer. Mediators Inflammation (2014) 2014:141747. doi: 10.1155/2014/141747

81. Meng, X-M, Nikolic-Paterson, DJ, and Lan, HY. TGF-β: the master regulator of fibrosis. Nat Rev Nephrol (2016) 12:325–38. doi: 10.1038/nrneph.2016.48

82. Sun, Z, Velázquez-Quesada, I, Murdamoothoo, D, Ahowesso, C, Yilmaz, A, Spenlé, C, et al. Tenascin-C increases lung metastasis by impacting blood vessel invasions. Matrix Biol (2019) 83:26–47. doi: 10.1016/j.matbio.2019.07.001

83. Schnoor, M, Cullen, P, Lorkowski, J, Stolle, K, Robenek, H, Troyer, D, et al. Production of type VI collagen by human macrophages: a new dimension in macrophage functional heterogeneity. J Immunol (2008) 180:5707–19. doi: 10.4049/jimmunol.180.8.5707

84. Jürgensen, HJ, Silva, LM, Krigslund, O, van Putten, S, Madsen, DH, Behrendt, N, et al. CCL2/MCP-1 signaling drives extracellular matrix turnover by diverse macrophage subsets. Matrix Biol Plus (2019) 1:100003. doi: 10.1016/j.mbplus.2019.03.002

85. Fang, M, Yuan, J, Peng, C, and Li, Y. Collagen as a double-edged sword in tumor progression. Tumor Biol (2014) 35:2871–82. doi: 10.1007/s13277-013-1511-7

86. Oskarsson, T. Extracellular matrix components in breast cancer progression and metastasis. Breast (2013) 22 Suppl 2:S66–72. doi: 10.1016/j.breast.2013.07.012

87. Conlon, GA, and Murray, GI. Recent advances in understanding the roles of matrix metalloproteinases in tumour invasion and metastasis. J Pathol (2019) 247:629–40. doi: 10.1002/path.5225

88. Kessenbrock, K, Plaks, V, and Werb, Z. Matrix Metalloproteinases: Regulators of the Tumor Microenvironment. Cell (2010) 141:52–67. doi: 10.1016/j.cell.2010.03.015

89. Qiu, S-Q, Waaijer, SJH, Zwager, MC, de Vries, EGE, van der Vegt, B, and Schröder, CP. Tumor-associated macrophages in breast cancer: Innocent bystander or important player? Cancer Treat Rev (2018) 70:178–89. doi: 10.1016/j.ctrv.2018.08.010

90. Avagliano, A, Fiume, G, Ruocco, MR, Martucci, N, Vecchio, E, Insabato, L, et al. Influence of Fibroblasts on Mammary Gland Development, Breast Cancer Microenvironment Remodeling, and Cancer Cell Dissemination. Cancers (Basel) (2020) 12. doi: 10.3390/cancers12061697

91. Bu, L, Baba, H, Yoshida, N, Miyake, K, Yasuda, T, Uchihara, T, et al. Biological heterogeneity and versatility of cancer-associated fibroblasts in the tumor microenvironment. Oncogene (2019) 38:4887–901. doi: 10.1038/s41388-019-0765-y

92. Kuen, J, Darowski, D, Kluge, T, and Majety, M. Pancreatic cancer cell/fibroblast co-culture induces M2 like macrophages that influence therapeutic response in a 3D model. PloS One (2017) 12:e0182039. doi: 10.1371/journal.pone.0182039

93. Comito, G, Giannoni, E, Segura, CP, Barcellos-de-Souza, P, Raspollini, MR, Baroni, G, et al. Cancer-associated fibroblasts and M2-polarized macrophages synergize during prostate carcinoma progression. Oncogene (2014) 33:2423–31. doi: 10.1038/onc.2013.191

94. Emens, LA. Breast Cancer Immunotherapy: Facts and Hopes. Clin Cancer Res (2018) 24:511–20. doi: 10.1158/1078-0432.CCR-16-3001

95. Waldman, AD, Fritz, JM, and Lenardo, MJ. A guide to cancer immunotherapy: from T cell basic science to clinical practice. Nat Rev Immunol (2020) 20(11):651–68. doi: 10.1038/s41577-020-0306-5

96. Kalbasi, A, and Ribas, A. Tumour-intrinsic resistance to immune checkpoint blockade. Nat Rev Immunol (2020) 20:25–39. doi: 10.1038/s41577-019-0218-4

97. Shaked, Y. The pro-tumorigenic host response to cancer therapies. Nat Rev Cancer (2019) 19:667–85. doi: 10.1038/s41568-019-0209-6

98. Zardavas, D, Irrthum, A, Swanton, C, and Piccart, M. Clinical management of breast cancer heterogeneity. Nat Rev Clin Oncol (2015) 12:381–94. doi: 10.1038/nrclinonc.2015.73

99. D’Abreo, N, and Adams, S. Immune-checkpoint inhibition for metastatic triple-negative breast cancer: safety first? Nat Rev Clin Oncol (2019) 16:399–400. doi: 10.1038/s41571-019-0216-2

100. DeNardo, DG, and Ruffell, B. Macrophages as regulators of tumor immunity and immunotherapy. Nat Rev Immunol (2019) 19:369–82. doi: 10.1038/s41577-019-0127-6

101. Gatti-Mays, ME, Balko, JM, Gameiro, SR, Bear, HD, Prabhakaran, S, Fukui, J, et al. If we build it they will come: targeting the immune response to breast cancer. NPJ Breast Cancer (2019) 5. doi: 10.1038/s41523-019-0133-7

102. Aungier, SR, Cartwright, AJ, Schwenzer, A, Marshall, JL, Dyson, MR, Slavny, P, et al. Targeting early changes in the synovial microenvironment: a new class of immunomodulatory therapy? Ann Rheum Dis (2019) 78:186–91. doi: 10.1136/annrheumdis-2018-214294

103. Arribillaga, L, Durantez, M, Lozano, T, Rudilla, F, Rehberger, F, Casares, N, et al. A fusion protein between streptavidin and the endogenous TLR4 ligand EDA targets biotinylated antigens to dendritic cells and induces T cell responses in vivo. BioMed Res Int (2013) 2013:864720. doi: 10.1155/2013/864720

104. Johannsen, M, Spitaleri, G, Curigliano, G, Roigas, J, Weikert, S, Kempkensteffen, C, et al. The tumour-targeting human L19-IL2 immunocytokine: preclinical safety studies, phase I clinical trial in patients with solid tumours and expansion into patients with advanced renal cell carcinoma. Eur J Cancer (2010) 46:2926–35. doi: 10.1016/j.ejca.2010.07.033

105. Kukreja, A, Radfar, S, Sun, B-H, Insogna, K, and Dhodapkar, MV. Dominant role of CD47-thrombospondin-1 interactions in myeloma-induced fusion of human dendritic cells: implications for bone disease. Blood (2009) 114:3413–21. doi: 10.1182/blood-2009-03-211920

106. Willingham, SB, Volkmer, J-P, Gentles, AJ, Sahoo, D, Dalerba, P, Mitra, SS, et al. The CD47-signal regulatory protein alpha (SIRPa) interaction is a therapeutic target for human solid tumors. Proc Natl Acad Sci USA (2012) 109:6662–7. doi: 10.1073/pnas.1121623109

107. Roberts, DD, Kaur, S, and Soto-Pantoja, DR. Therapeutic targeting of the thrombospondin-1 receptor CD47 to treat liver cancer. J Cell Commun Signal (2015) 9:101–2. doi: 10.1007/s12079-015-0283-9

108. Efthymiou, G, Saint, A, Ruff, M, Rekad, Z, Ciais, D, and Van Obberghen-Schilling, E. Shaping Up the Tumor Microenvironment With Cellular Fibronectin. Front Oncol (2020) 10:641. doi: 10.3389/fonc.2020.00641

109. Digiacomo, G, Tusa, I, Bacci, M, Cipolleschi, MG, Dello Sbarba, P, and Rovida, E. Fibronectin induces macrophage migration through a SFK-FAK/CSF-1R pathway. Cell Adh Migr (2017) 11:327–37. doi: 10.1080/19336918.2016.1221566



Conflict of Interest: KM is founder of, and consultant to, Nascient Ltd.

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

Copyright © 2021 Deligne and Midwood. 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/fonc-11-620773-g001.jpg
Increased macrophages
migraton i thetumor

R ®

remodsting m&:‘
Thersorgumiaton

AT and et

umor facitating TAM
1110, 167 production
s IS

Anttumor T
Telpining
40, KOS producion

nflammatorycyokines -
b, e 16, 108) G

SR ot s cogn
Mot S Flrvtactn






OEBPS/Images/fonc-11-620773-g002.jpg





OEBPS/Images/logo.jpg
’ frontiers
in Oncology





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Macrophages and Extracellular Matrix in Breast Cancer: Partners in Crime or Protective Allies?

      

        		

          Introduction

        

          		

            ECM Favoring Macrophage Infiltration in the Tumor

          



          		

            ECM as a Modulator of TAM Phenotype in the TME

          



          		

            Macrophages as Shapers of the Tumor ECM

          



          		

            The Regulation of EMT and Metastasis by ECM and TAM

          



          		

            The Need for CAF in the TAM-ECM Relationship

          



        



        



        		

          Conclusions and Perspectives

        



        		

          Author Contributions

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/fonc.2021.620773_cover.jpg
, frontiers
in Oncology

Macrophages and Extracellular
Matrix in Breast Cancer: Partners
in Crime or Protective Allies?





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table1.jpg
Effect Disease or model

ECM favoring macrophage infitration i the tumor

Condation TAM infiaton and  Human breast cancars

=1 MMIV-cct2 model
Humman breast cancors
IITV-E1682/n0u model

MVITV-PYMTcotal ™ modet
Cabcalizaton of TAM and ECM  NTIG3 TG ces orhotopic
Lrked TAM nfitation EOM  COL2"" cets orthotopic

ECM as a modulator of TAM phenotype in the TME

ECM driing M2 TAM 4T1 cals ortrotopic
NT18 TNG"* cals onhotopic

ECM ohing pro- angogenic 4T cals orthotopic

TAM

Breast carcinoma cols, breast
senograft

Macrophages as shapers of the tumor ECM

TAM reorganize colagen foers E0771 cals otholopic

TAM a5 ECM producars Hor2"" and oc5"" cats onhotopic:
4T1 cats ortrotopic

The regulation of EMT and metastasis by ECM and TAM

Col migaton promoting TAM  MMIV-PYMT model
4T1 cals ortotopic
EMT promotng TAM MMITV-PYMT modkt

SPARC"" breast cancer oot

The noed for CAF in the TAM-ECM relationship.
CAF TAMLECM crossiak. MVITV-PYMT model
NTI93 TNG"" cals onthotopic:

8 28 3BF % 3P BRRRRRE 3

seaRc

oo
™

Eftect of ECM

TAM nusmber, TGF signaing and ECM stfness al postvey coreate
GOL2 apthetal overoxpressionleas o ncreasod TAM and increased COLL
HA and TAM corrlate wih a poor outcome

nacivaton ofPren eads to COLL remodeing and TAM infisation
Increasad COLL depostion eads 1 highe TAM nuemer i the TME.

TAM i the TME are rapped n TNC tracks

CCL2-atracted TAM dectylead 0 siromal COLL deposiion i tumor

L6 and COLL dive TAM towards wound heaing phenctype
TN dives prostumoral M2-ike TAM phenctype via TLRA-FEG iteracton
TAM 6o metastass by recriing VEGFR myelod cels and promotng FN
expression

High malecuar weight HA dives pro-angiogenic behavior n breast TAM

TAM reorganize COLL fbors to favor metastasss
CLS leads to the ecrutment o TAM expressing COLL
MOSC dive metastasis and immuns suppression by produing OPN

TAM by COLL ich tuamor border support tumor ool intravasaton
AN decvet SPARC favors metastas’ va integrin-dependent tumor cell
Myl cots-crved versican civs EMT and favor ung metastass

Tumor ces derived SPARG induoes EMT via tho immundsupprossive funcions.
ofMDSC

Fixobiast derivd FAP signafing coaves colagen and ncrases TAM adhesion
Tumor-derved TNC svitches TAM phenotype, but not CAF-derived TNG

COLL. CoMo T BOoracile 1A Tnatarre OFIL Caootrais: SPARE: Screiid orosl sttt and ok b Commaie TNC: Tenasch L= V. warsoan.

Ref

©

)
@)
@)
@
0

@)
@)
@

)

o)
@)
)

)
)

1)

©)

)
@)





