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Editorial on the Research Topic 


Revisiting the Metastatic Cascade: Putting Myeloid Cells Into Context



An Overview of Myeloid Cell Populations in the Tumor Microenvironment

In the tumor microenvironment, there is a wide variety of non-tumor cells, including immune cells, which participate in reciprocal interactions with tumor cells to promote the acquisition of critical cancer hallmarks (1, 2). In hematopoiesis, immune cells of the myeloid lineage arise from the common myeloid progenitor, also known as “myeloid stem cell”. Myeloid cells represent a proponent compartment of the tumor microenvironment, and comprise both terminally-differentiated cells (such as macrophages, neutrophils, eosinophils, basophils, mast cells) and more immature or undifferentiated subsets (such as monocytes), among others (3). This Research Topic focuses on novel mechanistic insights on the intricate role of myeloid cells in cancer metastasis and highlights translational and clinical opportunities.

Myeloid cells are recruited within tumor microenvironments via appropriate cytokines and chemokines (4), which may also serve as signals of active inflammatory process, based on the traditional conjecture that tumors resemble wounds that never heal (5). Recent developments in this aspect are provided in a concise review by Pia Protti and De Monte, which examines the central regulatory role of the inflammasome in the production and secretion of proinflammatory cytokines to support cancer progression. The authors elaborate on the rationalized targeting of the inflammasome via pharmacological strategies to suppress tumor-promoting myeloid cells.

Myeloid cells display extreme plasticity, polarized behavior and diverse functions, which may range from purely tumor-promoting to tumor-suppressive, depending on the context (6). For example, Ihle et al. have specifically profiled and investigated the role of the Bone Morphogenetic Protein (BMP) pathway in myeloid cells. Against the backdrop of a dichotomous role for the BMP pathway in cancer progression (7), the authors conclude that conditional deletion of BMPR1a in the myeloid cell lineage blocks myeloid cell differentiation capability in various hematopoietic sites, and restricts tumor progression in a syngeneic mouse model of prostate cancer. A completely different, but also cutting-edge example of myeloid cell plasticity and functional heterogeneity in the tumor microenvironment is provided in a prominent review by Kim et al., whereby the concept of “immune cell disparity” is introduced. The authors discuss critical microanatomical differences among cancer patients of diverse racial backgrounds, with a particular emphasis on myeloid cell populations (macrophages, neutrophils, myeloid-derived suppressor cells), which account for clinically observed racial differences in metastatic outcome (8). The authors propose the development of race-specific biomarkers and therapeutic targets based on myeloid cell disparity, further promoting the vision of personalized cancer medicine.

The presence of myeloid cells in the tumor microenvironment can not only influence the onset and progression of the neoplastic disease as described, but also radically affect therapeutic responses and patient outcomes (9). In an elegant review article, Neophytou et al. have underscored the regulatory roles of myeloid cells in modulating therapeutic responses and also offered a viewpoint towards the rationalized exploitation of the myeloid microenvironment to enhance therapeutic efficacy of both current and future anticancer treatment modalities. In this regard, an in-depth investigation of myeloid cell (patho)biology is crucial for deciphering the complex cellular/molecular circuitries governing cancer progression and therapeutic responses.



Emerging Roles of Tumor-Associated Macrophages in Cancer Metastasis

Undeniably, the most well-studied myeloid cells in the context of neoplastic disease are macrophages, and their predecessors, monocytes, which under the influence of tumor cell-secreted factors, alter their functional polarization and turn into tumor-associated macrophages (TAMs). Traditionally, TAM-mediated alterations in extracellular matrix composition and organization have been considered as seminal factors dictating metastatic progression (10, 11). However, the heterogeneous nature of the extracellular matrix and the transient nature of TAM activation have made the in-depth examination of TAMs in their native tumor microenvironments a rather challenging task. In this regard, Hoffman and Ponik examine biomechanical aspects of the tumor microenvironment, and further discuss certain technological innovations that can be used to circumvent the aforementioned barriers and enhance our understanding on immune cell mechano-transduction.

Recent advances on the roles of TAMs in cancer progression have unraveled an unexpectedly large repertoire of structurally and functionally distinct TAM subsets, which reside in specialized microanatomical niches within the tumor microenvironment (10, 12). In this regard, the comprehensive review article by Larionova et al. has compiled existing evidence on different TAM subpopulations in the context of cancer metastasis. Via thorough literature integration on common cancer types (breast, colorectal, lung, ovarian, prostate), which all frequently give life-threatening metastasis, the authors provide a perspective on TAM heterogeneity along with its translational and clinical implications. In an excellent research study, Ibrahim et al. have used single-cell RNA sequencing to thoroughly characterize and compare macrophage subset diversity between pre-invasive and locally invasive lesions in preclinical mouse models of breast cancer metastasis. This analysis not only unravels TAM heterogeneity in early progression, but also provides modern insight into early intervention strategies. In the context of metastatic disease on the other side, Coste et al. have identified a novel proangiogenic TIE2+ macrophage subset, functionally associated with the neo-vasculature of established lymph node metastases to regulate cancer cell re-dissemination to tertiary metastatic sites. Using state-of-the-art multiphoton intravital imaging to track down individual cancer cells in the act of dissemination, the authors propose that pharmacological targeting of TIE2+ macrophages can be justified as a putative anti-metastatic therapy, especially useful after surgical removal of the primary tumor.

Despite currently underrepresented in the literature, the functional heterogeneity, roles and systemic (re)programming of monocytes in cancer progression cannot be neglected and are thus explored in an elegant review by Kiss et al. The authors provide a critical update on the regulation of monopoiesis by neoplastic tissue, and offer a fertile discussion on translational and clinical opportunities arising from traditional and emerging research on monocyte biology.



Emerging Roles of Myeloid-Derived Suppressor Cells in Cancer Metastasis

Myeloid-derived suppressor cells (MDSCs) represent a heterogeneous subset of myeloid cells with immunosuppressive properties, capable of sustaining the metastatic process (13). Trovato et al. provide a state-of-the-art update on past and recent developments, with an equal emphasis in the role of MDSCs in each fundamental step of metastatic progression. Nevertheless, one of the most puzzling questions in the field for quite some time has been the origins of MDSCs, since investigators have described multiple subsets in the past (14). A few theories and controversies on the topic are critically discussed in a review by Bergenfelz and Leandersson, who classify MDSCs in two broad categories, the granulocytic (G-MDSCs), and the monocytic (Mo-MDSCs), as defined by surface phenotype and functions. Following a slightly different paradigm of MDSC classification, two linked studies by the same research group, the first led by Saleh et al. and the second led by Nair et al., collectively investigate the mechanistic and clinical implications of different MDSC subsets in colorectal cancer (CRC) patients. Using sophisticated sorting and transcriptomic approaches, the group report on critical molecular pathways and signatures prompted by either polymorphonuclear MDSCs (PMN-MDSCs) or immature MDSCs (I-MDSCs), including associations of the resulting signatures with disease progression and metastatic outcomes in CRC patients. It is undisputable that MDSCs represent a critical component of the tumor microenvironment and play key roles in metastatic progression, but to our opinion, a consensus needs to be reached with regards to more accurate definition and taxonomy.



Emerging Roles of Neutrophils in Cancer Metastasis

Like most other myeloid cells discussed, neutrophils are also recruited in the tumor microenvironment via specific neoplastic signals, to exert either tumor-promoting or tumor suppressive effects (15). In an excellent review by Kalafati et al., the authors summarize both traditional and emerging knowledge on neutrophil involvement in tumor and metastasis establishment, and further speculate on the development of neutrophil-targeting therapies. Furthermore, recent advances in neutrophil biology have underscored their implication in immunosuppression, now considered among the critical cancer hallmarks supporting both the development and the progression of cancer (15). It is yet unclear whether such neutrophils, also known as granulocytic myeloid-derived suppressor cells (g-MDSCs), also exert antimicrobial activity, or become completely repolarized and committed to the immunosuppressive tumor microenvironment. In pursuit for an answer, Aarts et al. elegantly demonstrate that granulocytic colony-stimulating factor- (G-CSF)-dependent mobilization of transfused neutrophils in chemotherapy-induced neutropenic patients can silence the g-MDSC activity, without affecting their antimicrobial activity. Overall, tumor-associated neutrophils may play pleiotropic roles in cancer progression, and future therapeutic strategies should consider targeting their tumor-promoting properties, while preserving their antimicrobial activities.



Emerging Roles of Platelets in Cancer Metastasis

Despite that megakaryocytes and their cellular fragments, the platelets, also represent pure progeny of the myeloid lineage (16), they are often disregarded as critical constituents affecting the metastatic cascade. In this context, Lucotti and Muschel provide an exemplary review on the molecular dialogue between cancer cells and megakaryocytes/platelets in driving the metastatic phenotype. Despite that platelet coating in the bloodstream appears to be the principal mechanism that promotes cancer cell survival and facilitates the metastatic cascade, other paracrine/juxtacrine mechanisms are also crucial in either the primary tumor or the secondary metastatic site. Especially for the latter, a supportive mini review article by Gkolfinopoulos et al. provides mechanistic insights with regards to the contribution of platelets to the formation and expansion of the early micrometastatic niche, a nurturing environment that supports subsequent development of overt metastases. Both articles discuss exciting possibilities of translating these insights into the clinic, in particular through the incorporation of anti-coagulant therapy in cancer treatment.



Conclusion

Given the detailed complexities of the myeloid cell repertoire in the tumor microenvironment, it is beyond the scope of this Article Collection to provide exhaustive information on the topic. On the contrary, here, we aim to promote a universal understanding on the involvement of key players of the myeloid lineage in the metastatic cascade. By assorting notable research and review articles, written by prominent groups in this unique field of research, we anticipate to successfully introduce the topic to new investigators, and also provide a reasonable framework to more established researchers, for bridging basic knowledge on myeloid cell biology with translational and clinical opportunities in the cancer field.
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Apoptosis-associated Speck-like protein containing a CARD (caspase activation and recruitment domain) (ASC), also called PYCARD/Target of Methylation-induced Silencing-1 (TMS1), was originally discovered as a protein that forms aggregates (“specks”) in human leukemia cells treated with chemotherapeutic agents. Its expression was found to be silenced by methylation in many human tumors, preventing tumor cells from undergoing apoptosis and supporting its role as a tumor suppressor. Subsequently, ASC was also identified as a central adaptor molecule of the inflammasome complex, which mediates the secretion of inflammatory cytokines (i.e., IL-1β and IL-18). Inflammatory cytokines have been shown to mediate tumor-promoting functions. Thus, in the context of cancer development and progression, ASC may exert opposing functions, i.e., be either tumor-suppressing by inducing tumor cell apoptosis, or tumor-promoting by favoring secretion of inflammatory cytokines (by tumor cells and/or tumor infiltrating myeloid cells) within the tumor microenvironment. Here, we report and discuss this dual role of ASC by also considering the final contribution of each of its two main functions in several cancer types, taking into consideration the correlation between ASC expression, clinical correlates, and patients’ survival. ASC and inflammasome targeting strategies are being developed. However, before the use of such treatments in clinical practice, it is fundamental to better dissect the role of ASC in different tumors, in order to privilege or avoid their use in those tumors in which ASC exerts an anti-tumor or pro-tumor function, respectively.

Keywords: ASC/TMS1, tumor cells, myeloid cells, tumor suppressor gene, inflammasome, IL1, IL-18


INTRODUCTION

Apoptosis-associated speck-like protein containing a CARD, i.e., caspase activation and recruitment domain (ASC), also called PYCARD or TMS1 (Target of Methylation-induced Silencing-1), was originally identified as a cytosolic protein, forming large aggregates called specks in HL-60 cells after induction of apoptosis by retinoid acid and other anti-tumor drugs (Masumoto et al., 1999). TMS1 was independently identified during a screening for targets of methylation-associated gene silencing in human breast cancer cells (Conway et al., 2000). Structurally, ASC/TMS1 is a 22 kDa protein containing a N-terminal pyrin (PYD) domain and a C-terminal CARD domain (Masumoto et al., 1999; Martinon et al., 2001, 2002). ASC/TMS1 is expressed in several normal epithelial and immune cells, where it localizes in the nucleus and, upon activation, redistributes in the cytoplasm and eventually aggregates in specks (Masumoto et al., 1999; McConnell and Vertino, 2000).

ASC was shown to be downregulated to various extents in several human cancers when compared to the normal tissue counterpart or non-tumor adjacent tissue, suggesting a role as a tumor-suppressor (Table 1). This function was supported by experiments, in which ectopic ASC expression induced tumor cells to apoptosis (Conway et al., 2000; Ohtsuka et al., 2004, 2006; Parsons and Vertino, 2006; Ramachandran et al., 2010; Hong et al., 2013), whereas knocking down endogenous ASC inhibited tumor cell death (Ohtsuka et al., 2004; Parsons et al., 2009; Hong et al., 2013). ASC was then identified as an inflammasome adaptor molecule for caspase-1 activation, pro-interleukin (IL)-1β, and pro-IL-18 cleavage and maturation (Martinon et al., 2002; Srinivasula et al., 2002), supporting a pro-inflammatory function. By promoting inflammation and specifically IL-1 release, ASC may indirectly exert pro-tumor activities by inducing chronic inflammation, angiogenesis, activation of the IL-17 pathway, myeloid-derived suppressor cell differentiation, and macrophage recruitment, invasion, and metastasis (Mantovani et al., 2018).


TABLE 1. ASC/TSM1 up- and down-regulation (methylation status) and clinical correlates in human cancers.

[image: Table 1]In this review, we summarize and discuss data from the literature describing both ASC functions (pro-apoptotic and pro-inflammatory), their implication in anti-tumor or pro-tumor activity, the correlation between ASC expression/upregulation or down-regulation by aberrant methylation in tumor and clinical correlates, and survival in neoplastic patients.



ASC/TMS1 AS TUMOR SUPPRESSOR

Apoptosis is a regulated cell death process, which results in the clearance of dying cells with minimal damage to surrounding tissues (Galluzzi et al., 2018; Singh et al., 2019). Once cell damage is detected, a series of cysteine-aspartic proteases called caspases are activated. These include initiator caspases (caspase-8 and -9), which in turn activate executioner caspases (e.g., caspase-3), initiating a cascade of events resulting in DNA fragmentation, destruction of nuclear proteins and cytoskeleton with chromatin and cytoskeleton condensation, expression of ligands for phagocytic cells, and the formation of apoptotic bodies (Figure 1A). Apoptotic bodies are removed by macrophages before their fragmentation, reducing the risk of collateral damage to adjacent cells.
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FIGURE 1. Dual role of ASC/TMS1 in cancer. (A) Pro-apoptotic function. In normal epithelial cells differentiation and stress/damage cell signals induce the onco-suppressor p53 to activate transcription of several genes, among these ASC. Activated ASC binds to Bax and the ASC-Bax complex translocates to mitochondria mediating Citochrome C (Cit C) release. Cit C activates the initiator caspases-8 or -9, which in turn activate caspase-3 and the apoptotic cascade. At difference with normal epithelial cells, in cancer cell methylation (Meth) of the promoter region of ASC induces gene silencing and inhibits apoptosis, thus contributing to cell survival and tumor development (Hanahan and Weinberg, 2011). (B) Pro-inflammatory function in cancer cells. In cancer cells and myeloid cells (such as TAMs), recognition of pathogen- or damage-associated molecular patterns (PAMPs, DAMPs) induces the assembly/polymerization of the inflammasome molecular complex, which in cancer cells is otherwise often constitutively activated as a result of genetic lesions (Kolb et al., 2014; Kantono and Guo, 2017; Karan, 2018; Karki and Kanneganti, 2019). The inflammasome is composed by a multimerized module formed by a sensor Nod Leucine-Rich Repeat-containing receptor, such as NLRP3, bound to the pyrin domain of the adaptor ASC, which in turn is bound, through its CARD domain, to pro-caspase-1. The multimerized complex forms a speck that induces caspase-1 activation. Caspase-1 can then catalyze the proteolytic cleavage and activation of IL-1β and IL-18. Sensing of PAMPS or DAMPS also induces activation of NF-κB, which translocates to the nucleus and activates transcription of pro-IL-1β and pro-IL-18. ASC specks and inflammatory cytokines (IL-1β and IL-18) are released from cancer cells, through mechanisms not completely elucidated (?), and captured by TAMs contributing to massive IL-1β release with auto-activation of cancer cells, as well as triggering of other immune or stromal cell components in the tumor microenvironment. IL-18 can contribute to cancer cell proliferation by inhibiting caspase-8 mediated apoptosis.


Apoptosis is initiated by intracellular or extracellular microenvironmental perturbations that trigger the intrinsic (mitochondrial outer membrane permeabilization-mediated) or the extrinsic (death receptor-mediated) pathways, respectively. Failure of apoptosis and consequent accumulation of damaged cells is associated with tumor formation (Galluzzi et al., 2018; Singh et al., 2019). Indeed, tumor cells develop strategies to limit or circumvent apoptosis, such losing the p53 tumor suppressor function, increasing expression of anti-apoptotic regulators (the Bcl-2 protein family) or survival signals (Igf1/2), downregulating pro-apoptotic factors (Bax), or avoiding the extrinsic ligand-induced death pathway (Hanahan and Weinberg, 2011).

As reported above, ASC was found to be silenced by DNA methylation in cancer cells from different tumors, indicating a role as an anti-tumor pro-apoptotic factor (Table 1).

A mechanism of the caspase-9-dependent pro-apoptotic function for ASC/TMS1 was first described in McConnell and Vertino (2000), where apoptosis was accompanied by the redistribution of ASC/TMS1 from the cytoplasm to perinuclear spherical structures similar to the large aggregates (i.e., specks) described in Masumoto et al. (1999). Pro-apoptotic activity as well as spherical structure formation were dependent on the CARD portion of molecule. Whereas the apoptotic activity of ASC was blocked by caspase inhibition, the formation of the spherical structures was not, suggesting that ASC redistribution precedes caspase activation.

Levine et al. (2003) investigated at the molecular level the regulation of TMS1 silencing by methylation in human breast cancer cells. The authors characterized the ASC/TMS1 locus with regard to the methylation status by comparing the fine mapping of methylation in normal mammary epithelial cells, breast cancer cell lines (either positive or negative for TMS1 expression), and primary breast tumors. The region surrounding the transcription start site was found to be crucial for TMS1 expression. In primary tumors, the methylation-associated silencing of TMS1 was usually present in a subset of tumor cells, while TMS1 negative cell lines showed a nearly complete methylation at each CpG islands in all alleles. The authors suggested a model, in which dense methylation and gene silencing are events tightly combined and involving local remodeling of CpG island chromatin (Levine et al., 2003). A similar association between ASC silencing and methylation status was reported in several other neoplastic diseases (Table 1).

The mechanisms of ASC-mediated apoptosis were studied using in vitro cell line models (Ohtsuka et al., 2004). ASC was shown to induce apoptosis in a p53-dependent manner. In response to genotoxic agents, p53 induced ASC expression by binding to its promoter and activating its transcription. In this model, Bax, a pro-apoptotic protein that causes p53-mediated mitochondrial dysfunction, interacted with ASC through its Pyrin domain in the cytoplasm. The Bax-ASC complex then translocated to the mitochondria and induced the release of cytochrome C, which in turn triggered apoptosis through the activation of caspase-9, -2, and -3. Collectively, this study demonstrated that ASC acts as an adaptor molecule for Bax, and regulates a p53-Bax mitochondrial pathway of apoptosis.

The effects of ASC expression on p53-mediated chemosensitivity were subsequently evaluated in colon cancer (Ohtsuka et al., 2006). ASC overexpression in p53-expressing tumor cells promoted cell death and increased chemosensitivity, suggesting that methylation-induced silencing of ASC might cause resistance to p53 mediated chemosensitivity, and that restoration of ASC expression should increase chemotherapy efficacy.

A mechanism of resistance to anoikis mediated by TMS1/ASC has been reported in breast cancer early carcinogenesis (Parsons et al., 2009). Anoikis is a form of programed cell death provoked in epithelial cells by detachment from the extracellular matrix. Resistance to anoikis is acquired by epithelial cells during carcinogenesis. TMS1/ASC expression was reduced in a subset of in situ lesions where the epithelial cells had filled the breast duct, and in 16% of the invasive ductal carcinomas. These data are suggestive of a possible role of TMS1/ASC in the transition from in situ to invasive lesions. In vitro forcing suspension of breast epithelial cells resulted in TMS1/ASC expression, which preceded that of the proapoptotic protein Bim (known to be upregulated during anoikis). TMS1/ASC knockdown inhibited Bim induction, procaspase-8 cleavage, and led to persistence of MAPK/ERK survival pathways, suggesting that TMS1/ASC silencing contributes to the resistance to anoikis.

One study (Liu et al., 2015) evaluated epigenetic alteration and the biological function of ASC/TMS1 in renal cell carcinoma. ASC/TMS1 was downregulated in tumor cell lines and tumor compared to normal tissue samples. Downregulation of ASC/TMS1 correlated with its promoter methylation and could be restored by treatment with demethylating agents. ASC/TMS1 re-expression inhibited tumor cells viability and colony formation, arrested cell cycle, induced apoptosis, suppressed cell invasion and repressed tumorigenicity in immunodeficient mice. All these functions were partially regulated by activation of the p53 signaling.

More recently, the effects of ASC on cell viability were studied using different cell density conditions (Kitazawa et al., 2017). The authors found that at high-density, cell viability was suppressed by ASC-dependent apoptosis induced by cleavage of caspase-9, and by suppression of the NF-κB related X-linked inhibitor-of-apoptosis protein expression. Caspase-9 cleavage was partially dependent on enhanced gap junction formation.

An anti-tumor but not pro-apoptotic mechanism for ASC, which involves caspase-8, was identified in Okada et al. (2016). The authors found that ASC ablation in murine tumor cell lines in vitro enhanced cellular motility and invadopodia formation through cytoskeletal reorganization, as well as Src accessibility to caspase-8 for ensuing phosphorylation (p-caspase-8 is pro-metastatic) and cellular migration. Indeed, in vivo this effect was associated to reduced metastatic potential.

In summary, a role for ASC/TMS1 as a pro-apoptotic tumor suppressor factor has been assessed in different tumors where it was found to be downregulated in variable percentages in primary tumors. Mechanistic studies clarified that lack of ASC/TMS1 protein expression was associated at the molecular level with hypermethylation of its promoter region. In vitro ASC/TMS1 expression could be at least partially restored upon treatment with demethylating agents, and forced expression of the ASC/TIMS1 gene by transfection in negative tumor cell lines endowed them with apoptotic capability. Future studies are needed to determine what stimulate ASC to induce apoptosis in cancer, as upregulation of ASC per se is possibly not sufficient.



ASC AS INFLAMMASOME ADAPTOR MOLECULE

Inflammation, which is an enabling hallmark of cancer (Hanahan and Weinberg, 2011), contributes to tumor development/progression through several mechanisms. For example, through providing soluble molecules to the tumor microenvironment (including growth, survival, and proangiogenic factors); through enzymes, which modify the extracellular matrix to favor angiogenesis, invasion and metastasis; and through signals to activate epithelial to mesenchymal transition (Mantovani et al., 2008; Hanahan and Weinberg, 2011).

Inflammatory responses originate in response to microbial and danger signals, through the activation of large cytoplasmic protein complexes, termed inflammasomes, which are essential for the production of active IL-1β and IL-18 cytokines (Martinon et al., 2002). ASC plays a central role during inflammasome activation by interacting via its PYD domain with pattern recognition receptors (e.g., NLRP3), and via its CARD domain with pro-caspase-1, leading to caspase-1-activation and proIL-1β and proIL-18 maturation (Martinon et al., 2002; Srinivasula et al., 2002).

The role of inflammasomes in cancer has been recently discussed elsewhere (Kolb et al., 2014; Kantono and Guo, 2017; Karan, 2018; Karki and Kanneganti, 2019; Van Gorp and Lamkanfi, 2019). We refer readers interested in comprehensive summaries of the field to those reviews.

We focus here on ASC for which a role in tumor development/progression, as an inflammasome adaptor molecule, occurring through different indirect mechanisms, has been reported (Figure 1B).

In a mouse model of epithelial skin carcinogenesis, the function of ASC in tumor initiation or suppression was studied using conditional ASC knockout mice (Drexler et al., 2012). IL-1 receptor- or caspase-1-deficient mice showed reduced cancer incidence and tumor numbers compared to wild-type controls. However, ASC-deficient mice were not protected. To differentiate putative tumor-suppressive from tumor-promoting functions, mice deficient in ASC in keratinocytes or in myeloid cells were generated. While mice deficient in ASC in keratinocytes developed more tumors than controls, those deficient in myeloid cells were protected. ASC-deficient keratinocytes enhanced their proliferation both in vitro and in vivo, possibly through p53 activation. ASC deletion in myeloid cells was associated with significantly reduced IL-1β in the tumor. According to the dual role of ASC in skin carcinogenesis, ASC protein expression was lost in human cutaneous squamous cell carcinoma, but not in inflammation-induced epidermal hyperplasia, such as psoriatic skin lesions (Drexler et al., 2012; Meier et al., 2016). Collectively, these studies suggested that ASC in different tumor components (i.e., epithelium vs stroma) may influence tumor growth in opposite directions.

The role of ASC in melanogenesis was studied using primary and metastatic melanoma cell lines (Liu et al., 2013). The results showed that ASC has tumor stage-dependent dual roles in tumorigenesis (i.e., suppresses tumor growth in primary melanoma while it promotes tumor growth of metastatic melanoma) by different regulations of NF-κB activity. In primary melanoma ASC inhibited phosphorylation of IκB Kinase and decreased NF-κB activity with low pro-IL-1β synthesis and release. In metastatic melanoma, auto-active IL-1 receptor and other signaling pathways resulted in reduced NF-κB inhibition by ASC in the presence of sustained auto-active inflammasome, leading to spontaneous IL-1β synthesis and release (Liu et al., 2013). These data further clarify the mechanisms of previous results, in which constitutively assembled and activated NLRP3 inflammasome resulted in spontaneous IL-1β secretion in metastatic melanoma (Okamoto et al., 2010). Interestingly, ASC was also reported to differentially regulate NF-κB activity toward either enhancement or inhibition, depending on the ratio of its levels to other ASC-binding proteins (e.g., Cryopyrin/PYPAF-1, Pyrin, PYPAF-7, and caspase-8 for enhancement, and IKK complex components IKKα, IKKβ and IKKγ for inhibition, respectively) (Manji et al., 2002; Stehlik et al., 2002; Hasegawa et al., 2005).

A pro-tumorigenic function for ASC, through its effector cytokine IL-18, was recently described in gastric cancer (Deswaerte et al., 2018), where ASC was significantly upregulated in the tumor compared to normal gastric tissue. Mechanistic studies were performed on spontaneous mouse models of gastric cancer. In these mice, ablation of ASC was associated with reduced NF-κB, caspase-1 activation, and enhanced numbers of caspase-3 and -8 positive tumor cells, suggesting a tumor-promoting function for ASC by limiting apoptosis in the gastric epithelium, independently of its pro-inflammatory effects. Similarly, ASC deletion or IL-18 blockade in tumor cells increased apoptosis (Figure 1), and in tumor samples elevated levels of IL-18 and ASC mRNA showed positive correlation, supporting a role for IL-18 in protecting tumor cells from apoptosis. Collectively, the study suggests the existence of a novel ASC/IL-18/NF-κB signaling axis that augments tumor cell survival in gastric cancer.

A novel role for extracellular ASC released by tumor cells in pancreatic cancer was recently reported (Brunetto et al., 2019). In this study, IL-1α and IL-1β from tumor cells and tumor associated macrophages (TAMs) were key to inducing cancer-associated fibroblasts (CAFs) to secrete the thymic stromal lymphopoietin (TSLP), which in turn drives predominant tumor-promoting Th2 cells, through the activation of resident dendritic cells with Th2 polarizing capability (De Monte et al., 2011; Protti and De Monte, 2012). It has been shown that ASC assemble and form specks that are released by dying cells, and phagocytosis of ASC specks by macrophages leads to IL-1 maturation through caspase-1 activation (Baroja-Mazo et al., 2014; Franklin et al., 2014), suggesting that extracellular ASC specks serve as danger signals (Figure 1B). Indeed, in vitro studies showed that ASC released by tumor cells induced IL-1β release by macrophages, and CAFs, activated with the supernatant of ASC positive tumor cell-conditioned macrophages, secreted TSLP. Collectively, ASC in pancreatic cancer exert an indirect role in driving predominant Th2-type inflammation, through a complex cross-talk between tumor cells and its microenvironment. Importantly, in a murine model, in which ASC-deficient mice were orthotopically implanted with KPC-derived tumor cells [i.e., tumor cells derived from a spontaneous mouse model of pancreatic cancer (Hingorani et al., 2005)], tumors grew at lower rate in ASC-deleted compared to wild-type mice (Daley et al., 2017). Collectively, these studies indicate a tumor-promoting function for ASC in pancreatic cancer.



ASC EXPRESSION/ABERRANT METHYLATION AND CLINICAL OUTCOME

The levels of ASC mRNA and protein expression have been investigated in several neoplastic diseases using reverse transcription polymerase chain reaction. This was in order to specifically address the presence of a hypermethylated status, and, by immunohistochemistry, to morphologically distinguish ASC expression in tumor cells and myeloid cells within the tumor microenvironment. In the majority of studies, the levels of ASC expression in the normal tissue counterpart and/or in non-tumor adjacent tissues were evaluated for comparison (Table 1).

In this section, we report and discuss those studies, in which the relevance of ASC expression and/or hypermethylation in relation to clinical features and/or survival have been addressed.

ASC expression and methylation status in lung cancer [i.e., small cell lung cancer (SCLC) and non-small cell lung cancer (NSCLC)], were evaluated in three studies (Virmani et al., 2003; Machida et al., 2006; Zhang et al., 2006). In non-malignant tissue, ASC was expressed, whereas reduced ASC expression was found in 75% of primary lung carcinoma (Machida et al., 2006) with aberrant methylation among 27–47% of tumor samples, predominantly in NSCLC (Virmani et al., 2003; Machida et al., 2006; Zhang et al., 2006). Virmani et al. (2003) did not find any correlation between the methylation status and a specific NSCLC histologic subtype, tumor stage, or lymph-node metastases, whereas in the other two studies (Machida et al., 2006; Zhang et al., 2006), methylation was identified as an independent unfavorable prognostic factor in multivariate analysis (Zhang et al., 2006), and correlated with lymphatic invasion, lymph-node metastases, and advanced disease (Machida et al., 2006), respectively. Patients with unmethylated tumors had increased survival (Zhang et al., 2006), and ASC methylation in sputum DNA predicted prognosis in patients resected for early stage disease (Machida et al., 2006). Collectively, it is agreed that in lung cancer, ASC aberrant methylation associates with negative clinical outcome.

Aberrant methylation was found in 31% of neuroblastomas (Alaminos et al., 2004). A higher frequency of methylated tumors were found at more advanced-stage disease, and a higher frequency of unmethylated tumors were found in patients with spontaneous remission. Patients with methylated tumors also had a shorter survival compared with those with unmethylated tumors (Alaminos et al., 2004), suggesting a clinically relevant pro-apoptotic role for ASC in neuroblastoma.

Two studies (Kato et al., 2008; Wu L. et al., 2016) evaluated ASC expression and methylation status in gastric cancer, with very similar findings. The methylation rate in tumors was 32–34%, and ASC expression was reduced in tumors compared to normal gastric tissue. The methylation status in the tumor correlated with the primary tumor size and lymph node metastases in multivariate analyses (Wu L. et al., 2016); patients with methylated tumor exhibited shorter survival (Kato et al., 2008; Wu L. et al., 2016). Collectively, reduced ASC expression in gastric cancer seems to correlate with worse clinical outcome.

In two studies (Akahira et al., 2004; Terasawa et al., 2004), ASC aberrant methylation was found in 19–40% of ovarian cancers, respectively. Terasawa et al. (2004) reported an association between ASC methylation and clear cell-type tumors, whereas they did not find any correlation with prognosis. Collectively, alteration in ASC expression does not seem to have a clear clinical impact in ovarian cancer.

High frequency of hypermethylation (63–65%) was found in primary prostate cancer (Collard et al., 2006; Das et al., 2006). Of note, high frequency of methylation (35%) was also detected in benign prostate hyperplasia (Das et al., 2006) and in 64% of high-grade intraepithelial neoplasia (Collard et al., 2006). As a clinical correlate, a high rate of ASC methylation in non-tumor adjacent tissue was found in patients with biochemical recurrence. However, no correlation with survival was observed (Collard et al., 2006), not supporting clinical relevance for ASC expression in prostate cancer.

In pancreatic cancer ASC expression in the tumor, evaluated by immunohistochemistry, was upregulated in over 90% of tumor samples compared with surrounding tissue (Brunetto et al., 2019). Analysis in ASC expression distribution within the tumor showed that, in addition to the expression in tumor cells, ASC was also highly expressed in TAMs in all samples. Patients with ASC mRNA expression inferior to the median value had a significantly increased survival (Brunetto et al., 2019), suggesting that ASC expression in pancreatic cancer correlates with an unfavorable clinical outcome.

Lastly, conflicting results were obtained in glioblastoma and oral squamous cell carcinoma. Aberrant methylation was present in 43% of glioblastomas, whereas ASC was unmethylated and expressed in normal brains (Stone et al., 2004). No correlation was found with age, gender or treatment, although a trend in increased survival for patients with unmethylated tumors was observed (Stone et al., 2004). In another study (Martinez et al., 2007), hypermethylation was present in 21% of glioblastomas and, at variance with the previous report (Stone et al., 2004), methylation was significantly more frequent in long-term survivors. In agreement with this finding, a tendency for better outcome in patients with methylated ASC was also observed (Martinez et al., 2007). Collectively, the two studies yielded opposing results in terms of clinical relevance, possibly because of the limited number of cases studied. Further investigations are needed to better define the contribution of ASC expression in glioblastoma.

Concerning oral squamous cell carcinoma, one study (Shimane et al., 2013) found ASC highly expressed in normal oral mucosa, whereas expression was reduced in tumors as a function of the differentiation grade (well, moderately and poorly differentiated). ASC expression correlated with tumor site, T-classification, clinical stage, mode of invasion, histopathological differentiation, and lymphocytic infiltration. Survival rate was significantly higher in patients with a higher score (increasing with the percentage of positive cells) (Shimane et al., 2013). On the contrary, in another study (Wu C.S. et al., 2016), ASC expression was higher in the tumor compared to the adjacent normal mucosa, and its expression correlated with tumor stage, node involvement, extracellular spread, perineural invasion, and tumor depth. Patients with higher ASC expression showed reduced survival and in multivariate analysis ASC upregulation was an independent predictor of survival (Wu C.S. et al., 2016). Possible explanations for these contradictory results might be the different scoring methods for immunohistochemistry. Due to this important discrepancy in survival, the clinical relevance of ASC expression in oral squamous cell carcinoma cannot be definitively ruled out.



CONCLUDING REMARKS

Through diverse activation stimuli and not completely understood receptor-ligand interactions, ASC can start two different intracellular signaling pathways (i.e., apoptosis and inflammasome maturation) (Figure 1).

In tumors, ASC can be either downregulated, mostly by aberrant methylation, or upregulated in tumor cells and overexpressed in the myeloid compartment (mostly TAMs) within the tumor microenvironment.

ASC can be expressed in normal epithelial cells or non-tumor adjacent tissues, and when it is downregulated in tumor cells, the prevalent role is usually anti-tumor by activation of apoptotic pathways. On the contrary, when tumor cells have upregulated ASC expression compared with that of the normal tissue counterpart, ASC is more commonly associated with tumor-promoting functions, either by inducing the release of pro-inflammatory cytokines, or by acting as danger signals when released in the extracellular space as specks, thus perpetuating inflammation. Indeed, ASC expression in myeloid cells is associated with tumor-promoting inflammation.

ASC can be targeted by therapeutic strategies, which are already in the clinical practice or under development, aimed to either increase its expression (i.e., demethylating agents) or interfere with inflammasome components (Coll et al., 2015). However, due to the opposite anti-tumor or pro-tumor ASC functions, future therapeutic applications for ASC targeting should well monitor tissue- and cell type-specific tumor contexts.
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Myeloid-derived suppressor cells (MDSCs) are cells of myeloid lineage with a potent immunosuppressive capacity. They are present in cancer patients as well as in patients with severe inflammatory conditions and infections. MDSCs exist as two main subtypes, the granulocytic (G-MDSCs) and the monocytic (Mo-MDSCs) type, as defined by their surface phenotype and functions. While the functions of MDSCs have been investigated in depth, the origin of human MDSCs is less characterized and even controversial. In this review, we recapitulate theories on how MDSCs are generated in mice, and whether this knowledge is translatable into human MDSC biology, as well as on problems of defining MDSCs by their immature cell surface phenotype in relation to the plasticity of myeloid cells. Finally, the challenge of pharmacological targeting of MDSCs in the future is envisioned.
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A BRIEF HISTORY OF MYELOID-DERIVED SUPPRESSOR CELLS (MDSCs)

Already in 1929, cancer was found to be associated with an aberrant myelopoiesis (1). In the late 1960–80s, experiments revealed leukocytosis, granulocytosis, and extramedullary myelopoiesis in tumor-bearing mice (2–5). This aberrant emergency myelopoiesis was driven by tumor cell-derived colony stimulating factors GM-CSF, G-CSF and M-CSF (5–10), that also promoted cancer cell growth (8). During the same time period, the “left shift” test was established as a clinical test in patients with severe bacterial infections. “Left shift” is defined as an increased ratio of immature myelocytes, metamyelocytes and band neutrophils (i.e., shifted to the left of the differentiation model) in blood smears from patients (11–14). A similar “left shift” is also proposed in patients with sterile inflammation and cancer, although not necessarily associated with as severe leukocytosis (15, 16). The leukocytosis in sepsis patients is a normal feedback regulation to replace consumed neutrophils, and is likely caused by similar factors that cause the aberrant myelopoiesis in cancer, including colony stimulating factors, other growth factors and secondary host responses such as damage associated molecular patterns (DAMPs) (16). The first studies showing that the increased systemic immature myeloid cells in tumor-bearing mice where immunosuppressive (“natural suppressor cells”), came in the late 1970s (3, 17–19) but not until 1996 this was first shown in humans (20). Over the following years, the definition of subpopulations and mechanisms of action were heavily investigated (21) and the consensus terminology myeloid-derived suppressor cells (MDSCs) was established in 2007 (22). Today, MDSCs are divided into two main subtypes; the granulocytic-MDSCs [G-MDSCs or polymorphonuclear (PMN)-MDSCs] and monocytic-MDSCs (Mo-MDSCs). A third subpopulation has also been proposed, the early-stage MDSC (eMDSC) that lacks both CD14 and CD15 expression, which will not be covered in this review (23). All subpopulations above are excellently reviewed from different angels in previous publications (15, 16, 21).



DEFINING MYELOID-DERIVED SUPPRESSOR CELLS (MDSCs) IN MICE AND MEN

The current definition of MDSCs is that that they should be of myeloid origin and enriched in mice/patients with cancer or severe disease, display an immature surface phenotype and with the key defining trait being their potent immunosuppressive capacity (23–26). Using these criteria, they are further divided into Mo-MDSCs and G-MDSCs (26–28). In this review we will use the nomenclature G-MDSC, and not PMN-MDSCs, since this latter population consists of cells with heterogenous morphology and not only polymorphonuclear cells (29, 30). In mice Mo-MDSCs are defined by the surface phenotype CD11b+Ly6G−Ly6Chi and G-MDSCs by CD11b+Ly6G+Ly6Clo (31). In humans Mo-MDSCs are CD14+HLA-DR−/lo and G-MDSCs CD11b+CD15+CD14−CD33+/loCD66b+ cells with a low density [low density granulocytes (LDGs)] (23, 32, 33), and are hence present in the peripheral blood mononuclear (PBMC) fraction of gradient centrifugations. Many markers are still appearing in efforts to further define the human MDSC subsets (34), one being S100A9 (35, 36).

Using these criteria, MDSCs have been studied successfully in mice for many years, and in humans for slightly more than a decade with varying results. In mice, CD11b+Ly6G−Ly6Chi Mo-MDSCs and CD11b+Ly6G+Ly6Clo G-MDSCs with immunosuppressive capacity can be enriched and studied from peripheral blood, secondary lymphoid organs and tumors, with quite consistent results. In humans, using the Mo-MDSC CD14+HLADR−/lo and G-MDSC CD11b+CD15+CD14−CD33+/loCD66b+ cell markers for identification has turned out to be complex. There are multiple reasons for this, some being; (i) Immaturity vs. Plasticity; the problem of defining heterogeneous cell populations using cell surface markers, (ii) Subpopulations vs. Technical issues; the problem of comparing human blood and tissue MDSCs along with the problem of investigating human MDSCs by other means than flow cytometry of PBMCs as source, (iii) In vitro vs. In vivo; as recently suggested, functional studies on human cells are for natural reasons more often performed ex vivo, but all in vitro generated human MDSCs should by all means be defined as “MDSC-like” cells (23). Therefore, questions still remain concerning subsets, origin, and function of human MDSCs. If the debate concerning the true identity of human MDSCs, and subsets thereof, would be of only philosophical character, one could still adhere to the most important notion that they are myeloid cells with an immunosuppressive capacity, and an immature surface phenotype. However, when the question concerns how to be able to target them in cancer patients, the issue of defining human MDSC subsets identity and their origin, is still in need of improvement. Below we will discuss the generation and identity of the different human MDSC subsets and put them in context with their sites of distribution (Figure 1).


[image: Figure 1]
FIGURE 1. The generation, distribution, and plasticity of human MDSCs subtypes; monocytic-MDSCs (Mo-MDSC) and granulocytic-MDSCs (G-MDSCs) are pictured. Differentiation of myeloid cells in healthy individuals (solid arrows) and potential origin of MDSCs during disease (dashed arrows) are indicated.




HUMAN PERIPHERAL BLOOD G-MDSCs

G-MDSCs are a heterogeneous population of cells of the granulocytic lineage. In mice, the surface marker definition is CD11b+Ly6G+Ly6Clo, while in human the definition is CD11b+CD15+CD14−CD33+/loCD66b+ cells with a low density (LDGs) (23, 30). As for all MDSCs, the most critical trait is their immunosuppressive activity. For G-MDSCs, suppression of immune responses is conveyed in an antigen-specific manner, and mediated by secreted factors such as reactive oxygen species (ROS) and G-CSF, and enzymatic mediators like Arginase I (ARG1), although the Arginase function is reported with varying results in humans partly due to inconsistencies in measuring protein levels as compared to enzymatic activity (23, 37, 38). The functional aspects of G-MDSCs, have been excellently reviewed elsewhere and will therefore not be covered in detail here (30, 39). The generation of human G-MDSCs is still debated, mainly since the morphology of human G-MDSCs present a heterogeneous population of cells ranging from immature neutrophils to mature polymorphonuclear (PMN) neutrophils (Figure 2) (29, 32, 38, 40, 41). The “left shift” (11–14), or emergency myelopoiesis exporting immature myeloid granulocytes, may be considered when investigating the morphology and generation of isolated human peripheral blood G-MDSCs (Figure 2). According to previous literature, PMN shaped G-MDSCs (Box 1) can be discriminated from steady-state neutrophils based on a PMN morphology with fewer granules (23). However, in humans, the markers CD11b+CD15+CD14−CD33+/loCD66b+ enrich for neutrophils at all maturation stages; from myelocytes to mature neutrophils (Figure 2, Table 1), including cells with fewer granules thus making this distinction difficult (23, 30, 45). Some markers that have been identified to distinguish immature neutrophils from the PMN shaped G-MDSCs are CD10, CD13, CD16, and CD38 which all represent different stages of neutrophil maturation (Table 1), thus supporting that the PMN shaped G-MDSCs are more mature (46–52). However, as discussed below, there are also studies suggesting that immunosuppressive G-MDSCs with an immature surface phenotype and morphology, could derive from de-differentiated or reprogrammed mature neutrophils into immunosuppressive G-MDSCs (29, 53, 54). The traditional view that immunosuppressive bona fide G-MDSC are immature cells, is being challenged by current literature indicating that mature cells may also be immunosuppressive. The immature neutrophils (the non-PMN G-MDSCs in Figure 2, Table 1, Box 1), make up ~5–15% of all LDGs in the peripheral blood of cancer patients, probably varying with cancer type and stage (55). Whether the immature neutrophils are more immunosuppressive than the PMN shaped G-MDSCs, thus representing the bona fide G-MDSCs, is currently debated (30, 38, 55). There is also a possibility that the immature neutrophils, or subsets thereof, may be mature cells of some other lineage, exemplified by fibrocytes (56). Immature neutrophils are proposed to have a longer half-life and therefore also to survive longer in tissues and tumors, as mentioned below (57). The difference between immature neutrophils and the more mature PMN shaped G-MDSCs regarding function is not clear, but ARG1/iNOS may be mediators preferably used by the immature neutrophil G-MDSCs, as compared to their PMN shaped counterpart (30, 52). Lately, lectin-type oxidized LDL receptor 1 (LOX1) has been suggested as a marker that may identify human G-MDSCs at the functional level (47, 52, 58).


[image: Figure 2]
FIGURE 2. Similarities between neutrophil maturation stages and human G-MDSCs. The various differentiation stages of neutrophils are depicted, both for healthy subjects and for patients with severe diseases as represented by the “Left shift.” Human G-MDSCs subpopulations are represented in most neutrophil maturation stages, ranging from promyelocyte to mature neutrophil (PMN, polymorphonuclear cells).



Box 1. Explanation to nomenclatures used in this review.

Immature neutrophil G-MDSCs: G-MDSCs that are derived from immature neutrophils or G-MDSCs that represent immature neutrophils with non-PMN shaped nuclei and with immunosuppressive activity.

PMN shaped G-MDSCs: G-MDSCs that are derived from mature or activated neutrophils or G-MDSCs that represent mature or activated neutrophils with PMN shaped nuclei and with immunosuppressive activity.




Table 1. Selected surface phenotypes during neutrophil differentiation, with expression levels of indicated markers in specific neutrophil subsets indicated (30, 42–44).
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Presently, there is no firm evidence that human PMN shaped G-MDSCs are anything else than activated neutrophils. Mature activated neutrophils may also acquire a low density and thus be isolated in the LDG/PBMC fraction of human peripheral blood (59). Activated neutrophils can be immunosuppressive by inhibiting T cell proliferation via ROS. Neutrophil extracellular traps (NETs) should, however, inevitably induce neutrophil cell death, although with a slight delay (60). Nevertheless, since G-MDSCs theoretically should live longer than activated neutrophils, a unique PMN shaped G-MDSC population has been proposed (23, 61). There are contradicting findings available from gene expression profiles of isolated cancer patient derived G-MDSCs, concerning whether G-MDSCs are activated neutrophils or unique G-MDSC cell populations, a fact that mirrors the complexity of investigating this heterogeneous population of cells in different indications. Indeed, the isolation procedure and choice of neutrophil source, as well as the inter- and intra-patient variation in numbers of immature neutrophils as compared to PMN shaped G-MDSCs, will unequivocally lead to unique profiles for each study (47, 62). Newly introduced methods like multiparameter, multidimensional imaging, single cell RNA Sequencing and mass cytometry by time of flight (CyTOF), will hopefully lead to a better understanding of the heterogeneity of G-MDSCs and their unique subtypes. Indeed, using multidimensional imaging, LOX1+ G-MDSCs were recently found to co-express the neutrophil activation marker MPO (58, 63).

The distinctive function of PMN shaped G-MDSCs should be debated. Even though PMN shaped G-MDSCs are immunosuppressive, they could still be classified as conventional activated neutrophils, or as neutrophils with an alternative activation. Indeed, a high Neutrophil to Lymphocyte Ratio (NLR) in cancer patients, is associated with worse prognosis (64). Deciphering the immunosuppressive mechanisms of action of PMN shaped G-MDSCs will undoubtedly be relevant for understanding their origin and nature (47, 52, 58). Of relevance, LDGs with similar surface phenotype as G-MDSCs are isolated from patients with autoimmune disorders, with the important difference that these cells are pro-inflammatory (41). As for all MDSCs, only cells with a potent immunosuppressive capacity may be defined as MDSCs.

The immature neutrophils, produced as a response to tumor-induced stress and secreted colony stimulating factors GM-CSF, G-CSF, and M-CSF (5–10), could represent unique immature G-MDSC subpopulations. Their mechanisms of action, and also their capacity to differentiate into PMN shaped G-MDSCs, or neutrophils, will be important to delineate. An interesting and important issue for the future, is whether treating cancer patients with G-CSF for neutropenia, could affect the patients negatively in terms of G-MDSC enrichment, or not (65).



HUMAN G-MDSCs IN TUMORS

In mice, tumor infiltrating G-MDSCs are classically defined by the Ly6G marker. In humans, an equivalent marker has not yet been defined, since many candidate markers (e.g., CD15 or CD66b) are expressed on immature as well as mature neutrophils (Table 1). Indeed, immature and mature neutrophils are found both in the circulation of cancer patients (66, 67), and in human tumors (58, 68, 69), probably at varying density depending on tumor type and stage (58, 66–69). Of relevance, observations concerning migration and accumulation of immature and mature neutrophils in tumors have been made, where immature neutrophils have a reduced migratory capacity, but may still be able to accumulate at metastatic sites (40, 70, 71). Immature neutrophils have also been shown to survive longer in tumors (57). The immature and mature neutrophils in tumors may have different biology, as described above, and will thus affect disease severity differently (30). To define them as G-MDSCs, their immunosuppressive function is of outmost importance. The fact that a diversity of neutrophils is found in tumors have promoted researchers to define them as classical (N1) and alternative (N2) neutrophils (30, 53, 72). This has, however, only been experimentally shown in mice, and will still have to be determined in human tumors (41). Whether tumor infiltrating neutrophils derive from the immature neutrophil G-MDSCs as proposed in mice (66), or if they are reprogrammed or alternatively TGFβ activated N2 neutrophils (53, 73) will be interesting to follow. Until then, tumor infiltrating G-MDSCs may theoretically be grouped as immunosuppressive neutrophils (23). Novel methods as single cell RNA Seq, multiparameter immunofluorescence and mass cytometry by time of flight (CyTOF) will be valuable tools to decipher different subpopulations of tumor associated neutrophils (TANs) and G-MDSCs. Recently, using multidimensional imaging, LOX1+ tumor infiltrating G-MDSCs were reported to co-express the neutrophil activation marker MPO, and associate with immunosuppression and a worse prognosis (58, 63). For the future, TANs and G-MDSC may thus be targeted with similar, or vastly different therapeutic approaches.



HUMAN PERIPHERAL BLOOD MO-MDSCs

Mo-MDSCs are cells of the myeloid monocyte lineage, but with an HLA-DR−/lo and co-receptor CD86−/lo cell surface phenotype. They are potently immunosuppressive by soluble mediators like PGE2, IL10, TGFβ, and nitric oxide (NO), and enzymatic mediators like ARG1. As for all MDSCs, it is their immunosuppressive function that is key to defining them as Mo-MDSCs, and their functional mechanisms have been described in depth elsewhere (23, 39, 74–76). During leukocytosis, the emergency myelopoiesis is proposed to export immature myeloid cells into the circulation. This holds true for G-MDSCs, as discussed above, but not necessarily for Mo-MDSCs. The morphology of immature monocytic cells (monoblasts and promonocytes) are quite similar to the mature monocytes (77, 78). Also, the surface phenotype of immature monocytic cells (the CD11b+ promonocytes that could be accounted for being Mo-MDSCs), is very similar to mature monocytes (77, 78), including the HLA-DR+ phenotype, which is in contrast to Mo-MDSCs (Table 2). This makes it difficult to postulate that human Mo-MDSCs are immature cells.


Table 2. Surface phenotypes during monocyte differentiation, with expression levels of indicated markers in specific subpopulations indicated (77, 78).
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Mature monocytes come in different versions, with the most typical human monocytes being the classical (CD14++CD16−), non-classical (CD14loCD16+), intermediate (CD14+CD16+) and as recently proposed the immunosuppressive Mo-MDSCs (CD14+HLA-DR−/lo) (79, 80). To date, proof showing that human Mo-MDSCs would be immature, or linked to an increased export of a specific subtype of immunosuppressive monocytes as proposed (79) is, however, still lacking. In contrast, current literature indicate that monocytes are plastic cells that can change surface phenotype and function depending on activation state and the local microenvironment (75, 79). Mo-MDSCs are enriched not only in patients with cancer, but also in patients with severe infections and inflammatory conditions (16). Mo-MDSCs have been proposed to be generated either through affected myelopoiesis, at the stage of activation, or both (61). Independent of which, STAT3 and NFκB inducing signals are required for their generation, and hence also for their key defining immunosuppressive function. STAT3 can be induced through soluble mediators like colony stimulating factors, IL10, IL6, or PGE2; and NFκB through pathogen recognition receptor (PRR) signaling triggered by pathogen associated molecular patterns (PAMPs) or sterile damage associated molecular patterns (DAMPs) (34, 61).

One example of disease-associated activation of monocytes, leading to cells with identical surface phenotype and immunosuppressive function as Mo-MDSCs, are the endotoxin tolerance reprogrammed monocytes present in the peripheral blood of sepsis patients (34, 81–85). Endotoxin tolerance is caused by pathogen and host response signals, with PAMPs as pathogen-induced TLR2/4-NFκB-signals and STAT3-inducing mediators like IL10, TGFβ, or PGE2 as host response signals (81, 86) (Figure 3). The combination of signal transduction lead to activation of alternative transcription factor NFκB complexes, consisting of homodimers of p50/p50 or heterodimers of p52/RelB, instead of the conventional p50/p65 heterodimers (34, 81–85). This leads to, transcriptional activation of IL10 (IL10 ON) and simultaneous inhibition of tumor necrosis factor alpha (TNFα) (TNF OFF) (Figure 3). When this happens, the mature peripheral blood monocytes acquire a CD14+HLA-DR−/loCo-receptor−/lo immunosuppressive and IL10 producing phenotype, suiting the Mo-MDSC criteria (81). Similar mechanisms also occur in a sterile environment, such as in a tumor or systemically in cancer patients, but with DAMPs rather than PAMPs as TLR-ligands (84, 85, 87–90). Downstream mediators of DAMP signaling, like PGE2, IL10, and NGF are already known to induce immunosuppressive myeloid cells (86, 87, 91, 92). One alternative explanation is the potential presence of unique anti-inflammatory endogenous PRR-ligands exclusively inducing transcriptional activation of IL10 ON/TNF OFF (87, 93, 94). To differentiate between pro-inflammatory endogenous alarmins (DAMPs), we proposed to use the term tolerance-associated molecular patterns (TAMPs) for endogenous anti-inflammatory TLR-ligands (87). We have recently found a novel TLR4-ligand (Wnt5a) that is induced upon TLR4-signaling, and that functions as a TAMP activating the IL10 ON/TNF OFF signal in primary human monocytes, resulting in Mo-MDSC-like cells by surface phenotype and function in vitro, a finding that was evolutionarily conserved in Drosophila (95), but not mice (87). In this context, a homeostatic feedback loop downstream of TLR2/4, would be able to regulate the acute pro-inflammatory response, as observed in sepsis. Other endogenous TLR-ligands have previously been observed to promote MDSC generation or to inhibit pro-inflammatory TLR signaling, like HMGB1 and S100B (89, 93, 94, 96). Interestingly, the MDSC marker S100A9 is a DAMP, binding to TLR4 (97).


[image: Figure 3]
FIGURE 3. Reprogramming of systemic monocytes into anti-inflammatory monocytes. Human Mo-MDSCs have the same surface phenotype and function as anti-inflammatory monocytes that are reprogrammed by anti-inflammatory mediators (e.g., IL10, PGE2, TGFβ), pro-inflammatory pattern recognition receptor (PRR) ligands (e.g., PAMPs and DAMPs), or by endogenous anti-inflammatory PRR-ligands; tolerance associated molecular pattern (TAMPs), as previously suggested (87). This leads to transcriptional activation of IL10 (IL10 ON), inhibition of TNFα (TNF OFF), and acquisition of a CD14+HLA-DR−/loCo-receptor−/lo Mo-MDSC phenotype.


Whether the plastic differentiation of mature monocytes into immunosuppressive monocytes is reversible or not, is not fully known. In patients with sepsis, the reprogrammed monocytes stay in their immunosuppressive state for up to 10 weeks with secondary infections and death as result, indicating that they may not be able to revert to a pro-inflammatory state again (16, 98). Opposite findings have, however, been presented for macrophages, where anti-inflammatory M2 macrophages where more plastic and differentiated into M1 macrophages upon stimulation with pro-inflammatory mediators (99, 100). It is undoubtfully so that the levels of peripheral blood Mo-MDSCs in cancer patients are associated with disease severity (76). Whether this is linked to an increased export of a certain subtype of immunosuppressive monocytes (79), or to reprogramming of circulating monocytes, is not clear and both may hold true. The latter (reversing reprogramming) may be more difficult to approach in a therapeutic setting.



HUMAN MO-MDSCs IN TUMORS

When monocytes enter tissues, they are by definition differentiated into macrophages or monocyte-derived myeloid dendritic cells (mDCs). In an anti-inflammatory tumor microenvironment, this differentiation process is usually skewed into alternatively activated immunosuppressive macrophages of various kind, often exemplified by the simplistic M2 nomenclature, but also into mDCs (75, 101–103). Whether human myeloid cells like Mo-MDSCs also differentiate into macrophages in tumors is not fully known, although Mo-MDSCs have been shown to do so in mice (104). In humans, the hurdle lies with the difficulties to discriminate between the various human myeloid cell subsets with reliable results in tissues, and to be able to define their immunosuppressive function in vivo. In human tumors, various differentiation stages likely exist ranging from monocytes, Mo-MDSCs to tumor associated macrophages (TAMs), where markers are shared with those of Mo-MDSCs (74–76, 105). Also, isolation of myeloid populations from single cell suspensions of human tumors often generate subsets with less clear cell surface phenotypes as compared to myeloid cells from PBMCs. If the definition of Mo-MDSCs involves the CD14+HLA-DR−/lo surface phenotype, it may thus be difficult to identify them in human tumors. If the definition of MDSCs within tumors are amended to describe them as immunosuppressive myeloid cells, tumor-associated MDSCs may be reconsidered and would include immunosuppressive macrophages as well. Still, the potential functional difference between tumor infiltrating Mo-MDSCs and alternatively activated macrophages is not elucidated in humans.

In mice, markers for Gr1 (Ly6C and Ly6G) are used to define MDSCs in tumors, and F4/80 to discriminate them from macrophages. Human Mo-MDSCs are still defined by a CD14+HLA-DR−/lo surface phenotype. The immunosuppressive activity of Mo-MDSCs, which is critical for their definition, is for natural reasons more difficult, yet not less important, to assess in human tumors (74–76, 105). Furthermore, the dull CD14+HLA-DR−/lo surface phenotype is often difficult to detect with accuracy using flow cytometry, resulting in a mixture of myeloid cells from tumor single cell suspensions. Since Mo-MDSCs by definition should have an immature myeloid cell phenotype, the macrophage maturation markers F4/80 in mice and CD68 in humans, should not be expressed (23). However, CD68 is expressed at various levels in macrophages, even when using established clinical pathology diagnostic markers (Figure 4), and it may therefore be difficult to discriminate Mo-MDSCs from TAMs by the use of conventional immunohistochemistry at present. Similar issues become clear when discussing the M2 TAM marker CD163. CD163 is expressed on a range of human anti-inflammatory myeloid cells producing IL10 (106–109) and is also upregulated by IL10, glucocorticoids and M-CSF (110). To complicate things, some tumor infiltrating CD163+ cells express low to negligible levels of the pan-macrophage marker CD68 (107, 111). Similarly, CD163 may be expressed on a subset of circulating anti-inflammatory CD14+HLA-DR−/lo monocytes, Mo-MDSCs (112). It may therefore be of relevance to discuss whether CD163 can be expressed on tumor infiltrating Mo-MDSCs, or if all IL10 producing anti-inflammatory myeloid cells in tumors are M2 TAMs because of the CD163 expression. Recently, it was shown that primary human monocytes co-transplanted with xenografts upregulated both CD163 and nuclear S100A9 (113). Nuclear S100A9 has lately appeared as a human Mo-MDSC marker (36, 114). However, also the expression of S100A9, CD68, and CD163 in human myeloid cells seems to vary (115). Novel immunofluorescent multiparameter assays are being developed and a combination of markers like CD14, CD68, CD163, CD206, and S100A9 (108) is probably the best strategy to define Mo-MDSCs in human tumors, but their indispensable immunosuppressive function would need to be determined by other means. Single cell RNA Seq is a promising tool to provide us with more information on the functions of Mo-MDSCs in human tumors and tissues.
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FIGURE 4. Difficulties when defining human Mo-MDSCs in tumors. Different issues ranging from plasticity of myeloid cells, technical problems concerning investigating multiparameter cell surface phenotypes in myeloid cells isolated from tissues, and definition of subpopulation markers; exemplified by the pan-macrophage marker CD68 which is variably expressed in different macrophage subpopulations (indicated here by a previously unpublished immunohistochemistry image representing staining of human resident lymph node macrophages with varying CD68 levels; using anti-CD68 clone KP1, diluted 1:1000, Dako, Glostrup, Denmark).




CONCLUSIONS

An imbalance in myelopoiesis reflects the biology of MDSCs well (Figure 5). All severe inflammatory conditions, including infection and cancer, affect MDSC generation. The challenge in terms of cancer is the strong interdependence between MDSCs and cancer cells. Cancer cells secrete factors that induce aberrant myelopoiesis (G-MDSC), as well as affect the myeloid cells already in circulation (Mo-MDSCs). The affected myeloid cells evolve in congruence with the tumor and metastasizing cells, and a constant feed-back loop is generated. In many cancer patients, myeloid cells are also unintentionally targeted during chemotherapy. To overcome this, patients are given G-CSF to boost myelopoiesis, leading to more MDSCs (65). An important challenge for our future knowledge on MDSCs is the translation from mouse to human MDSCs, where the essential immunosuppressive mediators like ARG1 and IL10 show an extreme polymorphism in humans but not mice (37, 116). Currently, drugs targeting all myeloid cells are being developed (75). It is important to stress that pro-inflammatory myeloid cells like lymph node resident macrophages and monocyte derived tumoricidal macrophages (M1 macrophages) and dendritic cells, are also needed for successful anti-tumor immune responses. Therefore, specific targeting of MDSC generating signals (e.g., STAT3), or the immunosuppressive MDSC specific functions (e.g., ARG1), should also be considered. With implementation of novel imaging and single cell analyses techniques, the origin of human MDSCs will undoubtfully be investigated in the near future. This will hopefully lead to answers on how to target human MDSCs as a therapeutic intervention in cancer patients. Such an intervention of the innate immunosuppressive arm, combined with the established check-point inhibition therapies targeting the adaptive immune response, could potentially offer a very potent therapeutic approach against cancer.
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FIGURE 5. Concluding graphical summary featuring different hypotheses concerning the generation of human MDSCs (Mo-MDSCs and G-MDSCs), in relation to maturation and activation. Mo-MDSCs are predominantly generated from peripheral blood monocytes (solid arrows), and conceivably also through export of immature immunosuppressive monocytes although not yet proven in humans (dashed arrow). In contrast, G-MDSCs likely originate from aberrant myelopoiesis (immature neutrophil G-MDSCs) and alternative activation of mature neutrophils (mature neutrophil (PMN shaped) G-MDSCs, solid arrows). Whether also reprogramming or de-differentiation of mature neutrophils occur among G-MDSCs (dashed arrow) is yet to be determined in humans.
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Tumor metastases represent the major cause of cancer-related mortality, confirming the urgent need to identify key molecular pathways and cell-associated networks during the early phases of the metastatic process to develop new strategies to either prevent or control distal cancer spread. Several data revealed the ability of cancer cells to establish a favorable microenvironment, before their arrival in distant organs, by manipulating the cell composition and function of the new host tissue where cancer cells can survive and outgrow. This predetermined environment is termed “pre-metastatic niche” (pMN). pMN development requires that tumor-derived soluble factors, like cytokines, growth-factors and extracellular vesicles, genetically and epigenetically re-program not only resident cells (i.e., fibroblasts) but also non-resident cells such as bone marrow-derived cells. Indeed, by promoting an “emergency” myelopoiesis, cancer cells switch the steady state production of blood cells toward the generation of pro-tumor circulating myeloid cells defined as myeloid-derived suppressor cells (MDSCs) able to sustain tumor growth and dissemination. MDSCs are a heterogeneous subset of myeloid cells with immunosuppressive properties that sustain metastatic process. In this review, we discuss current understandings of how MDSCs shape and promote metastatic dissemination acting in each fundamental steps of cancer progression from primary tumor to metastatic disease.
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INTRODUCTION

At steady-state, peripheral myeloid cells, such as monocytes and neutrophils, are constantly replenished by new cells originated from hematopoietic stem and progenitor cells (HSPCs) located in the bone marrow (BM) following tightly regulated biological processes (1–4). This constant turnover, termed myelopoiesis, has a profound impact on the BM activity, since approximately hundreds of millions of myeloid cells are generated everyday (5). These myeloid effector cells control localized infections preventing bacterial dissemination without altering the physiological BM cellular output. In contrast, in the presence of a severe infection, injury and stress, the release of inflammatory cytokines and chemokines as well as the activation of damage- or pathogen-associated molecular patterns (DAMPs and PAMPs, respectively) can systemically alter the development of myeloid cells favoring the generation of a large amount of de novo BM-derived cells. This abnormal process is termed as “emergency” myelopoiesis (6, 7) and, in clinical settings, it is characterized by an increased number of neutrophils (neutrophilia) and the presence of circulating immature myeloid precursors (“left shift”). The overall goal of this time-regulated process is the continuous replenishment of myeloid cells that are consumed in the battle against pathogens until the return to a steady-state condition. However, this flexible and powerful system can be corrupted by cancer cells to establish a stable inflammation state that sustains a long-lasting altered myelopoiesis (8). For this reason, tumor-promoting inflammation has been listed among tumor hallmarks (9). Indeed, by releasing several tumor-derived soluble factors (TDSFs), such as growth factors [i.e., granulocyte colony-stimulating factor (G-CSF) and granulocyte macrophage-colony stimulating factor (GM-CSF)], pro-inflammatory cytokines (i.e., interleukin (IL)-6, IL-1β and tumor-necrosis factor (TNF)-α) (10–12), as well as by tumor-derived exosomes (TEXs) shedding (13), cancer cells can orchestrate and maintain this abnormal hematopoietic response. Accordingly, it has been recently demonstrated that lethally irradiated mice transplanted with TEX-educated BM cells possess greater number of BM-derived cells inside the primary tumor mass as well as a greater metastatic burden than controls, suggesting the ability of TEXs to manipulate the hematopoietic cell proliferation and lineage differentiation programs (13). Similarly, several reports highlight an impairment of the HSPC hierarchy mediated by TDSFs which reduce the number of quiescent pluripotent stem cells, through the activation of alternative signaling pathways, promoting the accumulation of high number of immature and mature cells in the BM and in the periphery of tumor-bearing hosts (14–18). In the light of these premises, the increased neutrophil-to-lymphocyte ratio (NLR), that is a simple clinical parameter to evaluate systemic inflammation, has been confirmed as a suitable prognostic and predictive value for patient outcome in different cancer settings (19, 20). This close relationship between BM-derived immune cells and cancer cells raises several basic questions: why do cancer cells orchestrate and promote the alteration of BM-derived cell generation? Which is the result of tumor-driven myelopoiesis? Which is the impact of tumor-educated myeloid cells on tumor progression? Apparently, the final goal of cancer cells is to generate myeloid partners that fuel and sustain its growth and spreading and, among them, myeloid-derived suppressor cells represent the most attractive candidate.



MDSC: A TUMOR-INDUCED MYELOID CELL SUBSET

Myeloid-derived suppressor cells (MDSCs) are a heterogeneous myeloid cell population characterized by immune regulatory properties (21, 22). The differentiation and accumulation of MDSCs in human beings depends on pathological conditions such as cancer (23), infection (24), autoimmunity (25) and transplantation (26) but occurs during physiological processes such as aging (27) and pregnancy (28). MDSCs can be divided at least in three main subgroups according to the expression of selective surface markers: monocytic MDSC (M-MDSCs), that are characterized as CD11b+Ly6C+Ly6G− cells in mouse and CD11b+CD14+CD15−HLA-DRlow/−CD124+ cells in human; polymorphonuclear-MDSC (PMN-MDSCs), that are identified as CD11b+Ly6C−Ly6G+ cells in tumor-bearing mice and CD11b+CD14−CD15+HLA-DRlow/−CD124+ cells in cancer patients (when the analysis is performed in low density mononuclear cell fraction); finally, the last MDSC subset is composed by “early immature” MDSCs (eMDSCs) defined as CD11b+Gr1+CCR2+Sca1+CD31+ cells in mouse and Lin−CD11b+CD34+CD33+CD117+HLA-DRlow/− cells in human (8, 21, 29). Since MDSCs share some phenotypic and morphologic features with the normal counterpart (i.e., neutrophils and monocytes) (22), their unequivocal identification needs to be proved by functional in vitro assays (22, 30). In fact, we recently demonstrated that, immunosuppressive monocytes isolated from the blood of pancreatic ductal adenocarcinoma (PDAC) patients resembling M-MDSCs, were not distinguishable from normal monocytes by the expression of a specific surface markers but, instead, by cytological features (i.e., smaller size, presence of granules), immune suppressive properties and molecular signatures (31), suggesting the existence of a high heterogeneity and complexity among the M-MDSC subsets. Similarly, the discrimination between PMNs and PMN-MDSCs based on differential expression level of surface markers has recently generated a lot of controversies [as discussed in (32, 33)] suggesting that only a complementary analysis of genomic, proteomic, and biochemical characteristics would precisely pinpoint the target cell population. Even if several phenotypic markers have been proposed to be exclusive of MDSCs [i.e., CD38 (34), TNFR (35)], so far none of them has been proved has unequivocal target for MDSC [as recently reviewed in (22, 36)]. Only the expression of the lectin-type oxidized LDL receptor 1 (LOX-1) was reported to be exclusive of PMN-MDSCs (37), but more studies in different patient cohorts need to be done.

In general, M-MDSCs are more immunosuppressive than PMN-MDSCs on a per cell basis both in tumor-bearing mice (15, 38) and cancer patients (31). Moreover, M-MDSCs exhibit longer half-life and more pronounced cell plasticity compared to PMN-MDSCs since they are able to differentiate into tumor-associated macrophages (TAMs) (39), as well as they can act as “precursors” to maintain circulating PMN-MDSCs level (38). Indeed, in tumor-bearing but not in tumor-free mice, M-MDSCs acquire PMN-MDSC-associated features through an epigenetic mechanism based on downregulation of retinoblastoma protein expression by histone deacetylase enzymes (40). Notably, M- and PMN-MDSCs display also distinctive cell-death programs. In fact, the anti-apoptotic molecules c-FLIP (cellular FLICE [FADD-like IL-1β-converting enzyme]-inhibitory protein) and MCL-1 are essential for the development of M-MDSCs and PMN-MDSCs, respectively (41). Interestingly, we recently demonstrated that c-FLIP plays an essential role on re-programming exclusively monocytes into MDSCs without affecting cell survival since this mechanism does not affect neutrophils conversion into PMN-MDSCs. In addition, we unveiled c-FLIP as a new regulator of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) signaling by interaction with the p50 subunit in the nucleus therefore promoting the aberrant transcription of several immunosuppression-related genes (42). Nowadays, in the single-cell omics era, it is quite accepted that M-MDSCs and PMN-MDSCs represent the two major extremes of a continuous spectrum of myeloid cells differentiation induced by tumor and only the application of high resolution transcriptome technologies will shed light on the ontogeny of the complex and variegated world of MDSC. In line, recent publications clearly showed that MDSCs originate “unexpected” cell subsets like dendritic cells (DCs) (43) or fibroblasts (44) in response to diverse microenvironmental stimuli.

The MDSC plasticity and functions are strictly guided by the activation of precise signaling pathways [extensively reviewed in (8, 45)] preferentially driven by c/EBPβ (CCAAT/enhancer-binding protein) (16), STAT3 (signal transducer and activator of transcription 3) (31, 46) and NF-κB (42, 47) transcriptional factors. c/EBPβ is the master regulator of “emergency” myelopoiesis and its critical role on MDSC biology was proved using myeloid-restricted c/EBPβ-deficient mice engrafted with different tumor models in which the ontogeny and MDSC-associated immunosuppression were completely abrogated (16). Recently, Strauss and collaborators demonstrated that c/EBPβ-guided myelopoiesis can be sustained by myeloid-specific expression of the retinoic-acid related orphan receptor (RORC1/RORγ) (17) promoting MDSC and TAM expansion. Furthermore, MDSC generation and accumulation in tumor-bearing mice can also be driven by the c/EBP homologous protein (CHOP)-mediated signaling (48). CHOP is the master sensor of endoplasmic reticulum (ER) stress such as low pH, high levels of reactive oxygen species (ROS, i.e., H2O2), nitric-oxide (NO), hypoxia, nutrient deprivation, etc. (49). Interestingly, ER stress-inducers like thapsigargin promote in vitro differentiation of human neutrophils to PMN-MDSCs (37). Similarly, GCN2 (general control non-derepressible 2), that is a master environmental sensor able to control transcription and translation in response to nutrient availability, was reported to drive and sustain immunosuppressive functions of MDSCs in tumor microenvironment (50). STAT3 plays a central role in regulating both the expansion and the tolerogenic effects of MDSCs. STAT3 preserves MDSC survival by upregulating B-cell lymphoma XL (Bcl-XL), c-Myc, Cyclin D1 and survivin (51, 52), and by blocking myeloid cell differentiation through the downregulation of interferon regulatory factor (IRF) 8 expression (53). STAT3 controls many MDSC-released mediators (cytokines, growth factors, enzymes) that promotes pro-tumor effects. In particular activated STAT3 triggers on one hand the production of pro-inflammatory proteins, like S100A8/A9 (54) that interfere with DC differentiation and sustain ROS generation (55); on the other hand by binding to the arginase 1 (ARG1) promoter, STAT3 favors its aberrant expression (46). Interestingly, we recently demonstrated a unique STAT3-dependent expression of ARG1 in a subset of cancer patient-derived monocytes (31). NF-κB, the master regulator of inflammation, was reported to be involved in MDSC differentiation. Recently, Sangaletti and collaborators demonstrated that impaired translocation of NF-κB p50 protein abolishes the secretion of protein acidic and rich in cysteine (SPARC) and alters MDSC-associated immunosuppression by limiting ROS production. Indeed, restricted p50 translocation into nucleus limits the formation of the immunosuppressive p50:p50 homodimers in favor of the p65:p50 inflammatory heterodimers that sustain an increased release of TNFα in the tumor microenvironment (47). According to this, we demonstrated that, the enhancement of nuclear p50 translocation by c-FLIP promotes acquisition of immunosuppressive function by monocytes (42). Together, these data highlight a pivotal role of p50 on driving MDSC differentiation that needs to be better investigated in the near future.

Classically, MDSC pro-tumor functions are ascribed for the effects on the adaptive immune response. However, recent insights on MDSC field demonstrated that these tumor-educated cells sustain tumor growth by also non-immune processes such as by promoting angiogenesis, maintaining cancer cell-stemness and sustaining the metastatic process. Since metastatic spreading is essentially inefficient whereby the majority of cancer cells cannot rich or seed to distant sites, tumors need to develop strategies to both inhibit immune response and alter tissue framework. Thus, in this context, it is clear that MDSCs represent the best partner for tumor cells since circulating MDSCs can support tumor cell during each step of the metastatic process.



MDSCs INVOLVEMENT DURING DIFFERENT STAGES OF METASTATIC PROCESS

Metastasis is a stepwise process that drives cancer's outgrowth to an organ different from which they originated. Indeed, cancer cells, after acquiring an invasive phenotype by accumulation of genetic and epigenetic aberrations (primary tumor growth), can invade the surrounding tissues (local invasion) and infiltrate into the blood stream or lymph vessels (intravasation) turning into anchorage-independent circulating tumor cells (CTCs). After intravasation, CTCs need to stay alive (survival in circulation) until they exit from the circulation (extravasation) and adapt themselves to a new tissue (pre-metastatic niche) to generate a secondary tumor mass (metastasis formation) (56, 57) as depicted in Figure 1. Here we will describe the role of MDSCs on the different steps of the metastatic cascade.


[image: Figure 1]
FIGURE 1. MDSCs contribution to the different steps of the metastatic cascade. MDSCs promote primary tumor growth and local invasion (1) with several mechanisms including suppression of adaptive immune response, ECM reorganization, promotion of epithelial-mesenchymal transition as well as maintaining tumor cells stemness. MDSCs also support distal tumor spread by favoring tumor cells intravasation (2), CTC survival in circulation (3) and CTC extravasation at the metastatic site. Moreover, MDSCs contribute to the formation of the pre-metastatic niche (5) in which CTC can proliferate promoting the metastasis formation (6).



MDSCs Promote Primary Tumor Growth and Local Invasion

MDSCs promote primary tumor progression by both immunological and non-immunological mechanisms (8, 29). The immunological pro-tumor functions of MDSCs is exploited by suppressing both innate and adaptive immune responses. Indeed, MDSCs support the generation of a hostile tumor microenvironment by producing metabolites and soluble factors, as well as by expressing membrane-bound proteins which interfere with effector T cell function and fitness (58) or by promoting the generation of Foxp3 (forkhead box P3)-expressing immunosuppressive B regulatory (Breg) (59) and T regulatory (Treg) lymphocytes (60) as summarized in Figure 2. In this context, the depletion of essential aminoacids, such as arginine, tryptophan, cysteine and glutamine represents a key strategy (61). MDSCs co-express ARG1 and inducible nitric oxide synthase (iNOS, NOS2), which compete for the same substrate, arginine, in order to produce ornithine and urea or NO and citrulline, respectively (62). Arginine depletion reduces the expression of cyclin D3, cyclin dependent kinase 4 (cdk4), and E2F1 transcription factor in T cells favoring their cell cycle arrest in G0-G1 phase and anergy (63). Moreover, the reduced arginine availability affects the TCR ζ-chain expression in T lymphocytes, limiting thus their activation, proliferation and cytokine production (64). Interestingly, some polyamines (i.e., spermidine) produced by ARG1-dependent pathway activate indoleamine 2,3-dioxygenase 1 (IDO1) expression and signaling, thus constituting keys elements for the crosstalk between these two enzymes (65, 66). IDO1 is the most up-regulated tryptophan (Trp)-catabolizing enzyme in tumor-infiltrating MDSCs and tolerigenic DCs (67). IDO1 catabolizes Trp into NAD+ (nicotinamide adenine dinucleotide), an essential pyridinenucleotide that orchestrates several cell-associated biological processes, through the production of kynurenines (68). The latter, by binding to the aryl-hydrocarbon receptor, promote both T lymphocytes and antigen presenting cells (APCs) switch into Tregs and IDO1-expressing tolerogenic DCs, respectively (69). Similarly to the effect of arginine depletion, Trp consumption was shown to promote the down-regulation of TCR ζ-chain favoring T cell anergy (70). Moreover, kynurenine accumulation was reported to inhibit NK cell function and proliferation (71). When the physiological amount of arginine in the tumor microenvironment drastically decreases, iNOS generates superoxide anion ([image: image]) by a biochemical process called “uncopling reaction” (72). This unstable agent rapidly produces aberrant reactive nitrogen species (RNS) such as peroxinitrites (ONOO−). RNS promote protein post-translational modifications (PTMs) which irreversibly alter protein functions. PTMs finely tune the immune response in the tumor microenvironment by affecting different T cell-dependent signaling pathways and biological processes. Indeed, PTMs modifying both chemokines (i.e., C-C chemokine ligand 2 and 5, CCL2 and CCL5) and immune receptors (i.e., peptide-MHC complex, pMHC), damp both T lymphocyte migration toward primary tumor site (73) and T cell activation and persistence (74), respectively. In fact, tumor-bearing mice treated with AT38 ([3-(aminocarbonyl) furoxan-4-yl] methyl salicylate), an ARG1 and iNOS transcriptional inhibitor, displayed a strong reduction of nitro-tyrosine (NTy)-based PTMs in tumor microenvironment favoring T-cell infiltration inside the tumor and improving anti-tumor immunotherapy (73). Similarly to RNS, high amounts of ROS and NO in tumor microenvironment reduce also antigen specific T cell response by affecting TCR-associated (75, 76) or IL2R-dependent (77) signaling pathways. Moreover, MDSC-released NO reduces Fc receptor-mediated antibody-dependent cellular cytotoxicity (ADCC) of NK cells and alters their effector functions inhibiting IFNγ and TNFα secretion (78). The production of ROS by MDSCs preferentially depends on NADPH oxidases (NOX family) (79) and promotes the activation of several inflammatory target genes such as cyclooxygenase-2 (COX-2) (80). Notably, the inhibition of ROS generation through the addition of either catalase, an enzyme that detoxifies hydrogen peroxide, or Celecoxib, a COX-2 inhibitor, effectively impaired the MDSC immunosuppressive function in vitro (81, 82). Recently, we demonstrated that ARG1 has a hierarchical negative function as compared to iNOS in establishing an immunosuppressive tumor microenvironment since tumor-infiltrating, iNOS-expressing myeloid cells (defined as Tip-DC) efficiently sustain anti-tumor T cell activities on debulking tumor mass (83). The pro-tumor role of ARG1 was partially confirmed by clinical evidences. Indeed, the frequency of ARG1-expressing MDSCs significantly discriminate PDAC metastatic patients suggesting that these cells have a pro-metastatic potential (31), as well as the reduction of ARG1+ cells in melanoma patients after Ipilimumab-based treatment highlights that the therapeutic efficacy of this immune-based treatment might involve a systemic effect on MDSC accumulation (84). Indeed, a contraction of MDSCs in a Durvalumab responder patient was also reported in lung adenocarcinoma setting (85), suggesting that MDSC enumeration might be a useful biomarker to stratify immunotherapy-undergoing patients. All these evidences will be validated in a large number of immunotherapy-based clinical trials in the next years.
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FIGURE 2. Immune suppressive functions of MDSCs on NK cells and T-cells. MDSCs inhibit immune effector cells by exploting four main mechanisms: (A) MDSCs deplete essential metabolites for T lymphocyte fitness (i.e., L-arginine, L-tryptophan, L-cysteine, and L-glutamine) which induce T cell proliferation arrest. L-arginine depletion, promoted by ARG1 activity, induces the loss of the CD3ζ chain affecting T cells response to various stimuli. The kynurenines, produced during L-tryptophan catabolism by IDO, block NK cells proliferation, activation and functions. (B) MDSCs produce ROS and RNS. The release of NO inhibits FC-receptor-mediated ADCC in NK cells and reduces their effector functions. High levels of ROS downregulate CD3ζ chain expression and reduce cytokine secretion on T cells. RNS also block T cells recruitment and proliferation by nitration/nitrosylation of chemokines (CCL2, CCL5, CCL21, CXCL12) and TCR. (C) MDSCs suppress NK cells and T cells by direct contact. MDSCs, through membrane-bound TGF-β and NKp30L, promote NK cell anergy. MDSCs block the T cell homing through CD62L/ADAM17 interaction; moreover, MDSCs express PD-L1 and FAS-L, which binding their receptors on T cells, promote T-cell apoptosis. (D) MDSCs induce immune suppression through the release of soluble factors: MDSCs present high levels of CD39 and CD73 able to transform ATP in adenosine. High amount of adenosine affect NK maturation as well as NK and T-cell effector functions. Moreover, by TGF-β release, MDSCs induce Treg cells and reduce IFNy, TNFα, and GRZ release by NK cells.


Another MDSC-associated strategy to inhibit T cells depends on the release of soluble factors, especially anti-inflammatory cytokines. Tumor growth factor (TGF-)-β for instance suppresses CD4-expressing T helper (Th) lymphocyte differentiation toward Th1 and Th2 phenotype by altering T-bet and GATA3 expression (86–88). Moreover, TGF-β in association with either IL-10 or specific cell-to-cell contacts [i.e., CD40/CD40L (89)] promotes not only the conversion of naïve T cells into Tregs (90) but also the macrophage polarization toward M2 status through an autocrine positive loop (91). Furthermore, MDCSs induce NK cells anergy through the membrane-bound TGF-β (92). Interestingly, TGF-β-produced by MDSCs promotes the expression of programmed cell death-1 (PD1) in T cells (93). Similarly, MDSCs can hinder T cell fitness and function by directly binding FASL and PDL1 with respective death receptor ligands expressed on T cell surface (94, 95). In this context, for example, the β2 adrenergic receptor triggering induces STAT3-mediated up-regulation of death receptor ligands in MDSCs, potentiating their T cell dysfunction abilities (95). Notably, the transcriptional expression of PDL1 in MDSCs is strictly controlled by TDSFs such as vascular endothelial growth factor (VEGF) and macrophages colony-stimulating factor (M-CSF) (96) as well as by hypoxia-inducible factor (HIF-)1α signaling pathway (97). Interestingly, the activation of HIF-1α in MDSCs favors also the expression of ectonucleoside triphosphate disphosphohydrolase 2 (NTPDase2/CD39L1), an ectoenzyme that controls MDSCs accumulation (98) as well as the expression of (NTPDase1/CD39) and ecto-5′-nucleotidase (Ecto5'NTase/CD73) directly involved in the generation of extracellular adenosine (99), known inhibitor of T cell activation by Zap70-, ERK- and Akt-associated pathway blockade (100) and NK effector functions reducing granzyme, IFNγ and TNFα release (101).

By exploring all these multiple immune-related mechanisms, MDSCs generate a physical and chemical shield against T lymphocytes that protects cancer cells. However, MDSCs are also actively involved in non-immunological processes that sustain tumor local invasion by altering directly tumor cells or the tissues around. In fact, the uncontrolled tumor growth implies profound changes in the adhesion and migratory properties of the tumor cells, which favor cellular dissociation and migration to adjacent tissues, as well as key alterations of tissue framework such as extracellular matrix (ECM) composition. To sustain tumor progression, MDSCs can drive tumor cells to lose epithelial features and the gain of a mesenchymal phenotype, a process known as epithelial-to-mesenchymal transition (EMT), through the release of soluble factors (102). In melanoma bearing mice, in fact, PMN-MDSCs induce EMT by releasing TGF-β and hepatocyte growth factor (HGF) (103); moreover EMT was finely tuned by MDSC-secreted factors such as TGF-β release in combination with high amount of NO in nasopharyngeal carcinoma (104). Moreover, both MDSCs and tumor cells secreted high-mobility group box-1 (HMGB1), a damage-associated molecular pattern protein whose signaling trough both Toll-like receptors (TLRs) and receptor for advanced glycation end products (RAGE), activates EMT-inducing transcription factors (i.e., Snail and NF-κB) and up-regulates matrix metalloproteinase-7 (MMP7) (105). However HMGB1 is a pleiotropic molecule that shows pro-tumor and tumor-restricting actions in a context specific manner (106, 107). MDSCs are also capable to preserve cancer cell intrinsic properties such as cellular stemness. For instance, the direct contact between MDCSs and ovarian cancer cells induced a stem-like phenotype in tumor cells and enhanced their ability to metastasize in vivo. This effect is mediated by microRNA-101 up-regulation in neoplastic cells and the subsequent inhibition of the co-repressor gene C-terminal binding protein-2 (CtBP2), which modulates the expression of stem cell genes (108). PMN-MDSCs can also block senescence in cancer cells by promoting their growth through the release of IL-1 receptor antagonist (109) or S100A9-expressing exosomes (110). Finally, in both mouse and human pancreatic tumors, M-MDSCs induce the expansion of aldehyde dehydrogenase-1 (ALDH1)–expressing cancer stem cells that are characterized by higher metastatic potential (111).

Furthermore, MDSCs can actively support tumor progression by acting on the physical framework of local tissue. Indeed, MDSCs support tumor invasion by ECM remodeling and rearrangement of the epithelial basement membrane as well as by modifying matrix stiffness (112). ECM is composed of different macromolecules including collagens, fibronectin, laminin, proteoglycans and polysaccharides and regulates many cellular functions such as cell adhesion, proliferation and migration (113). This complex structure can be remodeled by both tumor cells and MDSCs that release high amounts of degrading enzymes such as MMPs and cathepsins (114, 115). Indeed, MDSCs produce high levels of MMPs, including MMP2, MMP8, MMP9, MMP13, and MMP14, which by digesting ECM allow tumor cells migration (116). Furthermore, the remodeling of ECM increases the bioavailability of matrix-bound factors such as TGF-β and VEGF which further prompt tumor cell invasiveness and angiogenesis (114, 117). Notably, MDSC-released TGF-β induces the production of lysyl oxidase (LOX), which cross-links collagen fibers and other ECM components. LOX overexpression in breast cancer increases ECM stiffness which could promote tumor cell invasion and intravasation by enhancing integrin-dependent mechanotransduction (118, 119). Moreover, ECM structure and composition can influence many aspects of MDSC behaviors, including infiltration, differentiation, and function generating a sort of vicious cycle that favors tumor growth and dissemination (113). In light of these evidences, it is not surprising that SPARC, a matricellular protein produced by tumor cells, promotes the expansion and recruitment of MDSCs (120). In turn, the ablation of SPARC in PMN-MDSCs reduces their suppressive activity and their capacity to sustain EMT and tumor growth (47). Similarly, silencing osteopotin (OPN), a matrix protein, in 4T1 breast cancer cells prevents metastasis development by affecting M-MDSC suppressive activity but not their recruitment at the metastatic site (121). The complement system plays also a pivotal role in promoting the metastatic spread by regulating the recruitment of myeloid cells and MDSCs in lung and regulating the release of IL10 and TGF-β with subsequent suppression of effector CD8 and CD4 T lymphocytes and induction of Treg generation (122) in a breast cancer preclinical model. Moreover, in absence of tumor specific T cells, the anaphylatoxin C5a promotes tumor growth by recruiting and activating myeloid-derived suppressor cells to release NO and ROS (123, 124). However, it was recently demonstrated that C3a and C5a have a pleiotropic and context specific role in tumor progression. Indeed the activation of the complement on tumor endothelium abrogates tumor endothelial barrier and restores T cell infiltration in tumor bed, especially in the presence of a tumor specific T cell response, improving thus adoptive T cell therapy efficacy (125, 126).



MDSCs Favor Tumor Cells Intravasation Into Circulation

Following migration through the ECM, cancer cells should intravasate in the blood or lymphatic circulation. Therefore, within the primary tumor the promotion of new vessels formation appears as a key point for tumor cells dissemination. MDSCs can participate to this process inducing the development of a dysfunctional vasculature that is more permissive to tumor cell intravasation, as we will discuss later. Moreover, through the release of proteolytic enzymes such as MMP2 and MMP9, MDSCs can remodel the basal membrane, opening a route for neoplastic cell migration (127). For instance, tumor activated PMNs, recruited through HMGB1 produced by UV-damaged epidermal keratinocytes, promote cancer cell transmigration and enhanced metastasis (128).

However, the metastatic potential of CTCs depends on their ability to extravasate and colonize distant organs. In both melanoma and sarcoma models, tumor cells are trapped in capillaries due to size-restriction; however, also in the absence of a physical barrier CTCs can stop forming active adhesions to the endothelium (129). The balance between pro- and anti-tumoral inflammation appears as a crucial step of this process. Although NK cells and macrophages are capable to mediate the clearance of CTCs, myeloid cells activated toward a pro-tumorigenic phenotype can promote cancer cell survival and favor their adherence to the endothelium, boosting extravasation (56). Indeed, in both melanoma and liver cancer, PMN-MDSC-like cells can increase tumor cell retention and transendothelial migration by integrin (MAC-1)/ICAM-1 interaction (130, 131). Finally, both neutrophils and inflammatory monocytes (iMos), that in cancer setting resemble MDSCs (132), can physically associate with cancer cells supporting their extravasation (133).



MDSCs Protect CTCs in Circulation and Promote Their Extravasation

Following shedding from the primary site, tumor cells enter the blood stream where they encounter an unfavorable environment created by the mechanical and physical sheer forces present inside the vessels (134, 135). Once entered the blood, the CTCs have to face a second challenge: they must escape the immune surveillance. One option to avoid the fatal encounter is to generate clusters. CTC clusters have been detected both in tumor-bearing mice and in cancer patients, and even though they represent a minority (2–4%) of the entire CTC population, they have higher probability to generate metastases than “lonely” CTCs (136). The CTC clusters escape the immune surveillance by physically interacting between themselves (homotypic interaction) or with leukocytes (heterotopic interaction). In this context Szczerba et al. (137) demonstrated that almost 50% of breast cancer patients have detectable CTCs in the blood, and among them, a small subset (3.4%) was composed by CTCs coupled with leukocytes. Through a single cell transcriptomic profiling, the authors demonstrated in several breast cancer preclinical models and cancer patients that these clusters comprise neutrophils with a N2-like signature, resembling PMN-MDSCs expressing ARG1, chemokine (C-X-C motif) ligand 2 (CXCL2), CCL2, VEGFA and endowed with pro-tumoral activity. A compelling finding was that CTC-neutrophil clusters led to fast metastases and short survival in mice and their presence correlated with poor prognosis in cancer patients. These results implied that neutrophils-associated CTCs gain a more aggressive phenotype than their homotopic cluster counterparts, which is linked to and increased mutational burden mediated by PMN-MDSC-derived ROS, on one side, and to an increased proliferation conferred by neutrophil-derived IL-6 and IL-1β on the other one. At levels below the genotoxic effect, ROS act indeed as mitogenic factor through the activation of NRF2-ARE-Notch axis (138–141). Particularly, it was shown that melanoma and breast patient-derived CTCs co-cultured with PMN-MDSCs activate Notch signaling via the direct interaction between Notch1R, present on the surface of CTCs, and Jagged1/DLL (Notch1 ligands) expressed on PMN-MDSCs (142). Interestingly, the concomitant activation of Notch signaling and ROS (i.e., H2O2) synergizes in enhancing CTC proliferation, in vitro. Thus, PMN-MDSCs sustain CTC survival through the activation of ROS-NRF2-ARE axis and Notch signaling pathway. Several mechanisms have been proposed to be involved in PMN-MDSC-CTC cluster formation. Two of these were identified on ICAM-1, expressed in CTCs and binding β2-integrin on neutrophils, and on VCAM-1 (137). Thus, ICAM-1 and VCAM-1 could represent good candidates to interfere with CTC-PMN-MDSC cluster formation and could be exploited to prevent metastasis formation. However, the feasibility of this innovative targeting approach needs to be validated by extensive experimental data, since the ICAM/VCAM axis is essential for several physiological processes.

Even though CTCs exploit different strategies to survive in circulation, their metastatic potential relies on the ability to extravasate and reach new tissues. While cancer cells are physically restrained in small venules, the extravasation from big vessels requires an active process supported by immune cells. For instance, the neutrophil extracellular traps (NETs), released by PMN-MDSCs, clog CTCs to favor their adherence to the endothelium supporting their extravasation and invasion (143). Thus, we can envision that preventing NET formation could block CTC-PMN-MDSC cluster formation. While the formation of NET favors the arrest of CTCs and their physical interaction with endothelial cells, PMN-MDSC can also potentiate tumor cell extravasation by directly increasing vessel permeability through the release of pro-inflammatory factors (i.e., IL-1β, MMP8, MMP9) and VEGFA, respectively (144, 145). Obviously, a large number of studies are needed for the development of NET-targeting approaches to avoid possible side-effects such as a limit response against pathogens.



MDSCs Role on Generating Pre-metastatic Niche

For the colonization of metastatic site by cancer cells, a specific permissive microenvironment, defined as pre-metastatic niche (pMN), should be pre-established in distant organ [as extensively reviewed in (146, 147)]. The idea that tumor extrinsic determinants are actively involved on the preparation of a supportive environment before CTCs coming, was firstly proved by R.N. Kaplan and colleagues in 2005. In this pioneering study, the authors demonstrated that the infiltration of VEGFR-expressing immature myeloid cells induces the transformation of healthy tissues to future metastatic sites since these immature myeloid cells reach the distal metastatic site before the arrival of cancer cells (148). In fact, tumor-bearing mice display an increased amount in periphery of Lin−Sca1+cKit+ immature proliferating cells, that resemble BM-resident HSPCs, suggesting that tumors promote a reduced BM homing compared to tumor-free mice. These circulating pro-metastatic cells express in their membrane surface high amount of α4β1 integrins (also defined VLA-4) that mediate their arrest into fibronectin-rich environment in which pMN will be set up (148). Interestingly, the impact of immature myeloid cells on pMN establishment has also been confirmed in human setting. Indeed, Karaca et al. demonstrate that VEGFR-expressing myeloid progenitors are able to colonize sentinel lymph nodes before the arrival of CTCs (149). These circulating immature cells differentiate in mature CD11b+ cells (both CD11b+Ly6G+ and CD11b+Ly6Chigh cells resembling M- and PMN-MDSCs, respectively) in distal tissues, generating a “muffle and fertile” soil where cancer cells can growth and expand (148). Therefore, the final differentiation of myeloid progenitors in pMN-MDSCs occurs mainly at the periphery rather than in the BM (150). Several TDSFs have been reported to steer the accumulation and expansion of myeloid precursors in pMNs (151). As known G-CSF, GM-CSF and IL-6 strongly influence MDSC differentiation and can also be used for in vitro MDSC culture (15, 16). Besides the effect on MDSC differentiation, GM-CSF is proven to be crucial for MDSC recruitment and accumulation at the tumor site (15, 18) while its role on pMN-development seems to be model-dependent (152). In contrast, G-CSF is sufficient to trigger MDSC infiltration in the lung in order to establish pMN, in breast tumor-bearing mice (153). Indeed, G-CSF mobilizes bombina variegate (Bv8)-producing CD11b+Ly6G+Ly6C+ cells that actively sustain pMN generation (152). The myeloid precursors differentiation into functional immunosuppressive MDSCs during pMN generation was recapitulated in vitro using cancer-cell derived supernatants highlighting the key role of forms like tyrosine kinase 3 (FLT3)-ligand, produced by cancer cells on sustaining this myeloid cell conversion (150). A number of tumor-derived chemokines can drive MDSCs infiltration into healthy tissues and support pMNs formation. CCL2 produced both in the target organ and in tumor can promote M-MDSC (defined as CD11b+CD115+Ly6Chi cells) recruitment to the metastatic niche (145). More importantly, interfering the accumulation of these cells using a specific CCL2-blocking antibody strategy, prevent metastases generation (145). Both cancer and stroma cells contribute in MDSC accumulation in a CCL2-dependent manner. Increased cancer-derived CCL2 secretion is often triggered by genetic aberrations and dysregulated transcriptional program; in fact, p53 deletion and subsequent Rb protein inactivation in mouse sarcoma models switch on CCL2 production (154). Likewise, ΔNp63 transcriptional factor, which is often up-regulated in cancer cells, could directly induce CCL2 and CCL22 expression and the following metastatic spread by myeloid cell accumulation (155). Besides cancer cells, also cancer-associated fibroblasts (CAFs), characterized by the expression of fibroblast activation protein (FAP-)α, release high amount of CCL2, leading to sustain MDSC infiltration in pMNs (156). Interestingly, in intrahepatic cholangiocarcinoma patients, high levels of FAP have been associated with a worse metastatic prognosis (156). In colorectal cancer mouse model, instead, high amounts of CXCL1 released by TAMs have been reported to attract CXCR2-expressing MDSCs to generate liver pMNs (157). Other studies reported additional chemokines promoting MDSC transport to pMNs, such as MCP-1 (monocyte chemoattractant protein 1) (158), CCL12 (159), CCL9 (160), CCL15 (161), and CXCL17 (162), although the source of these cytokines in pMNs remains often unclear. Nowadays there are accumulating evidences that pro-metastatic molecules can be transported not only as soluble factors, but also inside tumor-derived microvesicles such as TEXs (13, 163, 164). Indeed, TEXs expressing distinctive integrin patterns guide the organotropism of metastases by orchestrating metastatic distribution and favor the generation of pMN by fusing themselves with resident cells (165). By a preferential tissue distribution, TEXs transfer their cargos, containing proteins, genetic materials and metabolites, to reprogram and educate pMN resident cells. MicroRNA (miR)122-derived from breast carcinoma TEXs, by inhibiting glucose uptake in non-tumor resident pMN cells, promote brain metastases (166). Moreover, MIF (macrophage migration inhibitory factor)-loaded pancreatic TEXs, promoting macrophages recruitment into liver pMNs, exacerbate liver metastatic burden (167). Similarly, TEXs mediate the production of pro-inflammatory S100A8 and S100A9 by pMN-resident endothelial cells that favors the expression of serum amyloid A (SAA)3 able to recruit CD11b-expressing myeloid cells by a TLR4-dependent pathway (168). Importantly, MDSCs can also synthesize and secrete high amounts of S100A8/A9 dimers (169) and exosomes derived from Gr1+CD11b+ MDSCs are able to carry these proteins (170). These findings suggest that S100A8/A9 factors maintain an autocrine feedback loop that favors accumulation of MDSC in pMNs. Indeed, S100A8/A9 molecules are important players in metastases generation by favoring both recruitment and differentiation of several pMN-infiltrating myeloid cell subsets commonly defined as Mac-1+ myeloid cells among the MDSCs (168, 169). In agreement with this, S100A9-deficient mice showed a strong impairment of MDSCs accumulation in liver and lung pMNs during colon metastatization (171). Exosomes could also transport signaling molecules from MDSCs to the other components of pMN, but this crosstalk is poorly characterized and needs further investigation.

In order to become available for colonization by CTCs, distant pMNs undergo several tissue alterations such as the generation of new blood vessels that provide oxygen and nutrients to proliferating cancer cells (146, 147). This process is termed 'angiogenic switch' and, in general, it is promoted in response to hypoxia (172). MDSCs play a critical role on initiating and sustaining the development of a new vascularization in pMN, primarily by secreting a variety of regulatory molecules such as VEGFA (173). Recently, Hsu et al. demonstrated that high amount of platelet-derived growth factor BB (PDGF-BB) released by pMN-infiltrating MDSCs increases angiogenesis and chaperone tumor cells through the bloodstream to new sites of metastasis (162). Another MDSC-associated proangiogenic factor is Bv8, which is released by a STAT3-dependent pathway (174, 175). The pro-tumor impact of Bv8-expressing MDSCs is confirmed by the high amount of these cells in tumor-bearing hosts undergoing refractoriness to anti-VEGF therapy (176). Similarly, MDSCs mediate also resistance to the antiangiogenic sunitinib, a tyrosine kinase inhibitor, both in preclinical (177) and clinical (178) settings of renal cell carcinoma. pMN-infiltrating MDSCs sustain angiogenesis also by producing high levels of MMP9 that promotes bioavailability of VEGF. Indeed, the genetic ablation of Mmp9 restricts metastasis formation by normalizing the aberrant vasculature in pMNs (179). Interestingly, liver metastases-infiltrating MDSCs induce also the down-regulation of the antiangiogenic factor angiopoietin-like 7 (ANGPTL7) in cancer cells (180). During pMN establishment, MDSCs can also acquire some unexpected properties and features. Indeed, several studies reported the presence of an alternative MDSC subtype termed fibrocytes in patients with metastases (181, 182). Ou et al. demonstrated that fibrocytes can be generated in mouse cancer models from CD11b+Ly6G+ MDSC subset following a Kruppel-like factor 4 (KLF4)-dependent signaling (183). Moreover, MDSCs can undergo osteoclast differentiation and contribute to enhanced bone destruction and tumor growth in both breast cancer and myeloma models (184–186). Nowadays, the main knowledge about the role of MDSCs in pMN generation is derived from different mouse models in which cancer-cell derived factors, that support MDSC recruitment to pMN, have been studied broadly. Therefore, both the genetic and the epigenetic MDSC-reprogramming as well as the definition of key MDSC-associated properties during pMN development need to be deeply elucidated.



MDSCs Involvement During Metastases Formation

Since most metastases present epithelial but not mesenchymal features, probably the EMT process is a temporary occurrence, and tumor cells, after seeding in pMN, revert their phenotype. This process is termed mesenchymal-to-epithelial transition (MET). MDSCs are actively involved in this process. In fact, in lung pMNs of MMTV-PyMT spontaneous breast cancer model, MDSCs secrete versican, an extracellular matrix chondroitin sulfate proteoglycan, that sustain MET process by reducing Smad phosphorylation in cancer cells (187). Interestingly, the frequency of versican-expressing intratumoral stromal cells correlates with a worse prognosis in women with node-negative breast cancer (188).

In contrast, MDSCs may also inhibit metastases. A single study reported that thrombospondin 1 (TSP-1)-expressing MDSC-like cells are able to abrogate the metastatic spread of prostate cancer cells (189) opening new insight on MDSC and metastasis relation. In the metastases framework, MDSC-associated immunosuppressive functions are regulated by oxidative stress and amino acid metabolism (8). MDSCs rely on fatty acid-β oxidation (FAO) to fuel the synthesis of inhibitory cytokines (i.e., IL-10, TGF-β) (190), which are generally required to both restrain T lymphocytes anti-tumor response and sustain tumor cell aggressiveness thus favoring metastases. In a recent publication (191), Hsu et al. demonstrated, in the 4T1 mouse breast cancer model, that the expression of Csf3 by tumor cells is heterogeneous, with some 4T1 cells producing higher amounts (i.e., liver metastatic) than others (i.e., lung metastatic). CSF3 is functionally required for both maturation, proliferation and mobilization of neutrophils, and for the first time Hsu et al. demonstrated that among them, the low density neutrophils (LDNs), with characteristic of MDSC, are highly demanding for CSF3 in order to sustain their metabolic flexibility. In fact, while both normal density neutrophils (NDNs) and LDNs use glucose under nutrient supplements, LDNs are rapidly adapting to metabolic changes, like nutrient/glucose deprivation and hypoxia, and engage oxidative phosphorylation over glycolysis. Interestingly, the authors showed that pro-liver metastatic LDN-MDSC-like cells undertake mitochondrial metabolism to produce ATP, while NDNs use mitochondria to regulate apoptosis rather than producing ATP. Moreover, LDN-MDSC-like cells, were shown to perform NETosis to an extended degree than NDNs, using lipids as a source, in glucose deprived environments (i.e., metastatic liver). Indeed, LDNs were reported to have higher levels of lipids than their counterpart NDNs, providing fuel to the fatty acid oxidation pathway to sustain their high metabolic demand required for functional activity (mainly NETosis). Finally, under glucose and nutrient limitation, LDN-MSDC-like cells were shown to use glutamate and proline to induce NETosis. Interestingly, glutaminase, the enzyme involved in glutamate degradation, is stored inside the secondary granules, which are secreted upon NET induction. This could explain why LDN-MDSC-like cells prefer to convert glutamate to α-ketoglutarate to fuel the tricarboxylic acid (TCA), during glucose deprivation, rather than protein synthesis. In conclusion, pro-metastatic PMN-MDSCs are endowed with high metabolic flexibility to adapt to different microenvironments. This flexibility mainly resides in the use of lipids to carry out their functions, including NETosis and cytokine secretion.




CONCLUDING REMARKS

Despite the extraordinary clinical achievements of immunotherapy on controlling metastatic diseases, our knowledge about molecular mechanisms and cell-networks that guide the metastatic process is still limited. Cancer cells are not an isolated and completely independent entity, but, in contrast, they act in concert with various cells in the body. By reprogramming myelopoiesis, cancer cells generate the “partners in crime,” like MDSCs. As described, MDSCs guide several aspects of tumor growth and metastatic cascade, such as cancer cell-stemness, immunosuppression, local invasion, angiogenesis, vasculogenesis, EMT/MET, CTC-protection and pMN formation; therefore, we can envision their use as targets to develop both innovative liquid biopsy-based cancer diagnostics as well as anti-cancer therapeutic approaches. To date MDSC-targeting approaches were preferentially validated to contrast primary tumor growth by acting on three main aspects of MDSC biology: MDSC trafficking and accumulation in primary tumor, MDSC functions and MDSC maturation/differentiation from BM precursors (Table 1). Basically, the abrogation of MDSC migration inside tumor are based on antagonist antibodies for specific chemokine receptors [i.e., CXCR2 (192); CCR5 (193)] or small molecules [i.e., CXCR4 (194)]; on the contrary, strategies targeting the immunosuppressive functions of MDSCs are based on specific pharmacological inhibitors abrogating the activity of transcriptional factors [i.e., STAT3 (31)] or key immunosuppressive-associated enzymes [i.e., COX-2 (82)], as well as on checkpoint inhibitors [i.e., PD-1L (85)]. Finally, various type of treatments, including conventional chemotherapy [i.e., Gemcitabine (38)], small molecules [i.e., sunitinib (195)] or biological agents [i.e., bevacizumab (196)] have been validated to limit the MDSC accumulation on tumor site or lymphoid organs. Interestingly, all these anti-MDSC treatments might be applied also to limit the metastatic process. In fact, the possibility to combine checkpoint-based immunotherapy with MDSC-targeting approaches may be the clinical standard goal in the near future to develop a personalized cancer therapy. The use of spontaneous metastatic mouse models able to recapitulate the biological features of the metastatic spread, the application of high throughput technologies able to deeply characterize the genetic, epigenetic and metabolic pathways as well as the identification of molecules that sustain the cross-talk between MDSCs and cancer cells, will clarify some unsolved aspects of the interaction between MDSCs and metastases and lay the groundwork to design more effective therapeutic strategies.


Table 1. Myeloid-derived suppressor cells targeting.
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Accumulating evidence suggests that platelets play a key role in cancer metastatic dissemination through their multilevel interaction with tumor cells. Most crucial is the contribution of platelets to the formation and expansion of the early metastatic niche, a protective microenvironment that nurtures the first metastatic cells and is necessary for the establishment of overt metastatic disease. A multitude of mechanisms have been proposed toward this effect. The current review examines the implication of platelets in the three most well-studied mechanisms: (a) the initial preparation of the metastatic microenvironment by the formation of the extracellular matrix (ECM) and the recruitment of granulocytes, (b) the creation of the neovasculature (important for providing the developing tumor with oxygen and nutrients and clearing away the metabolic waste), and (c) the evasion of the immune response by the creation of an immune-suppressive environment around the developing metastases. Finally, the review provides current perspectives on the potential clinical relevance of platelets in cancer progression and their consequent role in cancer therapeutics.
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INTRODUCTION

Derived from the megakaryocytes, platelets are small fragments of circulating cytoplasm with a key role in primary hemostasis. Increasing evidence in recent years supports their critical role in cancer progression and particularly in metastatic dissemination through their multilevel interaction with tumor cells.

The formation of the micrometastatic niche is depended upon the arrival of circulating tumor cells (CTCs) to sites distant to the primary site. Preclinical evidence now suggests that platelets have a particular role in the formation of the “early metastatic niche” (1, 2) based on the hypothesis that platelet-derived signals, in addition to signals derived from the tumor itself, are responsible for the recruitment of granulocytes in the early metastatic sites, where cancer cells begin to accumulate (3). The recruitment of a variety of host-derived cells, that will eventually form the tumor stroma, is mediated by the chemokines CXCL5 and CXCL7, which are secreted by the platelets that become activated after interacting with the tumor cells. Blockade of the CXCR2, which is the CXCL5/7 receptor, may result in significant reduction of metastatic spread and cancer progression (4).

During their journey through the circulation, CTCs adhere to circulating platelets by adhesion molecules expressed on their surface, like the tissue factor and P-select in ligands (5). In this way, CTCs are engulfed in a protective shield of platelets that not only prevent their lysis from natural killer (NK) cells, but also facilitate their adhesion to the endothelium and their subsequent extravasation (6). Additionally, platelets increase their metastatic potential by triggering the TGFb-1 and NF-kB pathways that are responsible for the epithelial-mesenchymal transition (7).

After their extravasation and the loss of their protective coating, tumor cells are in the danger of undergoing apoptosis through a process called anoikis (detachment-induced apoptosis). This results from the lack of a protective surrounding environment, and isolated cancer cells are subject to this fate, unless they manage to discover a new home in the site where they metastasize (8). This new home for the errant tumor cells is known as micrometastatic niche, and platelets, once again, constitute the major driving force for its creation (9).

The current review presents available evidence on the implication of platelets in the creation of the metastatic niche through the formation of the extracellular matrix, the building of the neovasculature and the establishment of the immune response. The future potential application of this knowledge in the clinical setting is also discussed here.



THE CREATION OF THE METASTATIC NICHE

Although the various processes leading to the creation of the metastatic niche may be overlapping, they can be divided in three major phases: the initial preparation of the metastatic microenvironment by the formation of the extracellular matrix (ECM) and the recruitment of granulocytes; the creation of the neovasculature, which is important for providing the developing tumor with oxygen and nutrients, as well as for clearing away the metabolic waste; and, lastly, the evasion of the immune response by the creation of an immune-suppressive environment around the developing metastasis (Figure 1).


[image: Figure 1]
FIGURE 1. The role of platelets in the formation of the early metastatic niche.



Preparing the Metastatic Microenvironment

There is increasing evidence to support the idea that platelets initiate the shaping of the metastatic microenvironment in the context of early metastatic niche. This has been shown in a lung cancer murine model, where tumor-aggregated platelets have guided the creation of metastatic sites by the production of CXCL-5 and CXCL-7 cytokines that attract granulocytes (4). Furthermore, platelets may be responsible for the development of osteoblastic and osteolytic bone metastasis, as has been demonstrated in a study by Kerr et al., where tumor-induced bone formation was impaired following platelet depletion (10). Also, studies by Peyruchaud et al. have shown that tumor-activated platelets may guide bone colonization by breast cancer cells and create lytic bone metastases (11, 12). The proposed mechanism involves the secretion of autotaxin by activated platelets, which subsequently binds to tumor cell integrin ανβ3, promoting the conversion of lysophosphatidylcholine (LPC) to lysophosphatidic acid (LPA). Subsequently, the autocrine-acting LPA activates tumor LPA receptors, inducing the secretion of cytokines that stimulate the osteoclast-mediated bone destruction (12).

The early metastatic niche is formed mostly by ECM, by platelets and by the granulocytes that, as described above, are recruited on site by the activated platelets (13). In a study on a lung cancer model, the knockout of platelet ADP receptor (P2Y12) led to decreased lung fibronectin, which is a major component of ECM. Fibronectin is increased in the connective tissue of a pre-metastatic organ, and it is one of the most vital components of the acellular matrix of the metastatic niche. In this model, this platelet-induced downregulation of fibronectin resulted in decreased rate of metastases (14).

Conclusively, it appears that platelets can play a vital role in the very early formation of both the cellular and the acellular elements of the early metastatic microenvironment. The formation of a supportive structure consisting of ECM and host-derived cells is a prerequisite for the successful establishment of metastases.



Promoting the Creation of Neovasculature

The formation of new blood vessels from pre–existing ones in cancer is called neoangiogenesis (15). This process is particularly important for tumors sized >2 mm; consequently its successful completion is crucial for the development of the early metastatic site (16). Cancer growth rate is mainly influenced, and by extent, limited, by the formation of new blood vessels, which is primarily guided by platelets (17, 18). Indeed, platelets are the main transporters of proangiogenic factors, such as the vascular-endothelial growth factor (VEFG) (19). The pivotal role of platelets begins at the very early steps of vasculogenesis and continues until the advanced stages (20). Platelets need to be activated by tumor cells in order to fulfill this role, and this tumor cell-induced platelet activation (TCIPA) is characterized by platelet aggregation, adhesion, and an increase in both platelet numbers and platelet-derived pro-angiogenic factors (21).

The mechanisms through which platelets contribute in neoangiogenesis have been well-characterized (20). Initially, platelets become activated after coming into contact with subendothelial structures, such as collagen, in places with abnormal blood flow, such as the metastatic sites. The subsequent increase in the VEGF-induced release of von Willebrand factor causes the release of a multitude of proangiogenic factors from the activated platelets, such as VEGF, platelet-derived growth factor (PDGF), transforming growth factor, epidermal growth factor, and angiopoietin-1 (ANGPT-1) (21). The effect of this release in angiogenesis has been shown in vitro, where activated platelets are able to induce tube formation of human umbilical vein endothelial cells in matrigel tube formation assays. This has been achieved through the secretion of endothelial stimulating factors, as well as by direct cellular interactions (22). In aortic ring assays, platelets and platelet releasates induced a marked increase in angiogenesis (23).

Another hint for the importance of platelets in the process of neoangiogenesis is that platelets are activated within the tumor vasculature, subsequently secreting their VEGF-rich releasate in the tumor tissue (24–26). Also, in animal models of breast cancer and renal cell cancer, it has been demonstrated that platelets tend to adhere with increased affinity to angiogenic vessels, mediated by the upregulation of CD24 on tumor cells, thus releasing their pro-angiogenic content in the tumor microenvironment (27). There is a dramatic increase in platelet activation markers, such as P-selectin, an adherent molecule, and angiogenesis markers in the platelets of cancer patients. For example, platelet lysate from breast cancer patients contains significantly higher levels of VEGF, ANGPT-1, and P-selectin, as compared to normal controls (28). In addition, intra-platelet levels of VEGF and PDGF are increased in colorectal cancer patients compared to those of healthy controls (28). Notably, these angiogenic regulators are detected in the early phase, and their levels are associated with clinical parameters (28–30). As has already been mentioned, VEGF plays the most important role in this process. This is supported in relevant studies, such as a meta-analysis by Kut et al., which demonstrated that, in cancer patients, the concentration of VEGF was 413 000 pg/ml, as compared to only 216 000 pg/ml in healthy controls (31). It has also been found that this pro-angiogenic factor may function as a diagnostic and prognostic biomarker, since it appears to predict cancer progression (32). Notably, although PDGF has also been associated with tumor growth and angiogenesis in many studies, it has not been attributed a specific role in cancer progression (33).

Additionally, platelets have been shown to recruit endothelial progenitor cells (EPCs) from bone marrow and increase their angiogenic potential. EPCs are also involved in neoangiogenesis (34). This has been demonstrated in B16-F10 tumors implanted in mice, an effect that has been attributed primarily to the platelet stromal-derived factor-1 (SDF-1) (35, 36), and secondarily to other factors, such as VEGF and ANGPT-1, which are also secreted by the activated platelets as described before (37, 38). Moreover, it seems that platelets contribute to the differentiation and maturation of EPCs that will eventually become the endothelial cells that line the novel blood vessels of the early metastatic niche (34).

Finally, platelets seem to have a role in the formation of the lymphatic network of the tumor as well, since a-granules contain VEGF-C, the most important regulator of lymphangiogenesis (39). Furthermore, a connection has been found between podoplanin, expressed in various cancer types, and TCIPA (40). Although it has not yet been confirmed that platelets do indeed guide the creation of lymphatic vessels in the tumor microenvironment, there is at least one study in esophageal cancer that has demonstrated an association between platelet counts, both in the circulation and in the tumor microenvironment, and lymphangiogenesis (41).



Impairing the Host Defense Mechanisms

As previously mentioned, platelets protect CTCs from NK-mediated lysis during their voyage through the circulation. Although that may appear as a mostly mechanical process, it has been shown that platelets need to undergo activation in order to shield tumor cells from lysis (42). Platelet activation leads to the expression of the glucocorticoid-induced TNF-related ligand (GITRL), a member of the TNF receptor superfamily, on their surface membrane. GITRL binds to its receptor on the NK cell membrane and inhibits the cytotoxic properties of the latter, by impairing its lytic activity and the secretion of IFN-γ (43). It has been shown that the protective role of platelets toward tumor cells is not limited in the context of CTCs, but it is a phenomenon observed in the tumor microenvironment as well. It has been demonstrated that the releasate from activated platelets contains a multitude of soluble factors that exert an inhibitory effect on NK cells. For example, TGF-β secreted during TCIPA has been found to downregulate natural killer group 2D (NKG2D) immunoreceptor, impairing lytic activity and IFN-γ secretion (44). Also, it has been hypothesized that the transfer of platelet-derived MHC-I onto the surface of the tumor cells during aggregation, may further limit the NK-mediated attack of the immune system to the developing metastatic niche (45).

Platelets also interact with other immune cells, apart from NK, like macrophages and T-cells, and their effects on them may contribute in the creation of an immunosuppressive microenvironment. For example, the micrometastatic niche is rich in platelet-derived and tumor cell-derived TGF-β, which is suppressive for both CD4+ and CD8+ T-cell functions as well (46). Also, there is evidence that platelets represent the main source of functional TGF-β, both systemically and in the tumor microenvironment, through the expression of TGF-β docking receptor Glycoprotein A Repetitions Predominant (GARP). Thus, platelets constrain T-cell immunity through a GARP-TGF-β axis (47). Conclusively, platelets seem to have a substantial contribution in the induction of a localized state of dormancy in the host defense mechanisms, a situation that is vital for the development of the early metastatic foci.

Moreover, platelets have been implicated in the activation of neutrophils and the creation of neutrophil extracellular traps (NETs), in a process called NETosis (48). The interaction between platelets and neutrophils is bidirectional since, on one hand, platelet TLR4 triggers NETosis, and on the other, extracellular DNA from NETs triggers platelet activation (49). Also, this extracellular DNA contributes to cancer-associated thrombosis, which confers a dismal prognosis and represents the second-leading cause of death in cancer patients (47).




PRECLINICAL EVIDENCE AND EXPERIMENTAL MODELS

There exists enough evidence from preclinical studies and experimental models to support the pivotal role of platelets in the creation of the early metastatic niche (50, 51). Gasic et al. were the first to offer experimental evidence for the role of platelets in cancer. More specifically, in an experimental mouse model, it was demonstrated that the number of metastases in mice can be decreased by reducing the number of host platelets before tumor inoculation, and that this effect is independent of the method used to decrease the platelets (neuraminidase or anti-platelet serum) (52). This finding has been reproduced in other studies as well (53).

On the contrary, when injecting thrombocytopenic mice with human-derived platelets, the rate and extent of metastatic spread increased substantially (54). These experiments provide hints for the existence of a potential correlation between the absolute platelet count and cancer progression that can even be analyzed quantitatively.

Furthermore, Kerr et al., also workingon mouse models, demonstrated that platelets facilitate communication between pre-metastatic tumor cells and their pre-metastatic niche in bone tissue (10). Also, Labelle et al. showed that platelets induce the recruitment of granulocytes through the secretion of CXCL5 and CXCL7, promoting the creation of early metastatic sites (4). Finally, blocking of platelet–CTC interaction has also been evaluated as a method to reduce metastasis. Recently, Gareau et al. demonstrated that blocking this interaction using the P2Y12 inhibitor ticagrelor, reduced the number of metastasis and prolonged survival in a murine breast cancer model (55).



POTENTIAL CLINICAL RELEVANCE AND FUTURE PERSPECTIVES

Thrombocytosis of malignancy constitutes a well-known paraneoplastic syndrome, which is promoted by a multitude of cancer-related cytokines and growth factors, such as G-CSF, GM-CSF, IL-1, IL-6 and, more importantly, TPO (56–58). TPO is the main cytokine responsible for the stimulation of megakaryocyte production and platelet development, and has been found to be elevated in certain tumor types, such as in ovarian cancer (59, 60). Thrombocytosis in cancer patients is a common finding, and it is correlated with adverse prognosis. Several studies have reported that cancer incidence increases with increasing platelet count, and for those with an absolute platelet number more than 3.5 × 1011/L, the risk has been estimated to reach 3% in 1 year of observation (61, 62).

Based on the experimental data, targeting platelets appears a promising approach against cancer itself. Most of the clinical trials have evaluated aspirin, perhaps the most well-studied antiplatelet drug, as an anticancer agent. In a 2012 meta-analysis of 5 randomized clinical trials (RCT), aspirin has been found to reduce the risk of metastasis and the risk of death by cancer in patients with adenocarcinoma, irrespective of the organ of origin (63). In another meta-analysis of 15 RCTs, that included a substantial number of participants, daily aspirin was also found to reduce cancer deaths (63). However, other RCTs have found no such correlation (64, 65). Several clinical trials evaluating the effect of aspirin on cancer are currently ongoing1,2,3. One such large trial, the ADD-ASPIRIN Trial, is currently recruiting patients who previously had treatment for early cancer of the breast, stomach, esophagus, prostate and colon 3. The aim is to test whether 5 years of aspirin prophylaxis post initial treatment for cancer, can prevent or delay cancer recurrence. The hypothesis that aspirin exerts its anticancer actions by inhibiting the formation of the pre-metastatic niche has recently been tested in a murine experimental model for lung metastasis. It has been found that thromboxane A2 (TXA2) was the prostanoid product of COX-1 responsible for this anti-metastatic effect. Inhibition of the COX-1/TXA2 pathway in platelets decreased their aggregation on tumor cells, limited endothelial activation and the adhesion of tumor cells to the endothelium, and impaired the recruitment of metastasis-promoting monocytes/macrophages, thus diminishing the formation of pre-metastatic niche (66).

Previous studies had shown that other platelet activation pathways could contribute to the establishment of the intravascular metastatic niche. In particular, Clopidogrel a P2Y12 receptor antagonist, and eptifibatide an αIIbβ3 integrin inhibitor, two drugs used in the clinical practice to reduce platelet aggregation, were found to be associated with reduction in experimental metastasis (14, 67). This finding was not confirmed in the recent study by Lucotti et al. (66). However, further studies are required to explore the role of all possible platelet activation pathways at different stages of metastatic progression including the stages of epithelial—mesenchymal transition and extravasation (14, 68). This approach will potentially lead to the identification of new therapeutic targets and consequently antiplatelet agents to be used against the micrometastatic niche formation.

Finally, the creation of modified platelets that retained platelet binding functions but were incapable of functional activation and aggregation, termed “platelet decoys,” led to encouraging results in mouse models, where simultaneous injection of the platelet decoys with tumor cells inhibited metastatic tumor growth (69). The production of reversible drug-free antiplatelet agents by modifying human platelets, is of particular clinical importance as it carries the potential of stopping the formation of metastasis and the burden this is associated with in patients with cancer.



CONCLUSION

Although the role of platelets in cancer progression is not limited to the preparation and maintenance of the metastatic microenvironment, this specific function is of utmost importance since the few early clusters of metastasizing tumor cells are extremely vulnerable and subject to many dangers in their surrounding environment. Accumulated data from preclinical studies and experimental models support the hypothesis that platelets contribute in every stage of the formation of the pre-metastatic niche. It is also possible that antiplatelet drugs, especially aspirin, exhibit at least part of their anticancer properties by impairing the formation of a suitable microenvironment for the development of metastases.

Whilst ongoing preclinical work is expected to shed light on additional platelet activation pathways at different stages of metastatic progression, several clinical trials aiming to evaluate antiplatelet agents in the treatment and prevention of cancer progression are currently ongoing.
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The Bone Morphogenetic Protein (BMP) pathway is a member of the TGFβ signaling family and has complex roles in cancer. BMP signaling is rarely mutated and can be frequently overexpressed in many human cancers. The dichotomous role of BMPs as both tumor promoters and suppressors appears to be largely context based in both the cancer cell and the surrounding microenvironment. Myeloid cells including macrophages and neutrophils have been shown to be tumor promoting when stimulated from BMPs. We found that conditional deletion of BMPR1a in myeloid cells (LysMCre) restricts tumor progression in a syngeneic mouse prostate cancer model. Specific changes occurred in myeloid cells both in tumor bearing mice and tumor naïve mice throughout multiple tissues. We profiled myeloid subsets in the bone marrow, spleen and primary tumor and found myeloid BMPR1a loss altered the differentiation and lineage capability of distinct populations by histologic, flow cytometry and high dimensional mass cytometry analysis. We further confirmed the requirement for BMP signaling with pharmacologic inhibition of THP-1 and Raw264.7 activated into M2 macrophages with the BMP inhibitor DMH1. M2 polarized primary bone marrow derived cells from LysMCre BMPR1a knockout mice indicated a distinct requirement for BMP signaling in myeloid cells during M2 activation. These results indicate a unique necessity for BMP signaling in myeloid cells during tumor progression.

Keywords: BMP, tumor microenvironment, myeloid cells, prostate cancer, macrophage polarization


INTRODUCTION

The bone morphogenetic proteins (BMPs) are members of the transforming growth factor-β (TGF-β) super-family and exhibit diverse roles during development and tissue homeostasis. BMPs bind to two types of serine/threonine kinase transmembrane receptors, type I and type II. Type I receptors consist of seven different activin receptor-like kinases (ALK) numbered 1 through 7. ALK-3, also known as BMPR1a, acts as a type I receptor to activate downstream canonical Smad signaling in cells after BMP ligand binding. Smad dependent BMP signaling in multiple cell lineages drives inhibitor of differentiation-1 (ID1) gene expression. Induction of ID1 suggests BMPs are regulators of differentiation in a variety of cell types (1).

BMPs were first discovered for their role in the formation of bone (2). BMPs are involved in differentiation of mesenchymal stem cells into bone forming osteoblasts and cartilage forming chondroblasts to participate in skeletogenesis (1, 3). In BMPR-I and BMPR-II mutant mice, embryos are unable to develop and lack a mesoderm, indicating BMP signaling is necessary for development of the mesoderm layer (4, 5). BMPs have been shown to also regulate hematopoietic stem cells (HSCs) in the bone marrow and control the size of the HSC compartment (6, 7). BMPs regulate myeloid potential indirectly through stromal osteoblast lineages for increased homing of HSCs in bone marrow (8, 9). Acute lymphoblastic leukemia cells produce BMP-4 to impair differentiation of macrophages and dendritic cells, and maintain a unique pro-tumorigenic microenvironment (10). BMP-2 ligand promotes immunomodulation of macrophages and their induction of bone marrow stroma ontogenesis (11). The role of BMPs in bone formation and hematopoiesis has been well-studied, yet during cancer progression the function of BMPs is an emerging field.

BMPs have divergent roles in cancer, acting as both suppressors and promoters of tumor progression under different circumstances. Based on the cell type and surrounding tumor microenvironment, BMPs take on differing actions in tumor biology (12). A positive correlation exists between BMP expression and clinical stages of cancer in human patients (13). BMPs promote tumorigenesis and progression by driving tumor invasion and angiogenesis, as well as supporting a pro-tumorigenic microenvironment and metastasis (14). Our previous work identified BMPs as a viable target in the tumor and microenvironment, with the BMP inhibitor dorsomorphin homolog 1 (DMH1) reducing tumor progression and metastasis in a breast cancer mouse model (15). Conditional knockout of BMPR1a in a mammary tumor mouse model delayed tumor initiation and prolonged survival (16). Inhibition of BMP signaling impedes M2 polarization of macrophages, supporting an anti-tumorigenic breast cancer microenvironment (15). Our goal was to investigate the impact of BMP signaling inhibition in myeloid cells in a prostate cancer mouse model. Under precise conditions, BMPs exhibit a tumor promoting role in prostate cancer, driving proliferation and invasion (17). BMP signaling in prostate cancer drives bone metastasis, which is the most common site of metastases for prostate cancer patients (18). The LNCaP human prostate cancer cell line exhibits increased proliferation upon BMP-2 treatment in the absence of androgen, however when treated with androgen, BMP-2 inhibited cell growth (19). Apoptosis is induced by BMP signaling in several cancer cell types, but can also be dependent on the surrounding microenvironment to inhibit tumor growth (20). In the PC-3 and DU-145 human prostate cancer cell lines, BMP-7 induces p21CIP1/WAF1 to inhibit proliferation and tumor growth (21). BMP-6 has also been found to inhibit growth in DU-145 cells by inducing upregulation of p21CIP1/WAF1, p18, and p19 (22). In breast cancer, BMPs elicit dual roles, which depend on specific cell types and conditions that require further investigation (18).

In our study, we utilized a LysMCre mediated myeloid specific BMPR1a conditional knockout mouse model along with a syngeneic prostate tumor model. We show that BMPR1a in myeloid cells plays a pro-tumorigenic role in prostate tumor growth, and that loss of BMPR1a impairs tumor progression. Myeloid differentiation in the bone marrow and spleen also exhibit alterations to the immune compartments upon loss of myeloid BMPR1a signaling. Utilizing the pharmacologic BMP inhibitor DMH1, we found a requirement for polarization of M2 macrophages. Our findings suggest that inhibiting BMPR1a signaling may be a viable therapeutic approach for prostate cancer patients.



MATERIALS AND METHODS


Cell Culture

The THP-1 cell line was obtained from the American Type Culture Collection (ATCC) and cultured in RPMI-1640 Medium (Corning) and 10% Fetal Bovine Serum (FBS) (Seradigm). The Raw264.7 cell line was obtained from ATCC and cultured in Dulbecco's Modified Eagle Medium (DMEM) high glucose with sodium pyruvate (Corning) and 10% FBS (Seradigm). The MyC-CaP cell line was obtained from Dr. Austin Kirschner at Vanderbilt University with permission of ATCC and cultured in DMEM (Corning) and 10% FBS (Seradigm). All cell lines were routinely tested for mycoplasma infection by PCR and authenticated by morphology and published growth rates available from ATCC.



Mouse Models

LysMCre (Jax Stock #004781), BMPR1a floxed (MMRRC UNC STOCK #030469), tdTomato, -EGFP (mTmG) Cre reporter (Jax Stock # 007676) mice were bred onto an FVBn (Jax Stock # 001800) background. Six week old male FVBn mice expressing LysMCre+.BMPR1awt.mTmG+ (Control) or LysMCre+.BMPR1afl/fl.mTmG+ (cKO) were used in tumor naïve and tumor bearing experiments (23, 24). All mice contained at least one allele of the tdTomato/EGFP Cre reporter of recombination (25). For tumor naïve studies, the spleen and bone marrow were harvested for experimental analysis. For the tumor studies, 1 × 105 MyC-CaP cells in 100 μL PBS were injected subcutaneously into both flanks for each mouse. Tumors were palpable at 15 days post injection and tumor volume (length × width) was measured with calipers every 2–3 days for 29 days. Once tumors reached the maximum acceptable size at day 29, mice were sacrificed and the spleen, bone marrow, and tumors were harvested for experimental analysis. LysMCre+.BMPR1afl/wt.mTmG+ mice were also maintained on a C57Bl6 background for primary cell line development. Mice were bred and maintained at Vanderbilt University and the Nashville Veterans Affairs Medical Center (protocol number V/16/012) as well as at the University of Colorado Anschutz Medical Campus (protocol number 00553). All animal procedures were performed in accordance with the National Institutes of Health's Guide for the Care and Use of Laboratory Animals and were approved by the Institutional Animal Care and Use Committees.



Primary Bone Marrow Derived BMPR1a Control and cKO Cell Lines

The BMPR1a cell lines were derived from 5 month old male C57Bl6 mice with the following genotypes:

LysMCre+.BMPR1awt/wt.mTmG+/− (Control) will be referred to as PODS4 and LysMCre+.BMPR1aflox/flox .mTmG+/− (cKO) will be referred to as PODS5. Femur and tibia bones were harvested from mice, sliced lengthwise and placed in a T-75 vented tissue culture treated flask (Greiner) with 20 mL of DMEM (Corning) supplemented with 10% FBS (Seradigm) and 3X antibiotic (Gibco). Cells were cultured in a humidified incubator at 37°C and 5% CO2. Media was changed at 48 h, then the bone fragments were removed between day 7 and 10 of culture. Cells were expanded into two flasks prior to flow cytometry sorting. Sorting was performed by the CU Cancer Center Flow Cytometry Shared Resource using a MoFlo XDP Cell Sorter (Beckman Coulter) with a 100 μm nozzle tip. After multiple flow cytometry sorts, PODS4 double positive cells expressing tdTomato and EGFP were collected, and PODS5 single positive cells expressing EGFP were collected. Both cell lines were expanded for macrophage polarization experiments. Cell morphology and EGFP expression was assessed at 20X on an Eclipse Ni inverted microscope (Nikon) (Supplemental Figure 3B).



Histology and Immunohistochemistry (IHC)

Ex vivo tissues were harvested and immediately placed in 10% formalin and fixed for 24 h. Tumors were butterflied and then laid flat in a cassette to ensure the center of the tumors were reached when sectioning. Then formalin was replaced with 70% ethanol for 24 h prior to embedding in paraffin wax. Formalin-fixed and paraffin-embedded (FFPE) tissue blocks were sectioned at 5 μm thickness with one section per stain, and mounted on plus coated microscope slides. Unstained slides were baked for 1 h at 60° Celsius prior to paraffin removal with xylenes and rehydration of tissue in graduated ethanol rinses (100-95-70-50-PBS). Antigen retrieval was performed in Citrate pH 6.0 for heat-induced epitope retrieval. Routine H&E staining was performed in Harris hematoxylin (Vector Labs). Primary antibodies for F4/80 (Bio-Rad 1:200), Ki-67 (Sigma 1:500), Cleaved Caspase-3 (Cell Signaling 1:100), BMPR1a (Millipore 1:100) and pSMAD1/5/8 (Millipore 1:100) were used for immunohistochemistry (IHC) staining. Signal was detected by ImmPRESS polymer secondaries to appropriate host and DAB chromogen substrate (Vector Labs) and counterstained with Hematoxylin QS (Vector Labs). All bright field IHC and H&E were scanned at 40X (0.22 um/pixel) magnification using a ScanScope XT System (Aperio Technologies). To quantitate IHC staining, a grid of up to 5 20X images per tumor were captured, avoiding excessive stroma or necrotic tissues, on an Eclipse Ni microscope (Nikon) and imported into ImageJ (U.S. National Institutes of Health) to change contrast to blue and auto-adjust threshold then measure the mean staining. The mean measurement was then averaged across all images for each tumor.



Flow Cytometry

Single cell suspension of spleens were prepared by crushing the spleen between two microscope slides and filtered in a 70 μm cell strainer. Single suspension of bone marrow was prepared by removing femurs from mice and flushing PBS from a 25 gauge tuberculin syringe through the marrow cavity and filtered by a 70 μm cell strainer. Single cell suspension of tumor were digested in neutral protease (Worthington Bio), collagenase 3 (Worthington Bio), DNase (Worthington Bio) and 3X antibiotic (ThermoFisher Scientific). Prior to staining, all cells were frozen in 90% FBS (Seradigm) and 10% dimethyl sulfoxide (DMSO) (MP Biomedicals) and stored at −80°C to allow for more uniform staining of samples and immediate analysis without time limitations. Frozen single cells were thawed in a 37°C water bath for 3 min then washed in FACS buffer before staining. The single cells were blocked in 5% FBS (Seradigm), then stained for surface markers and filtered prior to acquisition on the Fortessa cytometer (BD Biosciences). The antibodies used are listed in Supplemental Table 2 (Biolegend). Flow cytometry data analysis was performed on FlowJo (version 10 for Windows, BD Biosciences). The gating strategy is shown in Supplemental Figure 1A.



CyTOF

Single cell suspension of spleens were prepared by crushing the spleen between two microscope slides then washing with PBS and filtering in a 70 μm cell strainer. Single suspension of bone marrow was prepared by removing femurs from mice and flushing PBS from a 25 gauge tuberculin syringe through the marrow cavity and filtered by a 70 μm cell strainer. Single cell suspension of tumor were digested in neutral protease (Worthington Bio), collagenase 3 (Worthington Bio), DNase (Worthington Bio), and 3X antibiotic (ThermoFisher Scientific). Prior to staining, all cells were frozen in 90% FBS (Seradigm) and 10% DMSO (MP Biomedicals) and stored at −80°C to allow for more uniform staining of samples and immediate analysis without time limitations. Frozen single cells were thawed in a 37°C water bath for 3 min then washed in PBS before staining. Single cells were stained for surface markers then intracellular markers and filtered prior to acquisition on the Mass Cytometer (Fluidigm). Staining and acquisition was performed by the Vanderbilt University Cancer and Immunology Core. The antibodies used are listed in Supplemental Table 3 (Fluidigm). High dimensional CyTOF analysis was performed on Cytobank (premium.cytobank.org) and viSNE analysis was performed with implementation of 1000 iterations, a perplexity of 30, and a theta of 0.5. For viSNE clustering individual sample FCS files were concatenated based on tissue, BMPR1a genotype, and tumor or naïve, then analysis was run for all stained channels. The gating strategy is shown in Supplemental Figure 1B. Cells were gated off of a DNA+ gate, followed by a Live Cell gate then a CD45+ gate to isolate immune cells. viSNE clustering was implemented on all CD45+ cells and included all staining markers, with gates manually drawn around immune cell populations based on positive staining for each immune marker from the viSNE clusters.



Macrophage Polarization With BMP Inhibition

THP-1 cells were plated at 2 × 105 cells in triplicate 6-well cell culture plates (Greiner Bio-One) in 2 mL of culture media and incubated for 48 h with 1 ug/mL phorbol 12-myristate 13-acetate (PMA) (Millipore) to activate suspension monocytes into differentiated adherent macrophages, along with 100 ng/mL human IL-4 (RnD), and 100 ng/mL human IL-13 (RnD) to polarize cells into M2 macrophages. Adherent Raw264.7 cells were plated in triplicate at 1 × 105 cells in 6-well cell culture plates (Greiner Bio-One) in 2 mL culture media and incubated for 48 h with 100 ng/mL mouse IL-4 (Biolegend), and 100 ng/mL mouse IL-13 (Biolegend) to polarize the macrophages into M2 macrophages. Both THP-1 and Raw264.7 cells were simultaneously treated with 10 uM DMH1 (Selleckchem) (26) or DMSO (MP Biomedicals) control. PODS4 and PODS5 cells were plated in triplicate at 2.5 × 105 cells in 2 mL culture media per well of 6-well cell culture plates (Greiner Bio-One) and incubated for 48 h with 100 ng/mL mouse IL-4 (Biolegend), and 100 ng/mL mouse IL-13 (Biolegend) to polarize the macrophages into M2 macrophages. No PMA was used to activate adherent Raw264.7, PODS4, and PODS5 cell lines into M2 macrophages. After 48 h of incubation, cells were lysed and RNA was purified using the RNeasy Plus Mini Kit (Qiagen). RNA quality was assessed using Nanodrop 2000 Spectrometer (ThermoFisher Scientific) and samples with a 260/280 ratio above 1.6 were used.



Gene Expression

The iScript cDNA Synthesis Kit (Bio-Rad) was used to generate cDNA from 1 μg of total RNA. Real-time PCR reactions were performed using the SsoAdvanced Universal SYBR Green Supermix (Bio-Rad) on a CFX QPCR instrument (Bio-Rad). The targets and primers used are listed in Supplemental Table 1. All genes were run in technical and biological triplicate, with glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as the housekeeping gene to normalize gene expression.



Statistics

Statistical analyses were performed using GraphPad Prism (version 7.04 for Windows; GraphPad Software Inc.) and Excel (version 2016 for Windows; Microsoft Corp.). All statistical tests used a cutoff p-value of 0.05 for significance and were two-sample one-tailed student t-tests with assumed heteroscedasticity. One-tailed tests were used to compare values that are all > 0 and to enhance the power to reject the null hypothesis if the null hypothesis is false (27).




RESULTS


Loss of Myeloid Cell BMPR1a Alters the Myeloid Compartment

To investigate the role of myeloid BMPR1a in mouse models, control (CTL) and conditional BMPR1a knockout (cKO) mice were generated in the FVBn background. Under the myeloid specific LysMCre promoter, BMPR1a was deleted in cKO mice, or a control lacking floxed alleles was used for CTL mice. To observe differences in the myeloid compartment dependent on BMPR1a loss, bone marrow and spleens were harvested from 6 week old male mice. Histological analysis of bone marrow from CTL and BMPR1a cKO mice displayed similar morphologies (Figure 1A). Flow cytometry analysis of tissues highlighted changes in the myeloid populations in the bone marrow (Figure 1B). In the bone marrow of BMPR1a cKO mice, CD11b+/Ly6C+ monocytes were reduced (Figure 1B). Histological analysis of spleen from CTL and BMPR1a cKO mice displayed similar morphologies (Figure 1C). Flow cytometry analysis of spleens highlighted changes in the myeloid populations (Figure 1D). In the spleen, clear changes where observed upon BMPR1a knockout in myeloid cells, with significant reduction for CD11b+ myeloid cells, CD11b+/Ly6C+ monocytes, and CD11b+/Ly6G neutrophils (Figure 1D).
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FIGURE 1. Loss of myeloid cell BMPR1a alters the bone marrow and spleen compartment. Bone marrow and spleens from tumor naïve control (CTL) and LysMCre BMPR1a knockout (cKO) male mice were harvested. (A) H&E staining of bone marrow from naïve CTL and cKO mice. Scale bars indicate 100 μm. (B) Flow cytometry analysis of bone marrow from naïve CTL and cKO mice. Viability for naïve bone marrow ranged from 7.33 to 14.8%. Mean graphed with SD, *indicates statistical significance p ≤ 0.05 and **indicates p ≤ 0.01 by Student t-test. (C) H&E staining of spleen from naïve CTL and cKO mice. Scale bars indicate 200 μm. (D) Flow cytometry analysis of spleen from naïve CTL and cKO mice. Viability for naïve spleen ranged from 6.93 to 37.7%. Mean graphed with SD, *indicates statistical significance p ≤ 0.05 and **indicates p ≤ 0.01 by Student t-test.




Loss of Myeloid Cell BMPR1a Produces Unique Innate Immune Clusters

To further explore the alternations in myeloid populations after conditional BMPR1a knockout, we used mass cytometry (CyTOF) to identify discrete changes in myeloid populations upon loss of BMPR1a. CyTOF analysis of samples allowed expanded assessment of phenotypic and functional changes of single immune cells compared to flow cytometry, with enhanced clustering of high-dimensional analysis (28). CyTOF analysis with viSNE clustering rather than biaxial gating in flow cytometry allows for smaller cellular associations to be identified and reduces the risk of gating out rare cell populations (29). Bone marrow and spleen were collected from 6 week old male CTL and BMPR1a cKO mice. CyTOF staining with a panel of 26 immune markers (Supplemental Table 3) produced mixed staining for intracellular cytokines, with more robust staining for surface immune phenotyping markers. To generate viSNE clusters, analysis was performed on Cytobank where cells were gated off of a DNA+ gate, followed by a live cell gate then a CD45+ gate to isolate immune cells (Supplemental Figure 1B). viSNE clustering was implemented on all CD45+ cells and included all staining markers, with gates for CD19+/CD20+ B cells, CD4+ T cells, CD8+ T cells, CD69+ T cells, Gr1+ (Ly6GC+) cells, CD11b+ cells, and CD11c+ dendritic cells. Despite an increase in parameters from flow cytometry to CyTOF analysis, commercial antibodies are still limited for CyTOF staining, resulting in the Ly6C and Ly6G expression analyzed by flow cytometry being replaced with Gr1 for CyTOF. The resulting viSNE depicts overlaying clusters based on co-expression of immune markers.

In the naïve bone marrow of CTL mice, B cells, CD4+ and CD8+ T cells, Gr1+ cells, and CD11b+ cell clusters were identified (Figure 2A). Based on biaxial gating from naïve CTL bone marrow on Gr1 and CD11b, two populations emerged—a Gr1–/CD11b+ gate of 41.51% of cells, and a Gr1+/CD11b+ gate containing 28.50% of cells. We observed alterations to the differentiation and lineage capability of immune cells in the bone marrow upon myeloid BMR1a loss (Figure 2B). The CD11b+ cell cluster decreased while the Gr1+ cluster increased in cKO mouse bone marrow. Biaxial gating on Gr1 and CD11b staining inversed, with lower Gr1–/CD11b+ cells at 14.79% and increased in Gr1+/CD11b+ cells to 53.52% in the cKO bone marrow. In the naïve spleen of CTL mice, B cells, CD4+, CD8+, and CD69+ T cells, along with Gr1+ cells and CD11c+ cell clusters were characterized (Figure 2C). A double positive Gr1+/CD11b+ cell population was identified in the spleen, with 3.17% of cells from naïve CTL spleens. Knocked out BMPR1a in myeloid cells altered clustering of immune cells in cKO spleens (Figure 2D). The Gr1+ cell cluster was decreased, along with the biaxial gating on Gr1+/CD11b+ cells, reducing the population to 1.17% of total cells.
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FIGURE 2. Loss of myeloid cell BMPR1a produces unique innate immune clusters. Bone marrow and spleens from three control (CTL) and three LysMCre BMPR1a knockout (cKO) male mice were harvested. Cells were stained with a 26 antibody panel for mouse immune cell identification and cytokine signaling and run on the Helios CyTOF. viSNE analysis was preformed to identify unique immune cell clusters. (A) viSNE of naïve bone marrow from CTL mice (left), and biaxial gate (right) from viSNE of Gr1 and CD11b staining. Viability for CTL naïve bone marrow was 99.11%. (B) viSNE of naïve bone marrow from cKO mice (left), and biaxial gate (right) from viSNE of Gr1 and CD11b staining. Viability for cKO naïve bone marrow was 98.75%. (C) viSNE of naïve spleen from CTL mice (left), and biaxial gate (right) from viSNE of Gr1 and CD11b staining. Viability for CTL naïve spleen was 95.6%. (D) viSNE of naïve spleen from cKO mice (left), and biaxial gate (right) from viSNE of Gr1 and CD11b staining. Viability for cKO naïve spleen was 95.69%.




Prostate Tumor Growth Is Restricted in Myeloid BMPR1a Knockout Mice

We next wanted to examine if BMPR1a loss in myeloid cells influences prostate cancer progression. The mouse FVBn syngeneic prostate cancer cell line MyC-CaP was subcutaneously injected into the flank of CTL and BMPR1a cKO male mice. The MyC-CaP cell line is unique because it is an androgen dependent model of mouse prostate adenocarcinoma, while the majority of available prostate cancer lines are from human patients and androgen independent due to hormone treatment (30). Orthotopic and subcutaneous prostate cancer mouse models using MyC-CaP cells have been extremely informative in expanding syngeneic tumor studies (31, 32). After 15 days, the tumors were palpable and growth was monitored by calipers. Tumor volume progressed until tumors reached the maximum acceptable size (2 cm in any direction) at 29 days (Figure 3A). The growth of these MyC-CaP tumors correlates with previous tumor studies, with an increase in tumor volume without significant alterations to tumor proliferation until day 29 (32). At day 29, the BMPR1a cKO tumor volume reduction was statistically significant (p = 0.05) (Figure 3A). At the endpoint of study, the tumors were resected and analyzed by histology for H&E (Figure 3B). Analysis of tumor pathology revealed subtle changes in morphology of the tumors from the CTL mice compared to the BMPR1A cKO (Figure 3B). Staining for macrophages expressing F4/80 by IHC showed BMPR1a cKO tumors exhibited strong macrophage infiltration (Figure 3C). Flow cytometry analysis of the tumors confirmed significant increase (p = 0.05) in macrophage F4/80+ staining in the BMPR1a cKO tumor mice compared to control (Figure 3D). To assess if BMPR1a myeloid loss altered proliferation and cell death in the tumor, tumor sections were stained for Ki-67 and cleaved caspase-3 by IHC. No change in proliferation was observed in CTL and BMPR1a cKO by Ki-67 staining (p = 0.94) (Supplemental Figures 2A,B). Staining for apoptosis with cleaved caspase 3 did not change between CTL and BMPR1a cKO tumors (p = 0.17) (Supplemental Figures 2C,D). Tumors were also stained for BMPR1a and pSMAD1/5/8 by IHC to determine if myeloid BMPR1a deletion impacts BMPR1a expression and signaling in the tumor microenvironment. Staining for BMPR1a and pSMAD1/5/8 was heterogeneous within the tumor and surrounding stroma, with no difference in staining density between CTL and cKO tumors (Supplemental Figures 2E,D).


[image: Figure 3]
FIGURE 3. Prostate tumor growth is restricted in myeloid BMPR1a knockout mice. 1 × 105 MyC-CaP cells were injected into both flanks of six control (CTL) syngeneic mice and six LysMCre BMPR1a knockout (cKO) syngeneic mice (n = 12). Tumors were palpable at 15 days post injection then were allowed to grow for two additional weeks before tumors reached maximum acceptable size. (A) Flank tumor volume decreases in cKO mice. Tumor volume determined by caliper measurements for height, width and length. Mean graphed with SEM, *indicates statistical significance p ≤ 0.05 by Student t-test. (B) H&E staining of tumors. Scale bars indicate 200 μm. (C) IHC staining of tumors for F4/80 at day 29. Scale bars indicate 200 μm. (D) Flow cytometry analysis of tumor from CTL and cKO mice. Viability for tumor ranged from 34.4 to 67.8%. Mean graphed with SD, *indicates statistical significance p ≤ 0.05 and **indicates p ≤ 0.01 by Student t-test.




Loss of Myeloid Cell BMPR1a Alters the Myeloid Compartment in Tumor Bearing Mice

We evaluated structure and composition changes in bone marrow and spleen to determine if BMPR1a loss alters the myeloid compartments of tumor bearing mice. Histology of the bone marrow from the tumor mice appeared to have the same structure and pathology in both control and knockout (Figure 4A). Using flow analysis for immune cell markers from the bone marrow, the populations of CD11b+ myeloid, CD11b+/Ly6C+ monocyte, CD11b+/Ly6G+ neutrophil, and F4/80+ macrophages were unchanged between CTL and cKO tumor mouse groups (Figure 4B). In the spleen, histological analysis showed no change in structure and pathology between control and knockout tumor mice (Figure 4C). Flow analysis for immune cells in the spleen of tumor bearing mice exhibited no change in CD11b+ myeloid, CD11b+/Ly6C+ monocyte and CD11b+/Ly6G+ neutrophil populations, but showed a significant increase in F4/80+ macrophages in the BMPR1a cKO tumor mice (Figure 4D).
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FIGURE 4. Loss of myeloid cell BMPR1a Alters the bone marrow and spleen compartment in tumor bearing mice. Bone marrow and spleens from MyC-CaP flank tumor bearing control (CTL) and LysMCre BMPR1a knockout (cKO) male mice were harvested. (A) H&E staining of bone marrow from tumor bearing CTL and cKO mice. Scale bars indicate 100 μm. (B) Flow cytometry analysis of bone marrow from tumor bearing CTL and cKO mice. Viability for tumor bearing bone marrow ranged from 21.5 to 30.6%. Mean graphed with SD, *indicates statistical significance p ≤ 0.05 and **indicates p ≤ 0.01 by Student t-test. (C) H&E staining of spleen from tumor bearing CTL and cKO mice. Scale bars indicate 200 μm. (D) Flow cytometry analysis of spleen from tumor bearing CTL and cKO mice. Viability for tumor bearing spleen ranged from 6.93 to 29%. Mean graphed with SD, *indicates statistical significance p ≤ 0.05 by student t-test.




Loss of Myeloid Cell BMPR1a Produces Unique Innate and Adaptive Immune Clusters in Tumor Bearing Mice

CyTOF analysis of the tumor, bone marrow, and spleen of control and BMPR1a knockout mice was performed to identify changes in immune cell population clusters. The same 26 immune marker panel and gating strategy was performed again to generate viSNE clusters (Supplemental Table 3 and Supplemental Figure 1B). viSNE clustering was implemented on all CD45+ cells, with gates for CD19+/CD20+ B cells, CD4+ T cells, CD8+ T cells, CD69+ T cells, CD3+ T cells, Gr1+ cells, CD11b+ cells, CD11c+ dendritic cells, and F4/80+ macrophages. The bone marrow of tumor bearing mice exhibited B cell, CD4+ T cell, Cd8+ T cell, Gr1+ cell, and CD11b+ cell clusters (Figures 5A,B). Biaxial gating on Gr1 and CD11b expression for bone marrow from CTL tumor mice exhibited two distinct populations, 18.56% Gr1-/CD11b+ and 55.29% Gr1+/CD11b+ (Figure 5A). In cKO tumor bearing bone marrow, no distinct changes in viSNE clusters were observed (Figure 5B). However, the Gr1-/CD11b+ biaxial gated cell proportion was decreased to 14.87% in the bone marrow from cKO tumor bearing mice. In the spleen, the same immune cell lineages were present as in the bone marrow but clustering alterations were more pronounced (Figures 5C,D). One immune cell population was identified that was 14.26% Gr1+/CD11b+ in the CTL spleen (Figure 5C). In BMPR1a cKO tumor bearing spleens, Gr1+ cell, CD4+ T cell, and CD8+ T cell clustering was decreased while the B cell cluster increased (Figure 5D). The cKO spleen Gr1+/CD11b+ population decreased to 11.46% of cells. The MyC-CaP tumors displayed unique clusters for CD11b+ cells, Gr1+ cells, CD11c+ cells, CD3+ T cells, and F4/80+ cells (Figures 5E,F). A unique population of 40.25% F4/80+/TNFα+ M1-like macrophages was found in CTL mouse tumors (Figure 5E). In the tumors of BMPR1a cKO mice, no significant alterations to clustering was observed, but an increase to 53.18% F4/80+/TNFα+ M1-like macrophages indicated a shift of macrophages toward M1 polarization (Figure 5F).
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FIGURE 5. Loss of myeloid cell BMPR1a produces unique innate and adaptive immune clusters in tumor bearing mice. Bone marrow, spleens, and tumors from control (CTL) and LysMCre BMPR1a knockout (cKO) male mice with flank MyC-CaP tumors were harvested. Cells were stained with a 26 antibody panel for mouse immune cell identification and cytokine signaling and run on the Helios CyTOF. viSNE analysis was preformed to identify unique immune cell clusters. (A) viSNE of bone marrow from tumor bearing CTL mice (left), and biaxial gate (right) from viSNE of Gr1 and CD11b. Viability for CTL tumor bearing bone marrow was 83.97%. (B) viSNE of bone marrow from tumor bearing cKO mice (left), and biaxial gate (right) from viSNE of Gr1 and CD11b staining. Viability for cKO tumor bearing bone marrow was 82.7%. (C) viSNE of spleen from tumor bearing CTL mice (left), and biaxial gate (right) from viSNE of Gr1 and CD11b staining. Viability for CTL tumor bearing spleen was 53.15%. (D) viSNE of spleen from tumor bearing cKO mice (left), and biaxial gate (right) from viSNE of Gr1 and CD11b staining. Viability for cKO tumor bearing spleen was 64.59%. (E) viSNE of tumor from tumor bearing CTL mice (left), and biaxial gate (right) from viSNE of F4/80 and TNFα staining. Viability for CTL tumor was 41.21%. (F) viSNE of tumor from tumor bearing cKO mice (left), and biaxial gate (right) from viSNE of F4/80 and TNFα staining. Viability for cKO tumor was 40.09%.




Macrophage Polarization Is Altered by BMPR1a Inhibition

To further investigate BMP dependent macrophage polarization, macrophage cell lines were polarized into a M2 phenotype and treated with BMP inhibitor DMH1. DMH1 was selected due to its higher specificity for BMP type I receptors compared to other BMP inhibitors including Dorsomorphin and its analog LDN-193189 (33). In mouse Raw264.7 M2 macrophages, DMH1 treatment resulted in distinct changes in polarization markers by RT-PCR. A panel of both M1 (Il-1β, Tnfα, Cxcl10, Nos2) and M2 (Il-10, Tgfβ1, IL-1rα, Vegf164a, Il-6, Mmp2, and Mmp12) canonical and emerging polarization markers were used to highlight the distinct molecular phenotypes of BMP signaling inhibition in mouse cells (34). With the inhibition of BMP, we were able to see a reduction in Id1, a downstream effector of BMP signaling in Raw264.7 cells (Figure 6A). DMH1 treatment resulted in a variety of changes in mouse Raw264.7 M2 macrophages, increasing expression of some M2 markers (Vegf164a, Il-1rα, Il-6), while decreasing in others (Il-10, MMP-12) (Figure 6A). Mouse Raw264.7 M2 macrophages also showed a decrease in Cxcl10 and Il-1β, both M1 macrophage markers, after inhibition of BMP signaling.
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FIGURE 6. Macrophage polarization is altered by BMPR1a inhibition. Myeloid cell lines were polarized into M2 macrophages and treated with the BMPR1a inhibitor DMH1 for 48 h. RNA was isolated and RT-PCR was run to assess gene expression of BMPR1a target genes and macrophage polarization markers. (A) Gene expression of BMP signaling and M1/M2 polarization for Raw264.7 cell line polarized into M2 macrophages with DMH1 or DMSO treatment in triplicate. Mean graphed with SD, *indicates statistical significance p ≤ 0.05 and **indicates p ≤ 0.01 by student t-test. (B) Gene expression of BMP signaling and M1/M2 polarization for THP-1 cell line polarized into M2 macrophages with DMH1 or DMSO treatment in triplicate. Mean graphed with SD, *indicates statistical significance p ≤ 0.05 and **indicates p ≤ 0.01 by student t-test. (C) Gene expression of BMP signaling and M1/M2 polarization for PODS4 and PODS5 cell lines polarized into M2 macrophages in triplicate. Mean graphed with SD, ND indicates sample not detected and is below the limits of detection, *indicates statistical significance p ≤ 0.05 and **indicates p ≤ 0.01 by student t-test.


In the human THP-1 monocyte cell line, M2 activation with DMH1 treatment showed distinct results (Figure 6B). Human macrophage polarization markers assessing M1 (CXCL10, IL-15 and NOS2) and M2 (IL-10, CCL13, TGFβ1, MMP2, MMP12, ALOX15, VEGFa, and F13A1) canonical and emerging biomarkers were used to identify alterations upon BMP inhibition (35). BMP inhibition in M2 polarized THP-1 cells resulted in several M2 markers increasing expression (IL-10 and CCL13), while others decreased (TGFβ1, MMP2, MMP12, ALOX15, VEGFa, and F13A1). M1 markers were equally divergent. CXCL10 and IL-15 expression increased while NOS2 expression decreased upon DMH1 treatment.

To reconcile the results of our mouse Raw264.7 and human THP-1 cell line M2 polarization, we turned to our genetic BMPR1a deletion mouse model. We generated primary bone marrow derived cell lines from control and cKO tumor naïve mice from the C57Bl6 background (Supplemental Figure 3A). These cell lines, referred to as PODS4 for the control myeloid cells and PODS5 for the cKO myeloid cells, both exhibited similar morphologies and expressed EGFP indicating recombination of the LysMCre (Supplemental Figure 3B). Both cell lines were sorted by flow cytometry to collect the double positive tdTomato and EGFP population for PODS4 while PODS5 were sorted to collect the single positive EGFP population (Supplemental Figure 3C). PODS4 and PODS5 were then polarized into a M2 phenotype and assessed for BMP signaling and polarization changes. The BMP effector Id1 was significantly decreased in PODS5 M2 activated cells (Figure 6C). Interestingly, the other BMP receptors Acvr1 (Alk-2), Bmpr1b (Alk-6), and Bmpr2 were not universally altered upon BMPR1a deletion. No change in Acvr1 and Bmpr1b expression was observed, although the relative abundance of Bmpr1b was at the lower limits of detection (Supplemental Figure 3D). Bmpr2 was reduced in the PODS5 M2 cells by 2.3 fold (Supplemental Figure 3D). BMPR1a knockout in PODS5 decreased the expression of M1 markers Nos2, Il-1β and Tnfα, while Cxcl10 was highly upregulated (Figure 6C). M2 markers exhibited discordant changes in the PODS5, with Tgfβ1, MMP12, and Il-1rα decreasing expression while Il-6, Mmp2, and Vegf164a increased.

Markers of polarization are used to assess if macrophages possess a tumor promoting or tumor suppressing phenotype. Across Raw264.7, THP-1, and PODS polarization markers, only the M2 marker MMP12 decreased in M2 cells with inhibited BMP signaling in all three cell lines. The remaining polarization genes were not consistent in their expression for the cell lines, with NOS2 (M1) and TGFβ1 (M2) decreasing in THP-1 and PODS cells upon BMPR1a activity inhibition while Vegf164a (M2) and Il-6 (M2) increasing in Raw264.7 and PODS cells. Other markers were unique to each cell line, with MMP2 (M2) and IL-10 (M2) exhibiting increased, decreased or no change in expression with BMP inhibition. These findings highlight the complexity of macrophage polarization and signaling, paralleling the context-dependent role of BMPs. This disparate polarization in vitro will lead to a greater diversity of a macrophage response in vivo given that macrophages in patient tumors are not positionally uniform or solely dependent upon IL-4 and IL-13 stimulation.




DISCUSSION

The dynamic role of BMPs in cancer have been demonstrated by highlighting the importance of cellular and environmental context when studying BMPs. Lineage commitment of cells are driven by BMPs during development and cancer progression (36). We demonstrate that BMPs alter the composition of myeloid cells in lymphatic organs and modify gene expression polarization markers in M2 polarized myeloid cell lines. In the microenvironment of our primary prostate tumors, BMPR1a signaling status also influenced myeloid populations, exhibiting strong M1 macrophage infiltration in the BMPR1a cKO tumors. Furthermore, pharmacologic inhibition of polarized human and mouse macrophages modulates M2-like gene expression phenotypes.

LysMCre is a useful conditional Cre system, with deletion in macrophages, mature macrophages and neutrophils, along with monocytes and specific inflammatory and resident monocytes populations without significantly affecting other myeloid or lymphoid populations (37). A double-fluorescent Cre reporter was used to ensure Cre activity, with mice expressing membrane tdTomato without recombination, but switch to expressing membrane EGFP upon Cre mediated excision (25). Conditional knockout of BMPR1a was first used two decades after showing that global knockout of BMPR1a results in embryonic lethality (24). Unique phenotypes have been reported in conditional BMPR1a deletion models. Our previous work in mammary gland BMPR1a knockout studies resulted in a unique shift to alternate focal morphologies in the knockout tumors, exhibiting more desmoplastic, carcinoma-like or squamous cell carcinoma-like features (16). While in osteoblasts, bone structure and strength is improved upon BMPR1a deletion (38). Combining all three systems for a LysMCre BMPR1a knockout model with a double-fluorescence reporter enabled our study of BMP signaling in myeloid cells. BMPs are required during hematopoietic precursor development and subsequent lineage expansion (39). In this study, mice lacking BMPR1a via LysMCre deletion were healthy and did not display any gross defects. This was somewhat surprising due to the overt developmental requirements for BMPR1a in many tissues, but indicated the LysMCre BMPR1a mouse model suited the objective of this study.

BMPs have also been found to impact myeloid cells when they are transformed into leukemia. In early stages of leukemia, BMPs are secreted by the surrounding microenvironment, but as disease progresses the leukemia stem cell population undertakes heightened BMP signaling (40). In our BMPR1a cKO mouse model, we observed variations in the immune microenvironment of tumor naïve and tumor bearing mice. Research in chronic myelogenous leukemia (CML) has uncovered BMPs as drivers of leukemia stem cell survival and expansion of myeloid progenitors to support disease progression (41). We observed that CD11b+/Ly6C+ cells in tumor naïve bone marrow and spleen tissues decreased upon loss of BMPR1a signaling, confirming the supporting role of BMPs in maintaining myeloid progenitor cell populations. T cell and B cell populations were not changed upon BMPR1a deletion in tumor naïve mice. Tumor bearing mice exhibited no changes in their CD11b+ myeloid, CD11b+/Ly6C+ monocyte and CD11b+/Ly6G+ neutrophil populations in cKO mice, but macrophages were significantly increased in the spleen and tumor. In the spleen of BMPR1a cKO mice, T cells were decreased while B cell increased. Tyrosine kinase inhibitor resistant CML patients exhibit higher BMP4 production and its receptor BMPR1b to form a CML promoting autocrine loop (42). Genetically inhibiting myeloid BMP signaling reduces tumor progression in our mouse model, confirming the requirement of BMPs in certain cancer contexts. Acute myeloid leukemia (AML) patients who express high BMP-4 and BMPR1a have higher relapse risk due to enhanced leukemia stemness (43). Our study supports the concept that BMP signaling in myeloid cells promotes undifferentiated phenotypes.

BMPs play a vital role in skeletal development and homeostasis of bone remodeling mediated by osteoblasts and osteoclasts. Crosstalk of BMPs mediate the balance between osteoblast driven bone mineralization and osteoclast bone resorption. Since osteoclasts originate from a myeloid lineage, LysMCre BMPR1a deletion will also impact osteoclast monocyte progenitors and may be included in the loss of undifferentiated myeloid cells in cKO tissues (44). Osteoclast progenitors have also been found to exhibit a CD11b+/Ly6Chigh phenotype, possibly contributing to the changes observed in myeloid cell populations in this study (45). BMPR1a loss in osteoclasts promotes osteoblast mediated bone mineralization (46). In another BMPR1a mature osteoclast knockout study, osteoblastic bone formation increased, confirming that BMPR1a signaling from osteoclasts affects osteoblast function (47). Interestingly, when BMPR1a is deleted in a osteoblast specific knockout mouse model, bone mass was increased due to reduced osteoclastogenesis, signifying the importance of downstream BMP signaling by RANKL or sclerostin to regulate bone biology (48). The number of osteoclasts and mineralization rate decreased in the osteoblast BMPR1a knockout model, the bone formation rate also decreased despite increased bone mass (49). These studies highlight once again the context dependent and discrete usage of BMPs in bone development and disease.

BMP signaling in cancer associated myeloid cells is similarly complex, influencing macrophage polarization and subsequent cancer progression. BMP-2 expression has been described in a plethora of macrophage subtypes, with M1 macrophages secreting particularly high levels of BMP-2 (50, 51). BMP-2 is also involved in monocyte chemotaxis and cell adhesion, and prevents their differentiation into M2 macrophages, demonstrating its role in pro-inflammatory signaling (52). M2 macrophages stimulate mesenchymal stem cell proliferation and osteogenic differentiation through BMP-2 signaling (53). Conversely, in acute lymphoblastic leukemia BMP-4 is secreted to drive anti-inflammatory myeloid phenotypes, with dendritic cell immunosuppressive polarization, reduced M1 pro-inflammatory signature, and increased M2 macrophage generation (10). BMP-4 secreted from bladder cancer cell lines favored the polarization of monocytes and macrophages into the M2 macrophage phenotype (54). Similarly, in renal cell carcinoma BMP-6 production supports M2 macrophages and subsequent cancer progression (55). BMP-7 has also been shown to promote M2 polarization to promote anti-inflammatory activity (56, 57). Wound healing is enhanced by BMP-12 driving M2 polarization and effector function (58). Taken together these studies demonstrate a complex BMP ligand capacity to enforce a restricted macrophage inflammatory subset. In our study, the loss of BMP signaling in M2 polarized macrophages reduced the M2 pro-tumorigenic phenotype. This suggests that BMPR1a deletion in prostate tumor macrophages may inhibit the growth of tumors in vivo. Thus, targeting BMP signaling in macrophages may be a viable cancer therapy approach for reducing prostate cancer progression in patients.

In our previous breast cancer mouse model, treating mice with DMH1 reduced tumor progression and metastasis (15). This study also demonstrated that systemic BMP inhibition restricted M2 macrophage development in macrophages isolated from tumors, with reduced Nos2, Il-10, Il-18, and Cox2 gene expression (15). In wild type monocytes from tumor naïve mice, DMH1 treatment resulted in reduced M2 gene expression by Arg1, Il-10, Il-4, Mmp2, Mmp9, and Mmp13 (15). This suggests that BMPs are required for a unique myeloid and macrophage lineage that promotes cancer. Genetic and pharmacologic inhibition of BMP signaling is sufficient to alter the myeloid microenvironment of tumors as well as spleen and bone marrow compartments in this study. Overall, a shift toward a M1 phenotype was observed upon BMPR1a deletion in myeloid cells, yet gene expression of M1 and M2 markers were variable across Raw264.7, THP-1, and PODS cell lines. In cancer and many diseases, macrophages reflect a broader and more complex phenotype than simply M1 or M2 polarization (59). M1 and M2 signatures are no longer thought of as exclusive, rather they often coexist as a spectrum dependent upon cell type transcriptional responses (59, 60). A combination of markers were used in our experiments to better delineate macrophage polarization phenotypes, as individual genes are not sufficient to specify macrophage subsets (61). For example, Il-6 is expressed in M1 and a subset of M2 macrophages, thus only in combination with other markers can Il-6 expression help understand macrophage polarization (62). Aligning the expression of a M1 marker such as TNFα or a M2 marker such as IL-6 with functional activity will help determine the signaling consequences in tumor associated macrophages. Beyond reducing the M2 phenotype of macrophages, the reduction in prostate tumor progression highlights a potential new paradigm to rewire the tumor microenvironment toward anti-tumor M1 macrophages.

Advanced prostate cancer patients face limited treatment options as their disease progresses under androgen-deprivation therapy and chemotherapy resistance. To alleviate tumor therapy resistance, the tumor microenvironment has become the target of basic and translational prostate cancer research (63). Myeloid cells are an important component of the tumor microenvironment and maintain signals in the stroma surrounding the tumor to either promote or inhibit tumor growth. Future studies into the role of BMPs in other pro-tumorigenic and anti-tumorigenic mechanisms such as phagocytosis can advance the field of therapeutic approaches for prostate cancer (64). Prostate cancer metastasizes most commonly to the bone, and induces tumor induced bone disease that results in extended suffering before patients succumb to the disease. Prostate cancer cells as well as the stroma of the bone marrow are supported by BMP signaling to drive bone metastases (65). A recent study showed that inhibition of BMP signaling improved bone health without increasing tumor growth in the bones of a multiple myeloma mouse model (66). Our findings support further investigation into how myeloid BMP drives tumor progression, and how to target BMP signaling in the metastatic tumor microenvironment.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation, to any qualified researcher.



ETHICS STATEMENT

The animal study was reviewed and approved by Vanderbilt IACUC, Vanderbilt University.



AUTHOR CONTRIBUTIONS

PO conceived and designed experiments. CI, MP, DS, SN, and PO performed experiments. CI and PO wrote and edited the manuscript.



FUNDING

This work was supported by VA Grant 1KBX00002929 (PO) and NIH grant P30CA046934 for the Colorado Cancer Center Support grant. NIH RO1CA200681 (SN), the Vanderbilt TPSR supported by NCI/NIH Cancer Center Support Grant 2P30 CA068485-14, and the Vanderbilt Mouse Metabolic Phenotyping Center Grant 5U24DK059637-13 also supported this study.



ACKNOWLEDGMENTS

We thank Hannah Polikowsky and Jonathan Irish from the Vanderbilt University Cancer and Immunology Core for technical assistance with CyTOF. We also thank Dmitry Baturin and Lester Acosta from the CU Cancer Center Flow Cytometry Shared Resource for assistance with flow cytometry sorting.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2020.00357/full#supplementary-material



REFERENCES

 1. Katagiri T, Watabe T. Bone morphogenetic proteins. Cold Spring Harb Perspect Biol. (2016) 8:a021899. doi: 10.1101/cshperspect.a021899

 2. Urist MR. Bone: formation by autoinduction. Science. (1965) 150:893–9. doi: 10.1126/science.150.3698.893

 3. Berendsen AD, Olsen BR. Bone development. Bone. (2015) 80:14–8. doi: 10.1016/j.bone.2015.04.035

 4. Beppu H, Kawabata M, Hamamoto T, Chytil A, Minowa O, Noda T, et al. BMP Type II receptor is required for gastrulation and early development of mouse embryos. (2000) 221:249–58. doi: 10.1006/dbio.2000.9670

 5. Mishina Y, Suzuki A, Ueno N, Behringer RR. Bmpr encodes a type I bone morphogenetic protein receptor that is essential for gastrulation during mouse embryogenesis. Genes Dev. (1995) 9:3027–37. doi: 10.1101/gad.9.24.3027

 6. Crisan M, Kartalaei PS, Vink CS, Yamada-Inagawa T, Bollerot K, van Ijcken W, et al. BMP signalling differentially regulates distinct haematopoietic stem cell types. Nature Commun. (2015) 6:8040. doi: 10.1038/ncomms9040

 7. Zhang J, Niu C, Ye L, Huang H, He X, Tong W-G, et al. Identification of the haematopoietic stem cell niche and control of the niche size. Nature. (2003) 425:836–41. doi: 10.1038/nature02041

 8. Cook BD, Evans T. BMP signaling balances murine myeloid potential through SMAD-independent p38MAPK and NOTCH pathways. Blood. (2014) 124:393–402. doi: 10.1182/blood-2014-02-556993

 9. Khurana S, Melacarne A, Yadak R, Schouteden S, Notelaers T, Pistoni M, et al. SMAD signaling regulates CXCL12 expression in the bone marrow niche, affecting homing and mobilization of hematopoietic progenitors. Stem Cells. (2014) 32:3012–22. doi: 10.1002/stem.1794

 10. Valencia J, Fernández-Sevilla LM, Fraile-Ramos A, Sacedón R, Jiménez E, Vicente A, et al. Acute lymphoblastic leukaemia cells impair dendritic cell and macrophage Differentiation: role of BMP4. Cells. (2019) 8:722. doi: 10.3390/cells8070722

 11. Wei F, Zhou Y, Wang J, Liu C, Xiao Y. The Immunomodulatory Role of BMP-2 on macrophages to accelerate osteogenesis. Tissue Eng Part A. (2018) 24:584–94 doi: 10.1089/ten.tea.2017.0232

 12. Jiramongkolchai P, Owens P, Hong CC. Emerging roles of the bone morphogenetic protein pathway in cancer: potential therapeutic target for kinase inhibition. Biochem Soc Trans. (2016) 44:1117–34. doi: 10.1042/BST20160069

 13. Choi YJ, Kim ST, Park KH, Oh SC, Seo JH, Shin SW, et al. The serum bone morphogenetic protein-2 level in non-small-cell lung cancer patients. Med Oncol. (2012) 29:582–8. doi: 10.1007/s12032-011-9852-9

 14. Davis H, Raja E, Miyazono K, Tsubakihara Y, Moustakas A. Mechanisms of action of bone morphogenetic proteins in cancer. Cytokine Growth Factor Rev. (2016) 27:81–92. doi: 10.1016/j.cytogfr.2015.11.009

 15. Owens P, Pickup MW, Novitskiy SV, Giltnane JM, Gorska AE, Hopkins CR, et al. Inhibition of BMP signaling suppresses metastasis in mammary cancer. Oncogene. (2015) 34:2437–49. doi: 10.1038/onc.2014.189

 16. Pickup MW, Hover LD, Guo Y, Gorska AE, Chytil A, Novitskiy SV, et al. Deletion of the BMP receptor BMPR1a impairs mammary tumor formation and metastasis. Oncotarget. (2015) 6:22890–904. doi: 10.18632/oncotarget.4413

 17. Ehata S, Yokoyama Y, Takahashi K, Miyazono K. Bi-directional roles of bone morphogenetic proteins in cancer: Another molecular Jekyll and Hyde? Pathol Int. (2013) 63:287–96. doi: 10.1111/pin.12067

 18. Alarmo EL, Kallioniemi A. Bone morphogenetic proteins in breast cancer: dual role in tumourigenesis? Endocr Relat Cancer. (2010) 17:R123–39. doi: 10.1677/ERC-09-0273

 19. Ide H, Yoshida T, Matsumoto N, Aoki K, Osada Y, Sugimura T, et al. Growth regulation of human prostate cancer cells by bone morphogenetic protein-2. Cancer Res. (1997) 57:5022–7.

 20. Ye L, Mason MD, Jiang WG. Bone morphogenetic protein and bone metastasis, implication and therapeutic potential. Front Biosci. (2011) 16:865–97. doi: 10.2741/3725

 21. Miyazaki H, Watabe T, Kitamura T, Miyazono K. BMP signals inhibit proliferation and in vivo tumor growth of androgen-insensitive prostate carcinoma cells. Oncogene. (2004) 23:9326–35. doi: 10.1038/sj.onc.1208127

 22. Haudenschild DR, Palmer SM, Moseley TA, You Z, Reddi AH. Bone morphogenetic protein (BMP)-6 signaling and BMP antagonist noggin in prostate cancer. Cancer Res. (2004) 64:8276–84. doi: 10.1158/0008-5472.CAN-04-2251

 23. Clausen BE, Burkhardt C, Reith W, Renkawitz R, Forster I. Conditional gene targeting in macrophages and granulocytes using LysMcre mice. Transgenic Res. (1999) 8:265–77. doi: 10.1023/A:1008942828960

 24. Mishina Y, Hanks MC, Miura S, Tallquist MD, Behringer RR. Generation of Bmpr/Alk3 conditional knockout mice. Genesis. (2002) 32:69–72. doi: 10.1002/gene.10038

 25. Muzumdar MD, Tasic B, Miyamichi K, Li L, Luo L. A global double-fluorescent Cre reporter mouse. Genesis. (2007) 45:593–605. doi: 10.1002/dvg.20335

 26. Hover LD, Young CD, Bhola NE, Wilson AJ, Khabele D, Hong CC, et al. Small molecule inhibitor of the bone morphogenetic protein pathway DMH1 reduces ovarian cancer cell growth. Cancer Lett. (2015) 368:79–87. doi: 10.1016/j.canlet.2015.07.032

 27. Ruxton GD, Neuhäuser M. When should we use one-tailed hypothesis testing? Methods Ecol Evolution. (2010) 1:114–7. doi: 10.1111/j.2041-210X.2010.00014.x

 28. Kimball AK, Oko LM, Bullock BL, Nemenoff RA, van Dyk LF, Clambey ET. A beginner's guide to analyzing and visualizing mass cytometry data. J Immunol. (2018) 200:3–22. doi: 10.4049/jimmunol.1701494

 29. Mair F, Hartmann FJ, Mrdjen D, Tosevski V, Krieg C, Becher B. The end of gating? An introduction to automated analysis of high dimensional cytometry data. Eur. J. Immunol. (2016) 46:34–43. doi: 10.1002/eji.201545774

 30. Watson PA, Ellwood-Yen K, King JC, Wongvipat J, LeBeau MM, Sawyers CL. Context-Dependent Hormone-Refractory progression revealed through characterization of a novel murine prostate cancer cell line. Cancer Res. (2005) 65:11565–71. doi: 10.1158/0008-5472.CAN-05-3441

 31. Hughes RM, Simons BW, Hurley PJ. A murine orthotopic allograft to model prostate cancer growth and metastasis. Bio Protoc. (2017) 7:e2137. doi: 10.21769/BioProtoc.2137

 32. Ellis L, Lehet K, Ramakrishnan S, Adelaiye R, Pili R. Development of a castrate resistant transplant tumor model of prostate cancer. Prostate. (2012) 72:587–91. doi: 10.1002/pros.21465

 33. Hao J, Ho JN, Lewis JA, Karim KA, Daniels RN, Gentry PR, et al. In vivo Structure-Activity relationship study of dorsomorphin analogues identifies selective VEGF and BMP Inhibitors. ACS Chem Biol. (2010) 5:245–53. doi: 10.1021/cb9002865

 34. Jablonski KA, Amici SA, Webb LM, Ruiz-Rosado JDD, Popovich PG, Partida-Sanchez S, et al. Novel markers to delineate murine M1 and M2 macrophages. PLoS ONE. (2015) 10:e0145342. doi: 10.1371/journal.pone.0145342

 35. Becker M, De Bastiani MA, Parisi MM, Guma FTCR, Markoski MM, Castro MAA, et al. Integrated transcriptomics establish macrophage polarization signatures and have potential applications for clinical health and disease. Sci Rep. (2015) 5:13351. doi: 10.1038/srep13351

 36. Bach D-H, Park HJ, Lee SK. The dual role of bone morphogenetic proteins in cancer. Mol Ther Oncolytics. (2017) 8:1–13. doi: 10.1016/j.omto.2017.10.002

 37. Abram CL, Roberge GL, Hu Y, Lowell CA. Comparative analysis of the efficiency and specificity of myeloid-Cre deleting strains using ROSA-EYFP reporter mice. J Immunol Methods. (2014) 408:89–100. doi: 10.1016/j.jim.2014.05.009

 38. Zhang Y, McNerny EG, Terajima M, Raghavan M, Romanowicz G, Zhang Z, et al. Loss of BMP signaling through BMPR1A in osteoblasts leads to greater collagen cross-link maturation and material-level mechanical properties in mouse femoral trabecular compartments. Bone. (2016) 88:74–84. doi: 10.1016/j.bone.2016.04.022

 39. Johansson BM, Wiles MV. Evidence for involvement of activin A and bone morphogenetic protein 4 in mammalian mesoderm and hematopoietic development. Mol Cell Biol. (1995) 15:141–51. doi: 10.1128/MCB.15.1.141

 40. Zylbersztejn F, Flores-Violante M, Voeltzel T, Nicolini F-E, Lefort S, Maguer-Satta V. The BMP pathway: A unique tool to decode the origin and progression of leukemia. Exp Hematol. (2018) 61:36–44. doi: 10.1016/j.exphem.2018.02.005

 41. Laperrousaz B, Jeanpierre S, Sagorny K, Voeltzel T, Ramas S, Kaniewski B, et al. Primitive CML cell expansion relies on abnormal levels of BMPs provided by the niche and on BMPRIb overexpression. Blood. (2013) 122:3767–77. doi: 10.1182/blood-2013-05-501460

 42. Grockowiak E, Laperrousaz B, Jeanpierre S, Voeltzel T, Guyot B, Gobert S, et al. Immature CML cells implement a BMP autocrine loop to escape TKI treatment. Blood. (2017) 130:2860–71. doi: 10.1182/blood-2017-08-801019

 43. Voeltzel T, Flores-Violante M, Zylbersztejn F, Lefort S, Billandon M, Jeanpierre S, et al. A new signaling cascade linking BMP4, BMPR1A, ΔNp73 and NANOG impacts on stem-like human cell properties and patient outcome. Cell Death Dis. (2018) 9:1011. doi: 10.1038/s41419-018-1042-7

 44. Li A, Cong Q, Xia X, Leong WF, Yeh J, Miao D, et al. Pharmacologic calcitriol inhibits osteoclast lineage commitment via the BMP-Smad1 and IκB-NF-κB pathways. J Bone miner Res. (2017) 32:1406–20. doi: 10.1002/jbmr.3146

 45. Jacome-Galarza CE, Lee S-K, Lorenzo JA, Aguila HL. Identification, characterization, and isolation of a common progenitor for osteoclasts, macrophages, and dendritic cells from murine bone marrow and periphery. J Bone Miner Res. (2013) 28:1203–13. doi: 10.1002/jbmr.1822

 46. Shi C, Zhang H, Louie Ka, Mishina Y, Sun H. BMP signaling mediated by BMPR1A in osteoclasts negatively regulates osteoblast mineralization through suppression of Cx43. J Cell Biochem. (2017) 118:605–14. doi: 10.1002/jcb.25746

 47. Okamoto M, Murai J, Imai Y, Ikegami D, Kamiya N, Kato S, et al. Conditional deletion of Bmpr1α in differentiated osteoclasts increases osteoblastic bone formation, increasing volume of remodeling bone in mice. J Bone Miner Res. (2011) 26:2511–22. doi: 10.1002/jbmr.477

 48. Kamiya N, Ye L, Kobayashi T, Mochida Y, Yamauchi M, Kronenberg HM, et al. BMP signaling negatively regulates bone mass through sclerostin by inhibiting the canonical Wnt pathway. Development. (2008) 135:3801–11. doi: 10.1242/dev.025825

 49. Kamiya N, Ye L, Kobayashi T, Lucas DJ, Mochida Y, Yamauchi M, et al. Disruption of BMP signaling in osteoblasts through type IA receptor (BMPRIA) increases bone mass. J Bone Miner Res. (2008) 23:2007–17. doi: 10.1359/jbmr.080809

 50. Pallotta I, Sun B, Wrona EA, Freytes DO. BMP protein-mediated crosstalk between inflammatory cells and human pluripotent stem cell-derived cardiomyocytes. J Tissue Eng Regen Med. (2017) 11:1466–78. doi: 10.1002/term.2045

 51. Dube PR, Birnbaumer L, Vazquez G. Evidence for constitutive bone morphogenetic protein-2 secretion by M1 macrophages: constitutive auto/paracrine osteogenic signaling by BMP-2 in M1 macrophages. Biochem Biophys Res Commun. (2017) 491:154–8. doi: 10.1016/j.bbrc.2017.07.065

 52. Pardali E, Makowski LM, Leffers M, Borgscheiper A, Waltenberger J. BMP-2 induces human mononuclear cell chemotaxis and adhesion and modulates monocyte-to-macrophage differentiation. J Cell Mol Med. (2018) 22:5429–38. doi: 10.1111/jcmm.13814

 53. Zhang Y, Böse T, Unger RE, Jansen JA, Kirkpatrick CJ, van den Beucken JJJP. Macrophage type modulates osteogenic differentiation of adipose tissue MSCs. Cell Tissue Res. (2017) 369:273–86. doi: 10.1007/s00441-017-2598-8

 54. Martínez VG, Rubio C, Martínez-Fernández M, Segovia C, López-Calderón F, Garín MI, et al. BMP4 Induces M2 macrophage polarization and favors tumor progression in bladder cancer. Clin Cancer Res. (2017) 23:7388–99. doi: 10.1158/1078-0432.CCR-17-1004

 55. Lee J-H, Lee GT, Woo SH, Ha Y-S, Kwon SJ, Kim W-J, et al. BMP-6 in renal cell carcinoma promotes tumor proliferation through IL-10-dependent M2 polarization of tumor-associated macrophages. Cancer Res. (2013) 73:3604–14. doi: 10.1158/0008-5472.CAN-12-4563

 56. Urbina P, Singla DK. BMP-7 attenuates adverse cardiac remodeling mediated through M2 macrophages in prediabetic cardiomyopathy. Am J Physiol Heart Circ Physiol. (2014) 307:H762–72. doi: 10.1152/ajpheart.00367.2014

 57. Rocher C, Singla DK. SMAD-PI3K-Akt-mTOR pathway mediates BMP-7 polarization of monocytes into M2 macrophages. PLoS ONE. (2013) 8:e84009. doi: 10.1371/journal.pone.0084009

 58. Gelberman RH, Linderman SW, Jayaram R, Dikina AD, Sakiyama-Elbert S, Alsberg E, et al. Combined administration of ASCs and BMP-12 promotes an M2 macrophage phenotype and enhances tendon healing. Clin Orthop Relat Res. (2017) 475:2318–31. doi: 10.1007/s11999-017-5369-7

 59. Martinez FO, Gordon S. The M1 and M2 paradigm of macrophage activation: time for reassessment. F1000Prime Rep. (2014) 6:13. doi: 10.12703/P6-13

 60. Franco LM, Gadkari M, Howe KN, Sun J, Kardava L, Kumar P, et al. Immune regulation by glucocorticoids can be linked to cell type-dependent transcriptional responses. (2019) 216:384–406. doi: 10.1084/jem.20180595

 61. Wang LX, Zhang SX, Wu HJ, Rong XL, Guo J. M2b macrophage polarization and its roles in diseases. J Leukoc Biol. (2019) 106:345–58. doi: 10.1002/JLB.3RU1018-378RR

 62. Xiao P, Dong C, Yue Y, Xiong S. Dynamic expression of microRNAs in M2b polarized macrophages associated with systemic lupus erythematosus. (2014) 547:300–9. doi: 10.1016/j.gene.2014.06.065

 63. Wade CA, Kyprianou N. Profiling prostate cancer therapeutic resistance. Int J Mol Sci. (2018) 19:904. doi: 10.3390/ijms19030904

 64. Feng M, Jiang W, Kim BYS, Zhang CC, Fu Y-X, Weissman IL. Phagocytosis checkpoints as new targets for cancer immunotherapy. Nat Rev Cancer. (2019) 19:568–86. doi: 10.1038/s41568-019-0183-z

 65. Nishimori H, Ehata S, Suzuki HI, Katsuno Y, Miyazono K. Prostate cancer cells and bone stromal cells mutually interact with each other through bone morphogenetic Protein-mediated Signals J Biol Chem. (2012) 287:20037–46. doi: 10.1074/jbc.M112.353094

 66. Gooding S, Olechnowicz SWZ, Morris EV, Armitage AE, Arezes J, Frost J, et al. Transcriptomic profiling of the myeloma bone-lining niche reveals BMP signalling inhibition to improve bone disease. Nat Commun. (2019) 10:4533. doi: 10.1038/s41467-019-12296-1

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.

Copyright © 2020 Ihle, Straign, Provera, Novitskiy and Owens. 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.












	
	MINI REVIEW
published: 20 May 2020
doi: 10.3389/fonc.2020.00787






[image: image2]

Biomechanical Contributions to Macrophage Activation in the Tumor Microenvironment

Erica J. Hoffmann1 and Suzanne M. Ponik1,2*


1Department of Cell and Regenerative Biology, Wisconsin Institutes for Medical Research, University of Wisconsin-Madison, Madison, WI, United States

2University of Wisconsin Carbone Cancer Center, University of Wisconsin-Madison, Madison, WI, United States

Edited by:
Panagiota S. Filippou, Teesside University, United Kingdom

Reviewed by:
Jo A. Van Ginderachter, Vrije University Brussel, Belgium
 Till Adhikary, University of Marburg, Germany

*Correspondence: Suzanne M. Ponik, ponik@wisc.edu

Specialty section: This article was submitted to Molecular and Cellular Oncology, a section of the journal Frontiers in Oncology

Received: 15 January 2020
 Accepted: 22 April 2020
 Published: 20 May 2020

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



Alterations in extracellular matrix composition and organization are known to promote tumor growth and metastatic progression in breast cancer through interactions with tumor cells as well as stromal cell populations. Macrophages display a spectrum of behaviors from tumor-suppressive to tumor-promoting, and their function is spatially and temporally dependent upon integrated signals from the tumor microenvironment including, but not limited to, cytokines, metabolites, and hypoxia. Through years of investigation, the specific biochemical cues that recruit and activate tumor-promoting macrophage functions within the tumor microenvironment are becoming clear. In contrast, the impact of biomechanical stimuli on macrophage activation has been largely underappreciated, however there is a growing body of evidence that physical cues from the extracellular matrix can influence macrophage migration and behavior. While the complex, heterogeneous nature of the extracellular matrix and the transient nature of macrophage activation make studying macrophages in their native tumor microenvironment challenging, this review highlights the importance of investigating how the extracellular matrix directly and indirectly impacts tumor-associated macrophage activation. Additionally, recent advances in investigating macrophages in the tumor microenvironment and future directions regarding mechano-immunomodulation in cancer will also be discussed.
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INTRODUCTION

Macrophages are an innate immune cell type found in all tissues of the body with multiple functions. Tissue resident pools of macrophages arise from embryonic tissues during development, and are critical for normal tissue morphogenesis (1). During homeostasis, tissue macrophages are maintained primarily through local proliferation. In chronic inflammatory processes such as cancer, hematopoietic derived monocytes circulate through the blood and infiltrate tissues where they terminally differentiate into macrophages to, in part, replenish resident pools as well as increase macrophage levels for the remediation of infection or structural damage (2). Macrophages display a spectrum of opposing yet complementary behaviors depending on the signals they receive from the local microenvironment (3). Traditionally, macrophage activation has been characterized using a dichotomous spectrum, with the two extremes being “classically activated” or pro-inflammatory macrophages and “alternatively activated” or pro-remodeling, immunosuppressive macrophages. Classically activated macrophages (termed M1) phagocytize microbes and secrete cytokines such as interleukin 6 (IL-6), TNF-α, and IL-1β, as well as nitric oxide (NO) and reactive oxygen species during host defense in response to stimulation by interferon-γ (IFN-γ) and toll-like receptor ligands, including bacterial lipopolysaccharide (LPS). Alternatively activated macrophages (termed M2) are stimulated primarily by the Th2 cytokines IL-4 and IL-13 and facilitate extracellular matrix (ECM) remodeling, blood vessel formation, and dampen immune activation by secreting cytokines such as IL-10 and TGF-β (4, 5). In recent years it has become apparent that the dichotomous M1/M2 model is an oversimplification of the behavioral spectrum of macrophages, with many unique transcriptional profiles being identified in response to differing activation signals (6). As such, it is now recommended to denote macrophage states by the activating stimulus (e.g., MLPS+IFNγ or MIL4+IL13) (7). Macrophage activation states have been characterized extensively in murine and in vitro models. However, the exact genetic profiles and functional outputs, such as NO production (8, 9), for example, differ from human macrophage states and the relevance of murine studies to human macrophage biology is still under debate. Nonetheless, both major macrophage phenotypes are required for maintaining tissue homeostasis, but each, respectively, can play a role in the pathogenesis of diseases including atherosclerosis and cancer (10).



MACROPHAGES AND THE EXTRACELLULAR MATRIX IN CANCER

In cancer, macrophages infiltrate the tumor microenvironment (TME) in response to tumor-secreted chemotactic signals and exhibit a tumor-supportive phenotype similar to the M2 phenotype. High macrophage infiltration has been associated with a poor prognosis and increased rates of metastasis in several cancer types, as tumor-associated macrophages (TAMs) can facilitate blood vessel formation to support expanding tumor growth and aid tumor cell intravasation into vasculature (5, 11–13). Much work has been done to characterize soluble factors present in the TME that recruit and influence macrophage behavior (14), however less is known about how the mechanical properties of tumor ECM impact macrophage recruitment, activation, and cytokine secretion.

Many cancers, including breast cancer, exhibit aberrant deposition, and organization of extracellular matrix proteins surrounding a tumor (15–18). The ECM is comprised of several fibrous and non-fibrous proteins including collagens, laminins, fibronectin, and others that are deposited and organized into a stromal meshwork that supports cellular growth and migration. Indeed, dense breast tissue is a strong and prevalent risk factor for the development of invasive breast cancer and is associated with excess collagen deposition and tissue stiffness (19–23). Recent studies demonstrate that even in healthy patients, mammographically dense tissue increases pro-tumor inflammation and overall immune infiltration, including CD68+ macrophages and CD20+ B lymphocytes surrounding the vasculature, which may be part of the underly mechanism driving this risk of developing breast cancer (24). In breast cancer patients, the reorganization of collagen that accompanies tumor progression results in aligned fiber bundles at the tumor-stromal boundary and, importantly, this signature of collagen predicts disease outcome (18, 25). Along these lines, in invasive ductal carcinoma biopsy tissue, the association of anti-inflammatory CD163+ macrophages and aligned collagen fibers is predictive of poor patient outcome (26). Macrophages have been shown to play a role in matrix organization through the secretion of matrix metalloproteinases to degrade and reorganize the matrix as well as aid in tumor cell migration (27). Moreover, tumor associated macrophages have been shown to facilitate the deposition of aligned collagen fibers during tumor development (28, 29).

As monocytes circulate toward tumor signals they encounter soluble plasma matrix proteins, such as fibronectin and fibrinogen, known to be upregulated in breast cancer patients and associated with poor prognosis (30, 31). The binding of these ECM proteins to adhesion receptors on the surface of macrophages promote inflammatory and tumor-promoting macrophage activation (32–34) (Figure 1A). Within tumor stroma, collagen along with fibronectin and laminin have been shown to promote tumor cell proliferation, angiogenesis, and dissemination (35, 36). Alterations in ECM organization and composition in the tumor microenvironment result in increased matrix stiffness, primarily localized to the invasive front of breast tumors. These stiff regions are enriched in aligned collagen fibers, tumor-activated macrophages (CD163+) and the activated form of β1-integrin (23). Similarly, accelerated tumor progression was accompanied by an overall increase in macrophages and tumor cytokines, including CCL2, in a collagen-dense mammary tumor model compared to controls (37, 38). Moreover, CCL2 recruits Tie2 expressing macrophages to facilitate early tumor cell dissemination (39). This process involves a mechanism by which macrophages lead tumor cells through reciprocal chemokine signaling along collagen coated substrates and toward vascular endothelium in vitro. Importantly, the same mechanism of macrophage-tumor cell migration has been observed in vivo, where macrophage-tumor cell trafficking can be visualized along collagen fibers (40, 41). Together, these studies suggest that matrix stiffness increases CCL2 levels, which in turn recruits specific macrophage populations that interact with collagen fibers and facilitate tumor cell dissemination. Thus, it is becoming clear that macrophages are sensitive to changes in the ECM and their mechanical environment, however the causal link between ECM biophysical properties and the functional activation of TAMs in vivo, in animal models as well as in humans, is still unclear.
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FIGURE 1. Schematic of biophysical cues from the ECM to activate integrin signaling on macrophages in the TME. (A) Inset depicts integrins on the surface of monocytes within the lumen of a blood vessel. Integrin engagement activates monocytes in circulation and facilities transendothelial migration into the TME. (B) Macrophage localized in a region of increasing matrix stiffness. Matrix stiffness results in integrin clustering and focal adhesion signaling. Downstream of integrins there is an increase in the PI3K/Akt pathway to activate NF-kB transcriptional activity as well as actin/myosin generated cellular contractility leading to directional migration. Further investigation is required to determine whether integrin signaling regulates other markers of macrophage activation.




MECHANICAL REGULATION OF MACROPHAGE POLARIZATION

Growing appreciation for biophysical cues from the extracellular matrix to drive cellular phenotypes has led to a large body of work demonstrating that ECM topography, composition, stiffness, and other mechanical loading modalities are capable of modulating macrophage function in vitro. The field of macrophage mechanobiology has largely stemmed from the biomaterials and implant fields. These fields have found that changing surface topography by increasing surface roughness generally results in increased macrophage adhesion and alterations in cytokine secretion, but the mechanisms by which roughness impacts macrophage responses depends on the method and the macrophage cell types used for investigation (42–44). Other studies have demonstrated that substrate stiffness, which is associated with enhanced breast tumor progression, is another mechanical aspect of the ECM that can influence macrophage behavior (Figure 1). Increasing the stiffness of biologic and engineered substrates resulted in increased migration of unstimulated macrophages, and inflammatory macrophage cytokine production (45, 46). However, it should be noted that these increases are accompanied by altered integrin expression levels as well as increased myeloid differentiation response protein 88 (MyD88)-dependent NF-κB activation through TLR activation, and that NF-κB has been shown to regulate anti-inflammatory gene expression as well (47). Additionally, these effects are independent of collagen I and laminin stimulation and may be the result of cytoskeletal signaling rather than integrin engagement.

Changes in cell shape and the cytoskeleton are also frequently observed with increasing substrate stiffness and can in themselves alter macrophage activation. In general, M1 macrophages are uniformly spread, with a circular morphology (45, 48). Inflammatory activation is inhibited when bone marrow derived macrophages (BMDMs) are confined to small pores rather than allowed to spread freely, through a mechanism involving actin dynamics and signaling through the MRTF-A-SRF complex (49). However, elongation of macrophages produces a different phenotype. Macrophages elongated on 2-D engineered nano-substrates consistently correlates with anti-inflammatory gene expression profiles across a variety of surfaces and cell lines at late time points (>24 h) and when cells are allowed to spread along wider grooves (>450 nm widths). Furthermore, macrophage elongation increases expression of adhesion receptors, actin-based contraction and enhances activation by IL-4/IL-13, while preventing elongation attenuates these cytokines' ability to activate the macrophages (45, 48, 50, 51).

In many of these studies, it appears that mechanical stimuli may work in conjunction with soluble factors to induce macrophage activation. Nevertheless, mechanical stimulation likely plays an equally important role in priming macrophages to become activated toward a specific phenotype, however the exact cellular mechanisms and intracellular signaling pathways that mediate this still require further investigation. Therapeutically, there is potential to modulate macrophage behavior via mechanical regulation, however the application of this knowledge in the context of cancer remains limited, as more work is required to characterize the mechanical dynamics present within the TME. Presently, there are few therapies that directly target ECM stiffness or organization. Therefore, understanding how the ECM can modulate the activity of soluble signals on macrophages in the TME, through adhesion receptors and the cytoskeleton for example, may provide insights into improving existing therapies that target cytokine and growth factor signaling.



INTEGRIN ADHESION SIGNALING IN MACROPHAGE ACTIVATION

Overview

As previously eluded to, mechanical cues from the ECM can be detected by macrophages through the integrin family of heterodimeric adhesion receptors, and many integrins are differentially expressed by classically and alternatively activated macrophages (45). Integrins consist of an alpha and beta subunit. Each alpha and beta combination has a unique binding affinity for certain matrix proteins, however each integrin often has multiple ECM ligands. Upon ligand binding, integrins transduce signals inside of the cell via adapter proteins such as focal adhesion kinase (FAK), talin, vinculin, and others that couple integrins to the cytoskeleton (outside-in signaling) (52). Changes in cytoskeletal organization have a direct impact on several transcription factors, including MRTF-A, YAP and NF-κB, which facilitate changes in gene transcription that are potentially related to macrophage function. Several integrins are expressed by macrophages (Table 1), the most common being the β2 family of integrins which are unique to leukocytes. Although integrin signaling has traditionally been overlooked when investigating macrophage activation, several studies have demonstrated that integrin-ECM adhesion initiates signaling pathways that can in fact influence macrophage activation. Based on these studies the concept emerges that biophysical cues from the ECM regulate macrophage activation, in part, through integrin engagement and signaling (Figure 1).


Table 1. Integrins expressed on the surface of murine macrophages.
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Effects of Integrin Activation on Macrophages

The αMβ2 integrin (also commonly referred to as CD11b/CD18 and Mac-1, among others) is the most promiscuous integrin of the β2 integrin family. It is also the most studied of the integrins expressed by macrophages, however its impact on macrophage activation remains disputed. In Itgam−/− (αM deficient) mice, tumor growth and immunosuppressive cytokine mRNA levels are enhanced relative to wild type mice, whereas constitutive activation of the αM integrin by a point mutation knock in (C57BL/6 ITGA-M I332G) inhibits tumor growth, despite increased IL-6 mRNA levels (83). In contrast, Han et al. argue that inflammatory cytokines are upregulated in Itgam−/− mice (relative to Itgam+/− control mice) when challenged with TLR ligands (84). However, this increase is measured from serum and global knockout of αM likely impacts other immune cell types, such as dendritic and natural killer cells, which could contribute to this finding. αMβ2 expression is upregulated in stiff, photo-induced cross-linked fibrin gels (45) and by the inflammatory stimuli LPS/ IFN-γ. Its expression is also inhibited by TGF-β, a protein that is abundant in the TME and may contribute to tumor-directed immune suppression (83). On the other hand, work by the Xuetao Cao group has shown that TLR-mediated αMβ2 activation, that leads to downstream Src and Syk activation, is capable of promoting alternative activation in murine macrophages via a IL-4-STAT6-Jak1 and MyD88-TRIF-Cbl-b mediated mechanism, respectively (84, 85). Additionally, lysyl oxidase (LOX)-mediated collagen crosslinking within the primary and pre-metastatic TME aids in the retention of myeloid cells expressing the αMβ2 integrin. The αMβ2+ macrophages secrete MMPs to continue to reorganize the ECM, further contributing to increased macrophage levels in primary and metastatic breast tumors (23, 86, 87).

In addition to αMβ2, collagen specific adhesion receptors have also been shown to mediate macrophage activation. The importance of macrophage adhesion to collagen is underscored by the fact that the ECM in human primary breast cancers contains higher levels of collagen (I, III, IV, XIII) compared to normal breast tissue (88, 89). The α2β1 integrin mediates macrophage migration and adhesion to type 1 collagen. A study by Cha et al. showed that α2β1, vinculin, PTK2, and the alternatively activated macrophage-associated marker CD206 are significantly upregulated by macrophages differentiated from THP-1 monocytes on hydrogels that allow for cell adhesion. Furthermore, this adhesion-mediated signaling augments the effects of IL-4 treatment. When α2β1 ligand binding is blocked with a neutralizing antibody, CD206 expression is significantly downregulated and cannot not be induced by the addition of IL-4, demonstrating that α2β1 engagement is important for alternative activation (90). Independent of soluble factors, it has also been shown that macrophages are able to sense mechanical deformations of the ECM from fibroblast contractions, and that these deformations alone are able to induce α2β1 mediated macrophage migration toward the fibroblasts (91). High numbers of cancer-associated fibroblasts are often observed in tumors, suggesting that cellular contractions from cancer-associated fibroblasts may dramatically deform the ECM to potentially aid the recruitment of α2β1-expressing TAMs locally. Moreover, scavenger receptor A (SR-A) and CD36 mediate macrophage adhesion to modified or denatured forms of type I and IV collagen, which are often found in inflammatory conditions (92–94). CD36 is upregulated in alternatively activated macrophages (95), and SR-A is upregulated by macrophages when co-cultured with cancer cells (96). Interestingly, SR-A expressing TAMs colocalize in the stroma of tumors with FAP+ cancer associated fibroblasts that cleave collagen fibers to enhance TAM retention via SR-A mediated adhesion (94). SR-A-mediated macrophage adhesion plays an important role in cancer, as demonstrated by the prevention of ovarian cancer progression in mice treated with SR-A inhibitors (96, 97).

Several other ECM protein ligands bind integrins expressed by macrophages. The β3 integrin is required for macrophage trans-endothelial migration on the ECM protein vitronectin. In human peripheral monocyte derived macrophages, ligand binding to αVβ3 integrins activates a PI3-K/Akt signaling cascade resulting in NF-κB mediated gene expression and pro-inflammatory cytokine secretion. Interestingly, this pathway is synergistically enhanced by LPS/TNF-α stimulation (98). In contrast, in murine BMDMs β3 expression was seen to be significantly higher in MIL4+IL13 macrophages compared to MLPS+IFNγ, and its knockdown resulted in increased TNF-α secretion relative to the non-treated control (45). Additionally, the β4 laminin binding integrin is upregulated on the surface of TAMs in triple negative breast cancer. In combination with TGF-β signaling, ligand binding to β4 leads to increased integrin clustering and adhesion to lymphovasculature, which aids tumor cell dissemination (99).

Integrins are critical for cellular migration, and while macrophages are capable of utilizing both amoeboid and mesenchymal modes of migration, certain integrins may enhance macrophage migration in parallel with chemotactic signals. Macrophages can sense increases in fibronectin within the TME via the α5β1 integrin (58). β1 binding to fibronectin can couple with CSF1R, a master regulator of macrophage function and survival, on the plasma membrane leading to CSF1R-mediated phosphorylation via SFK/FAK (100). CSF1R has been strongly implicated in the recruitment and regulation of tumor promoting activities of TAMs (101), and is necessary for macrophage migration on fibronectin (100). Some have suggested that inflammatory signaling is required to prime integrins into the active state, allowing for increased ligand binding and signal transduction responsible for gene transcription, and interactions between adhesion and cytokine receptors lends strength to this argument (58).




STUDYING MACROPHAGES IN VIVO

Challenges

Many challenges still exist when investigating macrophage biology, both in vitro and in vivo. The inconsistent findings from many of the studies discussed here can potentially be attributed to differences in cell lines, surface chemistries, time points analyzed, and other variables, but nonetheless emphasize the important fact that commonly used macrophage cell lines and primary cells exhibit differing responses to identical stimuli, often making in vitro findings difficult to compare. This is true for both murine (4, 102, 103) and human (104, 105) cell sources. Additionally, there are many differences between human and murine macrophage biology, from surface marker expression to metabolic states, that can result in stark differences in functional output (106–108). Species specificity of macrophage cell types and the presence or absence of serum factors from humans vs. other species used in in vitro studies may also limit the applicability to human biology and therapeutic strategies. Thus, further studies are required to delineate murine and human macrophage responses, not only in mechanical studies.

Additional challenges exist when identifying the activation state of a macrophage, especially in vivo. Traditionally, phenotypes are identified using immunohistochemistry and transcriptional profiling, however these techniques require multiple markers to confirm an activation state and are most useful in in vitro or ex vivo studies at end stage time points. There is a great need for techniques to identify phenotypes through protein expression in vivo. While the use of genetically encoded fluorescent proteins to readout macrophage activation is possible, the use of multiple markers to confirm macrophage identity and the unintended effects of introducing exogenous proteins limits feasibility. Another area of concern, particularly in studies investigating mechanical regulation of macrophages is the fact that macrophages respond differently to substrates in 2-D compared to 3-D. Currently, most studies are performed using 2-D methods to investigate migration and activation. There is a great need for more studies investigating macrophages in 3-D, especially in the context of cancer, as it is more representative of the environment macrophages naturally reside in. It is imperative to improve methods of investigating macrophages in their native environments so as to minimize variances that arise from culture and experimental conditions, and to best elucidate the impact of the ECM on macrophages.



Current Approaches

In order to observe macrophages in the tumor microenvironment, the field has recently turned to optical approaches such as positron emission tomography (PET), for example [reviewed extensively in (109)]. Rostam et al. have proposed image-based machine learning to identify phenotypes based on cellular morphology which, as described earlier, may provide some indication of phenotype (110). The availability of 3-D culture platforms to investigate macrophage–tumor cell interactions provide a tool kit to identify macrophage phenotype in more in vivo-like microenvironments (111–113). Using these platforms, one can take advantage of pharmacologic and optogenetic approaches to manipulate adhesion receptor activation and downstream signaling pathways involved in macrophage responses to biophysical cues from the ECM (114–116).

In addition to PET and single-photon emission computed tomography (SPECT) (109), another technique, intravital imaging, utilizes small implanted imaging windows paired with confocal or multiphoton microscopy to visualize the spatial organization of tumor and stromal cell populations (117, 118). Cell-type-specific expression of proteins that are genetically fused with fluorescent tags, such as GFP or mCherry, as well as the endogenously fluorescent metabolic cofactors FAD+ and NADH (119) can be used to identify macrophage, tumor, and other cell types in the mouse (Figure 2). This technique has facilitated direct observation of macrophages interacting with and assisting tumor cells to intravasate into nearby vasculature, as well as tumor cell extravasation at distant metastatic sites (121, 122). While this approach provides detailed spatial and temporal resolution of cells in the TME, there is still a lack of validated signatures to fully identify and characterize macrophage phenotypes in vivo. One emerging signature of macrophage activation is the use of fluorescence lifetime. Fluorescence Lifetime Imaging Microscopy (FLIM) reports the time a fluorophore remains in the excited state before transitioning back to ground state, and differences in fluorescent lifetimes of NADH and FAD+ can indicate whether the cofactors are free or protein bound. Changes in the relative concentrations of bound vs. free NADH and FAD+ can provide information on metabolic states at the single cell level (123, 124). Within the TME, Szulczewski et al. demonstrated that stromal macrophages have a distinct NADH FLIM signature, allowing them to be distinguished from tumor cells (119). Along these lines, Alfonso-Garcia et al. show stark differences in the NADH fluorescence lifetime signatures in MLPS+IFNγ and MIL4+IL13 induced BMDMs in vitro (125), thus warranting further investigation into the use of FLIM to identify macrophage activation in vitro and in vivo. In addition to endogenous and genetically expressed fluorescence, ported mammary imaging windows that feature a needle inserted through the window base have been used to inject fluorescently conjugated antibodies. This methodology provides an opportunity for real-time visualization of the localization and relative abundance of cell type specific proteins, such as macrophage activation markers and integrins.
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FIGURE 2. Intravital imaging of mammary carcinoma in a MMTV-PyMT mouse. 2-photon scanning laser microscopy allows for the in vivo observation of tumor cells (high in NADH intensity, 780 nm excitation), collagen fibers through second harmonic generation (890 nm excitation), and (A) Macrophages expressing the fluorescent mCherry protein under the CSF1-R promotor (C57BL/6-Tg(Csf1r-HBEGF/mCherry)1Mnz/J X B6.129P2-Lyz2tm1(cre)Ifo/J) (120) (1050nm excitation). (B) FADHI cells which depict primarily macrophage stromal cells (119). (C) NADH fluorescence lifetime overlay on mask of mCherry+ cells (color map of NADH τm lifetime). (D) Insets depict mcherry+ macrophages, which are FAD bright, spatially localized in the collagen rich stroma or within the tumor mass. Arrow indicates a macrophage spread in a collagen abundant region of the tumor stroma. Dashed outline depicts a macrophage elongated in an aligned region of collagen fibers at the boundary of a tumor nest.





CONCLUSION

Taming tumor-associated macrophages has been a long-time goal for cancer therapy, and much work remains to fully understand the crosstalk between macrophages and the tumor microenvironment. While a causal mechanistic link between biomechanical properties of the ECM and macrophage activation has yet to be fully established in vivo, here we highlight studies that investigate the relationship and crosstalk between biophysical properties of the ECM and macrophage activation. Further investigation into downstream signaling pathways activated by integrin ligand binding and mechanical stimuli is necessary to identify potential therapeutic interventions to shift TAMs away from a tumor promoting phenotype. One expanding area is the use of metabolic reprogramming to shift macrophage phenotypes. Classically and alternatively activated macrophages favor differing metabolic mechanisms, and differences in the fluorescence lifetime signatures of metabolic cofactors lends support to the use of metabolism as a phenotypic marker. Moreover, integrin activation through the α2β1 integrin can induce activation the PI3K-Akt pathway (126), and macrophage metabolism is strongly regulated by PI3k-Akt-mTOR signaling which can prime macrophages toward either activation state depending on confounding biochemical stimuli in the TME such as hypoxia or IL-4 (127). Metabolism provides an attractive target for manipulation, as it is highly sensitive and fast responding to changes inside and outside the cell, critical characteristics for macrophages to alter their activation in an inducible and reversible manner.
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Myeloid cells include various cellular subtypes that are distinguished into mononuclear and polymorphonuclear cells, derived from either common myeloid progenitor cells (CMPs) or myeloid stem cells. They play pivotal roles in innate immunity since, following invasion by pathogens, myeloid cells are recruited and initiate phagocytosis and secretion of inflammatory cytokines into local tissues. Moreover, mounting evidence suggests that myeloid cells may also regulate cancer development by infiltrating the tumor to directly interact with cancer cells or by affecting the tumor microenvironment. Importantly, mononuclear phagocytes, including macrophages and dendritic cells (DCs), can have either a positive or negative impact on the efficacy of chemotherapy, radiotherapy as well as targeted anti-cancer therapies. Tumor-associated macrophages (TAMs), profusely found in the tumor stroma, can promote resistance to chemotherapeutic drugs, such as Taxol and Paclitaxel, whereas the suppression of TAMs can lead to an improved radiotherapy outcome. On the contrary, the presence of TAMs may be beneficial for targeted therapies as they can facilitate the accumulation of large quantities of nanoparticles carrying therapeutic compounds. Tumor infiltrating DCs, however, are generally thought to enhance cytotoxic therapies, including those using anthracyclines. This review focuses on the role of tumor-infiltrating and stroma myeloid cells in modulating tumor responses to various treatments. We herein report the impact of myeloid cells in a number of therapeutic approaches across a wide range of malignancies, as well as the efforts toward the elimination of myeloid cells or the exploitation of their presence for the enhancement of therapeutic efficacy against cancer.
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INTRODUCTION

Immunity is the result of an intricate interaction between the innate and adaptive immune system. Innate immunity is the initial immunological response against an invading pathogen and has no immunological memory. On the other hand, adaptive immunity involves the development of immunological memory and enables the host to respond more efficiently to future exposure to the antigen. Following antigen processing, the degraded peptides associate with major histocompatibility complex (MHC) molecules within the interior of an antigen-presenting cell (APC) and are exposed on its surface. Myeloid cells, including DC and macrophages, are considered “professional” APCs. They present foreign antigens to helper T-cells on class II MHC molecules and can prime naïve T-cells. Other myeloid lineage types of cells, such as neutrophils, have no or very low expression of MHC-II and are inefficient at priming naïve T-cell responses (1). Nearly all nucleated cells can act as APCs by presenting antigens on class I MHC molecules to cytotoxic T-cells. Even though cancer cells are poor APCs, antigen presentation is involved in the body's defense against tumors.

Immune cells of various types and origins are integral components of the tumor microenvironment (TME) along with fibroblasts, endothelial cells, and extracellular components, such as collagen and hyaluronan. Cellular constituents from the lymphoid and myeloid lineage can elicit both immune suppressive and immune stimulatory functions and have an important role in regulating cancer progression and survival, as well as drug resistance (2–4). Tumors secrete factors which promote myelopoiesis and recruit circulating cells into the tumor mass, microenvironment or to secondary lymphoid organs, such as lymph nodes and spleen, and polarize their functionality to serve their survival and growth.

Hematopoietic stem cells (HSC) differentiate in the bone marrow into common myeloid progenitors (CMPs) which can give rise to DCs and to tumor-associated myeloid cells (TAMCs). TAMCs include at least four different myeloid cell populations: (a) Tumor-associated macrophages (TAMs) that exert crucial roles in regulating cancer-related inflammation, (b) monocytes that express the angiopoietin receptor Tie2 (tunica internal endothelial kinase 2) and have a pivotal function in tumor angiogenesis, (c) myeloid-derived suppressor cells (MDSCs) that can be further characterized as monocytic and granulocytic (m-MDSCs, g-MDSCs) depending on their morphology, phenotype and immune suppression functions and (d) tumor-associated neutrophils (TANs) that express pro-angiogenic factors and participate in tumor promotion (5).

Ideally, a competent immune system recognizes tumor-specific and embryonic antigens; however, cancer cells manage to escape immune surveillance by secreting immune escape variants, recruiting myeloid-derived cells and either maintaining them in an immunosuppressive phenotype or polarizing them into tumor-promoting cell types (6, 7). The mechanisms of recruitment of myeloid cells to the TME are often the targets of anti-cancer therapy. Emerging evidence indicates that TAMCs interfere with or facilitate most therapeutic approaches, including conventional chemotherapy, targeted approaches, radiotherapy and immunotherapy. TAMCs are found abundantly in the tumor stroma; high density of TAMCs has been significantly associated with poor prognosis in several cancer types including head and neck, breast, thyroid, liver, kidney, pancreatic, bladder, endometrial, ovarian, oral cancer, as well as Hodgkin lymphoma (8–10). Many studies have shown that TAMCs can induce chemoresistance against first-line chemotherapeutic drugs (Figure 1). In this review, we discuss the interplay between myeloid cells, mainly focusing on TAMs, MDSCs and DCs, and cancer therapy, the mechanisms of action by which they exert either positive or negative effects as well as provide insights related to current controversies in the field.
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FIGURE 1. Myeloid cells may block or facilitate chemotherapy. Chemotherapy induces recruitment of innate immune cells including macrophages and dendritic cells into the treated tumor tissue. Drug treatment may lead to TAM polarization from the M2- to an M1-like phenotype, hindering tumor growth and metastasis. The mechanisms of action utilized by myeloid cells in supporting or blocking chemotherapy are described in the text and summarized in Table 1. DCs, Dendritic cells; TAMs, Tumor-associated macrophages.




MECHANISMS OF RECRUITMENT AND FUNCTIONS OF MYELOID CELL POPULATIONS IN THE TUMOR MICROENVIRONMENT

Cell populations of myeloid origin are critically important components of the TME as they play a central role in the regulation of anti-tumor immune responses. At the same time, inflammatory immune cells such as tumor-infiltrating lymphocytes (TILs), natural killer (NK) cells, NK T-cells, and B cells are also engaged within the TME, which further interact to affect the growth and function of cancer cells. While myeloid cells are required for enabling anti-tumor immunity, they can also have an immunosuppressive role in established tumors by promoting immune evasion, and facilitating primary tumor growth, progression and metastasis (11).

Colony-stimulating factor-1 (CSF-1) and colony-stimulating factor-2 (CSF-2), also known as macrophage colony-stimulating factor (M-CSF) and granulocyte macrophage colony-stimulating factor (GM-CSF), respectively, are secreted cytokines that regulate mature myeloid cell populations by affecting their activation, survival, mobilization and differentiation. They have also been implicated in the development of many diseases, including in tumor progression and metastasis (12). Cancer cells expressing high levels of M-CSF, recruit TAMs to the tumor site, via their receptor CSF-1R (13). The elevated expression of M-CSF in tumors, and consequently the presence of CSF-1R-positive macrophages, has been correlated with poor prognosis in patients with breast, bladder and ovarian cancer (9). M-CSF induces high expression of C-C motif chemokine ligand 2 (CCL2) by macrophages, a chemokine that acts as a chemoattractant driving them to the tumor but may also affect their polarization and survival (14, 15). Since M-CSF also mediates the polarization of macrophages to the tumor-promoting type (16), the targeting of the M-CSF/CSF-1R axis, represents an attractive therapeutic approach and has shown efficacy in cancer metastasis models and in several murine models of cancer (17–20).

A combination of cytokines, particularly granulocyte colony-stimulating factor (G-CSF) or GM-CSF, interleukin (IL)-6, and the transcriptional regulator CCAAT/enhancer-binding protein (C/EBP) are required for the differentiation of bone marrow progenitors into MDSCs (21, 22). Whilst solid indications demonstrate that MDSCs directly suppress cytotoxic leukocytes, conventional and plasmacytoid dendritic cells (pDC) can also have immunoregulatory effects in tumors (23). Consequently, a more comprehensive characterization of these subsets and a better understanding of their recruitment and expansion mechanisms are of paramount importance for the development of novel cancer therapeutic strategies as well as for the potential improvement of existing ones.

DCs are essential for the cross-priming of cytotoxic T lymphocytes against tumor-specific antigens; however tumor-residing DCs can cause cell anergy and tolerance by expressing low levels of costimulatory molecules and pro-inflammatory cytokines (24). TAMs that have a classic (M1) activation state are characterized by anti-tumor immunity, proinflammatory activity and the induction of T-cell responses (25, 26). The presence of M1-type macrophages in high numbers within the TME, has been associated with good prognosis in patients with non-small cell lung cancer (NSCLC), colorectal, hepatocellular, ovarian and gastric cancer (27). In malignant tumors, TAMs resemble M2-type macrophages, which undergo alternative (M2) activation. These cells have the ability to support tumor growth, inhibit immunity against the tumor, and promote tissue repair (28). These have been generally considered as a promising target for tumor therapy, with studies concentrating on the inhibition of macrophage recruitment, survival, and tumor-promoting activity in tumors, as well as, predominantly, on the shift of tumor-promoting M2 TAMs toward tumor-suppressive M1-type macrophages (29).

The importance of myeloid cells in facilitating the killing of tumor cells has been highlighted by many studies (30, 31). Myeloid cells can exert significant anti-tumor functions by activating NK and CD8+ T-cells. Cancer cells can be detected by NK cells through the expression of ligands for the receptor NKG2D (32). The binding of these ligands serves as a major signal of activation NK cells to stop aberrant cell proliferation and can be further enhanced through the function of myeloid cells. In fact, macrophages and DCs express Dectin-1, a receptor that recognizes N-glycan structures found on the surface of certain types of tumor cell. Activation of Dectin-1 induced a signaling pathway that directs the activity of NK cells against the tumor in a lung metastasis model of B16F1 melanoma cells (33). In addition, the expression of calreticulin on the surface of cancer cells can be recognized and processed by macrophages which then activate CD4+ and CD8+ T-cells. T-cells can then produce interferon gamma (IFN-γ) to induce cytolysis in cancer cells (34).

At the same time, tumor cells take advantage of the ability of myeloid cells to inhibit tumor-targeting immune responses and to mediate immunosuppressive effects. Tumor growth and progression is restrained to genetic or epigenetic alterations which, in turn, affect tumor development and invasion into the surrounding tissues. During this process, cancer cells reprogram infiltrating stromal cells to support an abnormally regulated inflammation that is hyporesponsive to the tumor (35). Cancer cells achieve this by producing immune effector molecules, such as tumor necrosis factor-α (TNFα) and interleukin-6 (IL-6), growth factors that regulate tumor proliferation and angiogenesis, such as transforming growth factor-β (TGF-β) and vascular endothelial growth factor (VEGF), and matrix metalloproteinases (MMPs) that degrade extracellular matrix proteins (31, 36). Abundance of tumor-infiltrating and circulating monocytes, MDSCs and neutrophils, is associated with advanced cancer progression, decreased disease-free and overall survival (37).

MDSCs can be subdivided into two major groups: monocytic MDSCs (m-MDSCs) and granulocytic MDSCs (g-MDSCs) that are morphologically similar to monocytes and granulocytes, respectively. In humans, m-MDSC have the same density fraction as monocytes. However, monocytes express the MHC class II cell surface receptor HLA-DR in high levels while m-MDSCs are characterized by low or no HLA-DR expression. Furthermore, m-MDSCs have a CD11b+HLA-DR−CD14+CD15− phenotype (38). The expansion of m-MDSCs is induced by a combination of soluble factors produced by tumor and/or surrounding cells such as stromal cells, T-cells or macrophages including VEGF, GM-CSF, M-CSF, IL-4, IL-6, IL-10, prostaglandin E2 (PGE2), MMP9, C-X-C motif chemokine ligand 5 (CXCL5), and CXCL12/ stromal-derived factor 1 alpha (SDF1-alpha) (39). Human g-MDSCs are phenotypically characterized as CD11b+HLA-DR−CD14−CD15+ (38).

In addition to their morphological and phenotypic differences, m-MDSCs and g-MDSCs also have different mechanisms by which they suppress immune function. TAMs and m-MDSCs have a shared mechanism for the expression of inducible nitric oxide synthase (iNOS) and arginase. Indoleamine 2,3-dioxygenase (IDO), inducible nitric oxide synthase (iNOS), arginase I and effector cytokine production have been proposed to be involved in suppression of T-cell proliferation and cytotoxicity (40). iNOS generates nitric oxide (NO) causing the inhibition of IL-2 receptor signaling, blocking T-cell activation and proliferation, thus leading to an immunosuppressive effect (41). TAMs that have a classic (M1) activation state (25), paradoxically express iNOS, whose immunosuppressive effect is, however, overawed by other proinflammatory and anti-tumor mediators. TAMs and MDSCs commonly employ another immunosuppressive mechanism involving the generation of reactive oxygen species (ROS) and reactive nitrogen species, such as peroxynitrite mediated by iNOS and arginase (42). Following T-cell receptor (TCR) modification of anti-tumor T-cells due to peroxynitrite, they become unable to bind to their equivalent MHC-peptide antigens presented by APCs in the tumors (43). Furthermore, m-MDSCs can indirectly suppress anti-tumor immunity, through the production of TGF-β and IL-10 cytokines, which inhibit anti-tumor TILs, generate regulatory T-cells (Tregs) in the tumor and induce DCs into a regulatory phenotype (44). Alternatively, immunosuppressive g-MDSCs share many of the immunosuppressive mechanisms of m-MDSCs, but they also produce ROS, which are able to alter the TCR of TILs through direct cell-to-cell contact (45, 46).

Understanding the interactions between the tumor and infiltrating cells will allow the prediction of tumor progression as well as the design of novel anticancer therapies which will target the tumor microenvironment. Working on the basis that cancer and myeloid cells use common pathways for immune system regulation, along with the fact that myeloid cells have the ability to network with different immune cell populations toward inducing an anti-tumor immune response, myeloid-based therapies have increasingly gained attention as possible adjuncts to improve efficacy of current therapies, including immune checkpoint inhibitors (ICIs), oncolytic viruses, dendritic cell vaccines, and traditional chemoradiation. Characterizing the myeloid compartment also allows for patient stratification on prognosis and response to immunotherapy based on the presence of myeloid-specific biomarkers in combination with tumor mutational burden, checkpoint expression, and T-cell receptor diversity (47).



TAMCs IN CONVENTIONAL CHEMOTHERAPY AND TARGETED THERAPY


Negative Impact of TAMCs in Chemotherapy

The presence of TAMs in the TME provides cancer cells with cytokines, growth factors and proteases that mediate survival, chemoresistance and promote invasion. One example is cysteine cathepsin proteases that are produced by macrophages and have been shown to enhance pancreatic tumor growth and invasion (48). Paclitaxel, an anti-microtubule agent belonging to the Taxane family, is used for the treatment of ovarian, breast and non-small cell lung cancer. Following Paclitaxel treatment, the infiltration of macrophages in mammary tumors as well as cathepsin levels were increased. In co-culture experiments, macrophages protected cancer cells from Paclitaxel treatment by producing cathepsins B and S; this was reversed by cathepsin inhibition, suggesting that concurrent inhibition of TAMs along with chemotherapy may limit the development of resistance (49). The chemoresistance facilitated by macrophages was also observed against Etoposide and Doxorubicin (49).

As previously mentioned, CSF-1 and its receptor (CSF-1R) are also involved in the tumor-promoting functions of TAMs. The blockade of CSF-1 decreased macrophage infiltration and improved response of mammary and pancreatic carcinomas to chemotherapy (50). B-Raf is a serine/threonine protein kinase, that acts downstream of RAS and has an important role in the mitogen-activated protein kinase (MAPK)/extracellular signal-regulated kinase (ERK) signaling pathway. The BRAF gene is commonly mutated in melanoma resulting in a constitutive function of the B-Raf protein (51). In a mouse model of melanoma, the concurrent treatment with CSF-1R inhibitor, PLX3397, and BRAF inhibitor, Vemurafenib, resulted in enhanced anti-tumor responses attributed to a significant reduction of tumor-infiltrating myeloid cells and an increase of tumor-infiltrating lymphocytes (52). Another specific CSF-1R inhibitor, GW2580, in combination with an anti-VEGFR-2 antibody, synergistically inhibited tumor angiogenesis in lung cancer and melanoma in vivo models; blocking CSF-R1 led to reduced tumor recruitment of TAMs and reverted a TAM-mediated compensatory antiangiogenic mechanism involving MMP-9 (53). The chemoresistance induced by tumor-infiltrating macrophages could also be mediated by the expression of IL-10; therapeutic blockade of IL-10 receptor (IL-10R) had similar effects to CSF-1 neutralization and enhanced tumor response to Paclitaxel and Carboplatin in the MMTV-PyMT transgenic model of luminal B-type mammary carcinoma (54).

In two human hepatocellular carcinoma xenograft mouse models (HCCLM3-R and SMMC7721) tumor growth, lung metastasis, and tumor angiogenesis were observed following treatment with Sorafenib, a multi-kinases inhibitor. Sorafenib caused a significant increase in macrophage peripheral recruitment and intratumoral infiltration accompanied with elevation of CSF-1R, CXCL12/SDF-1 alpha, and VEGF. SDF-1/CXCL12 has been correlated with cancer cell invasion by recruiting macrophages to the area surrounding the tumor (55). Targeting of macrophages using two specific drugs, Zoledronic acid (ZA) and Clodrolip, in combination with Sorafenib significantly hindered tumor progression, angiogenesis, and metastasis to the lungs compared with animals treated with Sorafenib alone (56). Serial low doses of Sorafenib augmented tumor inhibition and function of CD8+ T-cells by decreasing MDSCs and reversing the immunosuppressive microenvironment in an E.G7/OT-1 murine model (57).

The importance of TAM polarization is evident in patients treated with platinum-containing chemotherapy. Chemoresistance is associated with elevated levels of PGE2 and IL-6, two inflammatory mediators that are regulated by cyclooxygenase (COX), drive differentiation of monocytes to the M2 tumor-promoting phenotype. Treatment with Cisplatin or Carboplatin increased the potency of cervical and ovarian cell lines to induce M2 macrophages that produce IL-10. Tumor-produced IL-6 and PGE2 led to increased levels of activated Signal Transducer and Activator of Transcription 3 (STAT3) and decreased levels of activated STAT1 and STAT6, respectively. Blockade of canonical Nuclear Factor Kappa-light-chain-enhancer of activated B cells (NF-κB) reduced the production of PGE2 and/or IL-6 by the tumor cells and abrogated the effect of the chemotherapy. Blocking COX using the specific inhibitor indomethacin as well as inhibition of interleukin-6 receptor (IL-6R) with the clinical monoclonal antibody Tocilizumab, prevented M2 differentiation. These results propose that chemoresistance may be caused via an increase in the number of M2 macrophages and that concurrent therapy with COX inhibitors and/or anti-IL-6R antibodies might facilitate platinum-based chemotherapy in resistant tumors (58).

Studies have shown that B and T lymphocytes may exert pro-tumor effect by regulating the activity of myeloid cells, resulting in resistance to therapy and promoting metastasis in different malignancies, including epithelial hyperplasia, squamous carcinomas and prostate cancer (59–61). In the absence of a robust CD8+ CTL response, CD4+ T-effector lymphocytes enhance breast cancer metastasis to the lung by enhancing the activity of TAMCs (62). In a study using an aggressive transgenic mouse model of mammary adenocarcinoma development [MMTV–polyoma middle T (PyMT) mice (63)], combination of CSF1R-signaling antagonists that block infiltration of mammary tumors by CD68+ macrophages, in combination with Paclitaxel, improved survival, delayed primary tumor growth and reduced pulmonary metastasis. This study also showed that the presence of an enriched CD68high /CD4high /CD8low cell population, significantly correlates with reduced overall survival (OS) for patients with breast cancer (64).

Depletion of myeloid-lineage cells enhanced anti-cancer immunity associated with gemcitabine (GEM) treatment in mice with pancreatic ductal adenocarcinoma (PDAC) tumors (65). GEM is a nucleoside analog used as first-line treatment. Myeloid cells expressing the granulocytic marker (GR-1) were found in abundance in PDAC tumor tissues while CD4+ and CD8+ cells were present in small numbers. Following GEM treatment, myeloid cells in tumor tissues and in peripheral blood decreased while numbers of CD4+ or CD8+ cells increased suggesting that anti-cancer immunity was enhanced. In addition, concurrent treatment of mice with GEM and further depletion of myeloid cells using an anti-GR-1 antibody significantly prolonged survival (65). Inflammatory breast cancer (IBC) is often characterized by overexpression of epidermal growth factor receptors 1 and/or 2 (ErbB1, ErbB2) that activate downstream survival pathways phosphatidylinositol-3-kinase (PI3K)/protein kinase B (AKT) and MAPK (66). Lapatinib (a dual ErbB1/2 tyrosine kinase inhibitor) is for IBC patient treatment and functions by blocking ErbB1 and ErbB2 receptor phosphorylation and activation (67). Following combination treatment with Lapatinib and the anthracycline Doxorubicin in an MMTV-neu mice HER2-positive breast cancer model, CD8+ T-cells secreting IFN-γ contributed to the anti-tumor effects of these drugs. Increased effectiveness correlated with decreased content of immunosuppressive TAMs in the tumor bed induced by Doxorubicin (68).

In PDAC patients, TAMs may contribute to resistance to GEM by reducing GEM-induced apoptosis. In vitro co-culture of macrophages with cancer cells significantly reduced of Caspase-3 activation and apoptosis during GEM treatment. In in vivo PDAC models of mice, macrophages recruitment to the tumor using CSF1R-antagonist GW2580, enhanced the effect of GEM; the presence of TAMs in the tumor seems to convey resistance to GEM by inducing upregulation of the enzyme cytidine deaminase (CDA). CDA metabolizes GEM following its transfer into the cell. In PDAC cells, decreasing the expression of CDA inhibited the protective effect of TAMs against GEM (69).

TAMs have also been found to confer resistance to MAPK pathway inhibitors against melanoma. The mechanism of action involved expression of TNFα by TAMs and acted through the lineage transcription factor microphthalmia transcription factor (MITF). MITF plays a key role in melanocyte differentiation by transcriptional control of genes expressing enzymes involved in melanin synthesis; in addition, MITF has protumoral targets including B-cell lymphoma 2 (Bcl-2) and Hypoxia-Inducible Factor 1 (HIF-1) that convey survival signals (70). TNF binding to TNFR activates multiple signaling pathways, including MAPK and NF-κB and induces apoptosis and necroptosis pathways (71). Inhibition of TNFα signaling with IκB kinase inhibitors significantly improved the effectiveness of MAPK pathway inhibitors by targeting not only the melanoma cells but also the tumor microenvironment (72). Also, in melanoma cells macrophages conferred resistance to BRAF inhibitors in mouse and human tumor models, which was overcome by blocking the MAPK pathway or VEGF signaling. The presence of macrophages predicts early relapse following therapy in melanoma (73). Administration of the BRAF small molecule inhibitor PLX4720 had similar effects in a murine model of melanoma; PLX4720 reduced tumor growth by promoting the formation of a more immune stimulatory microenvironment correlated with a reduced accumulation of CD11b+/GR-1+ myeloid cells (74).

The polarization of macrophages into M1 or M2, has important implications for therapeutic strategies in human cancers (Figure 1). The M2 subtype is thought to support tumor growth. In a spontaneous mouse model of gastrointestinal stromal tumor (GIST) as well as upon analysis of freshly procured human GISTs, TAMs displayed an M1-like phenotype and function at baseline; however, treatment with Imatinib, that acts as a KIT oncoprotein inhibitor, induced TAMs to become M2-like, in both mice and humans. This process involved the interaction of TAMs with apoptotic tumor cells leading to the induction of C/EBP transcription factors and development of resistance to Imatinib (75). Re-programming of macrophages from an immune-inhibitory M2-like subtype toward an immune-stimulatory M1-like subtype, by targeting the VEGF receptor 2, enhanced anticancer efficacy in a CD8+ T-cell–dependent manner in murine breast cancer models, suggesting that combination of anti-angiogenic therapy with other types of drugs may facilitate anti-tumor effects by altering the phenotype of TAMs (76).



TAMCs Facilitate Chemotherapy


Tumor Associated Macrophages

Common chemotherapeutic drugs may act as alkylating agents. They function by adding an alkyl group to the guanine base of the DNA molecule, making the strands unable to uncoil and separate and causing breakage of the DNA strands and apoptosis. In response to alkylating agents, an immune response involving the activation of macrophages is initiated and this involves the high mobility group box 1 (HMGB1) protein. HMGB1 is an important chromatin protein that bends DNA, facilitates protein binding and helps regulate transcription (77). Activated macrophages and monocytes secrete HMGB1 which acts as a mediator of inflammation (78). In an athymic mouse tumor xenograft model where tumors were formed using immortalized murine embryonic fibroblasts (MEFs) overexpressing Bcl-xl, DNA alkylating therapy led to inhibition of protumor cytokines such as IL-4, IL-10, and IL-13, recruitment of innate immune cells including neutrophils, NK cells and macrophages into the treated tumor tissue and to complete tumor regression; loss of HMGB1 resulted in increased levels of protumor cytokines upon treatment and failure to activate innate immunity (79).

Contradictory to the chemoresistance developed by macrophages following exposure to Paclitaxel as described in the previous chapter, other studies suggest that the agent can promote anti-tumor immunity by polarizing M2 macrophages to the M1-like phenotype (80). As previously mentioned, macrophages that polarize as M1-type are considered pro-inflammatory and potentially mediate anti-tumor activities, whereas those that polarize as M2-type decrease inflammation and may promote cancer cell growth via angiogenesis and immunosuppression (81–83). Similarly, administration of Doxil nanomedicine combined with the TGFβ inhibitor Tranilast, increases immunostimulatory M1-type macrophage content over the M2-type in mouse models of triple-negative breast cancer (84). A possible explanation, which may also be applied to other observations, could be the improved blood vessel perfusion, oxygenation, and normalization of the TME. Moreover, macrophages polarize to the M1-type following exposure to IFN-γ and Lipopolysaccharide (LPS) (85). Paclitaxel induced TAMs toward an M1-like profile in mouse models of melanoma and breast tumors which was depended on the presence of Toll-Like receptor 4 (TLR4) on myeloid cells. Absence of TLR4 weakened the antitumor effect of Paclitaxel. This was confirmed using gene expression analysis of tumor samples from ovarian cancer patients that showed enrichment of genes correlated to the M1 macrophage activation profile following Paclitaxel treatment (80). A similar effect was observed using nanoparticles loaded with albumin-bound paclitaxel (nAb-PTX) (86). Using 3D-spheroid models of co-cultured breast cancer cells with macrophages as well as in vivo models, researchers showed increased drug accumulation within the macrophages and the tumor spheroids; this shifted the TME toward a pro-inflammatory, anti-tumorigenic state. In addition, the loaded nanoparticles (NPs) increased macrophage motility and delivery of the NPs toward the cancer cells promoting apoptosis and inhibiting proliferation. Importantly, the NPs loaded with PTX induced macrophage differentiation toward the anti-cancer M1 phenotype (86).

Following surgery, the OS of gastric carcinoma patients treated with 5-fluorouracil-based chemotherapy was positively correlated with increased numbers of CD68+ macrophages (87). In a cohort study involving 110 patients with PDAC, post-surgical adjuvant chemotherapy was shown to “re-educate” TAMs and help them elicit an anti-tumoral response. Cyclophosphamide (CTX) is a common chemotherapeutic agent, which acts as an alkylating agent, that is used for the treatment of several human malignancies (88). Enrichment of TAMs at the tumor–stroma interface positively correlated with responsiveness to CTX therapy in patients with PDAC, independently of the density of T-cells. A similar effect was observed in vitro, where in the presence of GEM, macrophages activated a cytotoxic gene expression program and switched to an anti-tumor phenotype (89). In patients with invasive ductal breast cancer receiving adjuvant multimodal chemotherapy, tumor infiltration by macrophages correlated with improved time-to-relapse (TTR) and OS (90). Similar observations were made in patients with colorectal carcinoma (CRC). In a study of 1,400 CRCs patients treated with adjuvant multimodal chemotherapy, the level of CD16+ macrophage infiltration correlated with that of CD3+ and CD8+ lymphocytes and with improved survival compared with patients with low infiltration (91). These results contradict with previous reports indicating that a low number of CD68+ macrophages infiltrates associates with improved patient survival (64); the role of TAMs in predicting patient response to treatment is therefore complex and remains to be further elucidated.

TAMs may also act as a slow-release reservoir for therapeutic nanoparticles (TNPs). TNPs are generally applied as a vehicle to deliver drugs specifically to the tumor site and increase their accumulation. TNPs comprised by a fluorescent platinum (IV) pro-drug and a polymer platform (PLGA-b-PEG) were shown to accumulate in TAMs. TAMs acted as a local drug depot and allowed for the slow release of the DNA-damaging drug to neighboring tumor cells. The depletion of TAMs led to a decrease of intratumoral TNP accumulation and treatment efficacy in a lung cancer animal model. The presence of TAMs can therefore affect the design and use of TNPs for tumor targeting (92).

Histidine-rich glycoprotein (HRG), is a host-produced immunomodulatory and antiangiogenic factor that regulates tumor vessel formation and inflammation. HRG is produced in the tumor stroma from plasma or platelets and has been reported to inhibit tumor growth and metastasis and to enhance chemotherapy in brain tumor models (93, 94). This effect is mediated through downregulation of placental growth factor (PlGF) followed by polarizing TAMs from the M2- to a tumor-inhibiting M1-like phenotype. It is likely that HRG/PIGF/M1-type TAMs enhance the antitumor immune response and facilitate vessel normalization, effects known to hinder tumor growth and metastasis and to facilitate chemotherapy (29).



Dendritic Cells

The therapeutic efficacy of anthracyclines, a group of conventional chemotherapeutic drugs that act by inhibiting topoisomerase II causing DNA damage, may depend on the presence of intratumoral dendritic cells. Specifically, mice bearing fibrosarcomas were treated with the anthracycline mitoxantrone (MTX). This caused cancer cell death which led to the release of Adenosine triphosphate (ATP), recruitment of myeloid cells and their differentiation locally into inflammatory DC-like cells. The presence of the DC-subset was responsible for the immune system-depended anti-tumor effect of anthracycline, by engulfing tumor antigens and presenting them to T-lymphocytes. Importantly, preventing tumor infiltration by myeloid cells, abolished the anti-tumor immune response following chemotherapy (95). The activation of autophagy in cancer cells is essential for increasing the recruitment of DC and improve the efficacy of chemotherapy. In mouse models of colorectal cancer and sarcomas, response to chemotherapy led to the release of ATP by autophagy-competent cancer cells, attracted dendritic cells and T lymphocytes into the tumor bed and restored chemotherapeutic responses (96). Exposure to chemotherapeutic agent Paclitaxel, does not significantly affect the viability of DCs in concentrations up to 100 μM (97). Furthermore, exposure of DCs to clinically relevant concentrations of Paclitaxel led to increased HLA class II expression which was similar to the expression observed when DCs are exposed to lipopolysaccharide (LPS). Paclitaxel also increased proliferation of allogeneic T-cells. This study suggests that Paclitaxel may induce immunostimulatory effects in certain concentrations and may find clinical applications in patients receiving DC vaccines (97).

DC-like cells are important in the anti-tumor immune response since they have enhanced abilities to activate CD8+ T-cells compared to TAMs. The effect of Oxaliplatin combined with Cyclophosphamide (Oxa-Cyt) treatment on tumors relied on TLR4 signaling; Oxa-Cyt treatment led to an increase of TLR4 selectively in DC cells within the tumor stroma and ultimately led to CD8+ T-cell anti-tumor immunity in lung adenocarcinoma mouse models (98). CTX has been shown to induce anti-cancer effects by stimulating immunomodulatory factors; in patients with hematologic malignancies, a single high-dose treatment with CTX induced an increase in the number of DCs (99). DC turnover in the spleen, liver, and tumor site as well as their expansion in the circulation, enhanced the beneficial anti-tumor effects of CTX in mice models. The expansion of DC (CD11c+CD11b+) induced by CTX was associated with proliferation of DCs in the bone marrow (BM) prior to their increase in the circulation in a melanoma mouse model (100). These newly recruited DCs secreted more IL-12 and less IL-10 compared with those from untreated animals and were able to induce anti-tumor T-cell responses in a colon cancer model (101).

In addition to facilitating chemotherapy, DCs may also contribute to specific cancer targeting induced by small molecule inhibitors. Overactivation of the Jak2/STAT3 signaling pathway induced by tumor-derived factors may be responsible for irregular DC differentiation and function in colon cancer (102). The use of a selective inhibitor of Jak2/STAT3, JSI-124, led to activation of the transcription factor NF-κB, promoted the differentiation of mature DCs and led to T-cell activation (103). JSI-124 has been previously shown to inhibit the growth of tumors with constitutively active STAT3 (104).

Finally, recent evidence suggest that dosing and scheduling of chemotherapy administration may also regulate anti-tumor immunity. In contrast to traditional chemotherapy protocols in which the anti-cancer agents are cyclically administered near the maximum tolerated dose (MTD) alternated with longer drug-free periods, metronomic chemotherapy protocols suggest a more frequent administration of doses as low as 1/10th of the MTD (105). Besides significantly reducing drug-mediated adverse effects, metronomic chemotherapy may enhance anti-tumor immune responses. More specifically, metronomic administration of CTX was found to increase infiltration of DCs, macrophages and NK cells in mouse models as well as end-stage patients of various cancer types (106, 107). In addition, metronomic chemotherapy regimens may also promote vascular normalization to enhance delivery of co-administered drugs, thus further improving the efficacy of anti-cancer treatments (108, 109). The mechanisms of action utilized by myeloid cells in supporting or hindering chemotherapy are summarized in Table 1.


Table 1. Proteins implicated in TAM negative or positive contribution to chemotherapy.
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TAMCs IN RADIOTHERAPY

Radiotherapy is an important and commonly used treatment approach in cancer; local radiotherapy allows for non-invasive, site-specific intervention. Even though the main mechanism of action is via tumor cell DNA damage, recent evidence suggests that irradiation activates tumor-specific immunity (Figure 2). The effects of radiotherapy include the induction of antigen release from dying tumor cells, the activation of APCs and the support of tumor-specific T-cell immigration and function (110–113). In a study using the RIP1-Tag5 (RT5), human melanoma xenografts mouse model, and human pancreatic cancer specimens derived from patients undergoing low-dose irradiation (LDI) of 0.5 Gy, researchers showed that neoadjuvant local LDI causes the CTL recruitment and activation in solid tumors. This was associated with the accumulation of iNOS-positive (iNOS+) macrophages and led to prolonged survival in xenotransplant mouse tumor models (114). Dendritic cells contribute to the immune response following high dose radiation. Local high-dose irradiation (10 Gy) leads to activation of tumor-associated DC that induce tumor-specific effector CD8+ T-cells (115).
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FIGURE 2. Positive and negative feedback loops of TAM activity during radiotherapy. Following high and low irradiation protocols, antigens are released from dying tumor cells and taken up by APCs, such as TAMs, that subsequently activate CD8+ T-cells. This causes CTL recruitment and activation that attack solid tumors. Local irradiation may also cause the accumulation of macrophages to the tumor site that promote tumor recurrence mainly via the expression of SDF-1alpha. Ag, Antigen; APCs, antigen presenting cells; CTL, cytotoxic T lymphocytes; TAMs, tumor associated macrophages; SDF-1alpha, stromal cell-derived factor-1 alpha.


Myeloid cells may also negatively affect radiotherapy. In a prostate cancer animal model, irradiation with a local daily dose of 3 Gy for 5 days led to a systemic increase of MDSCs in lymph nodes, lung, spleen, and peripheral blood and a 2-fold increase in CSF-1 in tumors. Blockade of CSFR1 by a selective inhibitor, decreased macrophage migration and in combination with radiotherapy repressed tumor growth more effectively than irradiation alone (116). In a similar approach, following radiotherapy of mammary tumor-bearing mice using localized gamma irradiation (5 Gy), the blockade of CSF-1 using a neutralizing monoclonal antibody (mAb) or a small molecule inhibitor against the CSF-1 receptor kinase (PLX3397), caused depletion of macrophages and significantly inhibited tumor growth. This was associated with increased numbers of CD8+ T-cells in tumors, and reduced the number of CD4+ T-cells, the main source of the Th2 cytokine IL4 which can lead to a pro-tumor advantage (117). Following local irradiation with 21 Gy in breast and lung carcinoma xenograft models, myeloid bone marrow-derived cells (BMDCs), primarily macrophages, rapidly accumulated in tumors. The levels of SDF-1alpha/CXCL12, a chemokine that promotes BMDCs retention in the tissue, were increased in the tumor, 2 days after local irradiation. Concurrent treatment with radiation and an inhibitor of SDF-1alpha receptor (AMD3100) significantly hindered tumor regrowth. These results suggest that macrophages promote tumor recurrence following radiation via increase in the expression of SDF-1alpha (118).

The contradicting reports concerning the role of myeloid cells on the efficacy of radiotherapy, may be attributed to the radiation dose and fractionation methodology. Both these parameters appear to affect the tumor microenvironment and the immune system. The conventional standard dose fractionation of 2 Gy per fraction is mostly used to achieve cell damage within the tumor (119). However, several pre-clinical studies suggest hypofractionated high doses of 6 or 8 Gy are more effective compared to a single high dose of radiation in inducing pro-immunogenic effects (120–122). In vitro studies have also shown that larger doses of radiation induce immunogenic cell death (ICD) (123). The effects of radiation of the TME should also be taken into account when trying to evoke an immune response. High single-fraction doses (8–16 Gy) induce increased permeability and apoptosis in endothelial cells (124). Even though a definitive radiotherapy regimen that effectively manipulates the TME and activates the immune system against the tumor has not been established, low, standard and high doses as well as different fractionation approaches have been found to be effective. It is also possible that optimized dosing and fractionation protocols may be suitable for different types and/or stages of cancer. The effects or radiation on the immune system and how it may promote tumor survival or destruction are detailed in a recent review (125).



ROLE OF MDSCs, TAMs AND DCs IN IMMUNOTHERAPY

The main challenge of tumor immunologists is to control the vicious cycle of inflammation-immunosuppression taking place within the TME. The main approaches followed include among others, targeting immune checkpoint molecules on myeloid cells, the inhibition of recruitment and survival of myeloid cells, while novel approaches of nanomedicine regulating MDSCs are also under investigation.


Targeting Immune-Checkpoint Molecules on MDSCs, TAMs, and DCs

Immune checkpoints are among the regulators of the immune system that defend self-tolerance. Various tumor cells utilize these regulators to evade immune responses (126). Inhibitory immune-checkpoint molecules, including the cytotoxic T-lymphocyte-associated protein 4 (CTLA-4), programmed cell death protein 1 (PD-1) and its ligand (PD-L1), T-cell immunoglobulin and mucin-domain containing molecule (TIM-3), ligands belonging to the B7 family, and others are promising targets for novel cancer immunotherapeutics. Antibodies against these inhibitory molecules are being tested in clinical trials, for their potential as mono- or part of combinatorial therapy against human neoplasias. Some of them have received approval by the Food and Drug Administration (F.D.A.) and entered the clinical routine practice for the therapeutic management of certain human tumors. These include (a) the human anti-CTLA-4 mAb ipilimumab for the treatment of metastatic melanoma, (b) the human anti-PD-1 mAbs nivolumab and pembrolizumab for the treatment of melanoma and unresectable/metastatic solid tumors, respectively, and (c) the anti-PD-L1 mAb atezolizumab for patients with metastatic non-small cell lung cancer (127). PD-1, PD-L1, TIM-3, and B7 molecules are expressed by subsets of TAMs and DCs, and consist therapeutic targets facilitating the inhibition of the function of these cells and the subsequent elimination of the tumor (Figure 3).
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FIGURE 3. Inhibitory immune checkpoint molecules represent targets for cancer therapy. PD-1, PD-L1, TIM-3, and B7 molecules are expressed by subsets of myeloid-derived cells. PD-1 on macrophages interacts with PD-L1 on tumor cells and allows cancer progression by promoting escape from immune surveillance. TAMs also express PD-L1 and B7 molecules that can interact with the PD-1 on T-cells inhibiting the function of the latter. TIM-3 on infiltrating DCs binds to HMGB1 derived from dying tumor cells blocking anti-tumor immune responses. Tumor cells also express Galectin-9 which interacts with TIM-3 on DCs negatively regulating their function. Tumor Associated Macrophages; DCs, dendritic cells; HMGB1, high-mobility group protein 1; TLR, toll-like receptor; RAGE, receptor for advanced glycation end products.


As a response to hypoxia and specific cytokines, TAMs express elevated levels of CTLA-4 ligands and other immune-checkpoint inhibitors. CTLA-4 ligands such as B7 molecules are also highly expressed in DCs of the tumor microenvironment (128). This overexpression is associated with the downregulation of anti-tumor activities of T-cells, by inhibition of the co-stimulatory interaction with CD28, both in humans and in animal models (129–132). The use of anti-CTLA-4 antibodies would hamper this inhibition and promote T-cell co-stimulation via CD80/CD86–CD28 interaction. A subject of debate, however, is whether the anti-CTLA-4 antibodies act in favor of anti-tumor immune responses or not, in terms of targeting the CTLA-4 molecules expressed on regulatory T-cells (Tregs). CTLA-4 expression by Tregs comprise one their main cell contact-dependent mechanisms affecting antigen-presentation to T-cells. However, it seems that anti-CTLA-4 therapy favors the blockade of the inhibitory activity of CTLA-4 on both effector T-cells and Tregs (133). Indeed, ipilimumab administration in mice bearing melanoma tumors, amplified CD8+ T-cell activities against tumor cells and inhibited immunosuppressive functions of Tregs (126, 133, 134). The latter is achieved via Treg phagocytosis by TAMs expressing Fcγ receptors (133). In a murine model of head and neck squamous cell carcinoma (HNSCC), the blockade of CTLA-4 was correlated with reduced numbers of MDSCs and M2 macrophages, and enhancement of T-cell activation in both tumor microenvironment and macro-environment (132). In humans, it has been reported that patients with advanced melanoma receiving ipilimumab exhibited significantly decreased counts of MDSCs and significantly increased counts of CD8+ effector/memory T-cells in the circulation (135). In addition to that, in another recent study, the percentage of FcγRIIIA+ CD16+ peripheral blood monocytes was found to be higher in melanoma patients who respond to ipilimumab therapy compared to the non-responders (136). The above data underline the pivotal role of the CD8+ T/MDSC balance in the outcome of anti-tumor immune responses, and more importantly how this balance can be affected by treatment with anti-CTLA-4 antibodies. Additionally, a recent study supports that dual therapy with ipilimumab and the vitamin A derivative all-trans retinoic acid (ATRA), leads to a more pronounced reduction in circulating MDSCs compared to the anti-CTLA4 monotherapy (137). ATRA is the standard-of-care treatment for patients with acute promyelocytic leukemia (APL), where it induces terminal differentiation of immature myelocytic tumor cells leading to their death (138). In a similar way, ATRA promotes the differentiation of MDSCs, resulting in their decreased numbers and function (139). Based on these properties, combinatorial administration of ATRA and ipilimumab consists a promising enhanced weapon in the treatment against human cancers.

PD-1 is expressed by a subset of macrophages and DCs of the TME. This molecule may interact with PD-L1 on tumor cells leading to the negative regulation of TAMs and DCs. Expression of PD-1 by TAMs increases with the progression of tumor in mice and in advanced stages of the disease in humans, while it is negatively associated with their phagocytic activities against tumors cells (140, 141). In murine models of cancer, inhibition of the PD-1/PD-L1 interaction enhances macrophage phagocytosis, suppresses the growth of the tumor and prolongs the survival of animals (140). Another recent study showed that the results of anti-PD-L1 therapy in tumor-bearing mice was totally abolished in PD-L1-deficient animals, supporting the importance of blocking the PD-1/PD-L1 pathway as an anti-cancer therapeutic approach (142). Despite the promising evidence from pre-clinical studies, in human clinical trials the administration of nivolumab (anti-PD-L1) in patients with renal cell carcinoma, non-small cell lung cancer or metastatic melanoma with PD-L1-negative tumors was associated with reduced clinical response (NCT00730639; clinicaltrials.gov) (143, 144). Tumor-infiltrating DCs and TAMs also express PD-L1 and B7 molecules that can interact with the PD-1 on T-cells obstructing the function of the latter (145). Thus, it is essential that all the above mentioned evidence are carefully considered during the development of anti-cancer immunotherapeutic strategies to act in favor of anti-tumor immunity and not by promoting its inhibition. Future clinical studies are needed to evaluate the possible beneficial impact of this blockade in patients with specific types of tumors (141).

Certain myeloid cell subsets express TIM-3, which can bind to the phosphatidylserine (PS) revealed by apoptotic cells further contributing to their presentation to CD8+ T-cells (146). DCs express TIM-3 which can also bind to HMGB1 derived from dying cells (147). HMGB1 and nucleic acids from apoptotic cells stimulate anti-tumor immunity, and TIM-3 can block this stimulation by competition for binding to the HMGB1-nucleic acid complex (147). Tumor cells also express galectin-9 which interacts with TIM-3 on tumor-infiltrating DCs regulating their function. Indeed, it was recently shown that anti-Tim-3 blocking in combination with Paclitaxel administration amplified anti-tumor immune responses against breast cancer in vivo, and this inhibition was facilitated by the galectin-9-Tim-3 interaction, rather than the HMGB1-nucleic acid-Tim3 or PS-Tim3 interaction (148). This interplay between tumor cells and tumor-infiltrating DCs is probably pivotal for the development and perpetuation of other types of malignancies (149), since galectin-9 is highly expressed by several tumor cell types (150).

Nowadays, numerous phase II and III clinical trials are testing the potential of antibodies against CTLA-4 (ipilimumab, tremelimumab), or the PD-1/PDL-1 axis (nivolumab, pembrolizumab, atezolizumab, durvalumab, avelumab), and also the combinatorial use of anti-PD-1/anti-CTLA-4 antibodies (nivolumab plus ipilimumab) in a series of human malignancies. Moreover, novel antibodies, not yet FDA approved, targeting TIM-3 immune checkpoint (including INCAGN02390, Sym023, MBG453, TSR-022) are now being tested in phase I and II trials (127).



Inhibition of Recruitment and Survival of MDSCs

Cancer cells often express increased levels of the chemokine CCL2; also known as monocyte chemoattractant protein 1, MCP1), which recruits MDSCs (expressing the CCR2) in the site of tumor inflammation (151). Blocking the CCL2-CCR2 interaction could be another alternative to prevent the accumulation of these cells in the TME. Inhibition of this pathway has provided with promising results in murine models of pancreatic (50), hepatocellular (152) and prostate (153) cancer. Moreover, a phase II clinical trial using carlumab (anti-CCL2 mAb) in individuals with metastatic castration-resistant prostate cancer (NCT00992186; clinicaltrials.gov) supports that the withdrawal of anti-CCL2 treatment may lead to a rebound of CCL2 levels; in the participants of this study there was an upregulation of the CCL2 serum levels that exceeded those before treatment (154). Also, cessation of anti-CCL2 treatment was shown to accelerate metastasis in a murine model of breast cancer (155). Thus, therapeutic interventions against CCL2-CCR2 interaction need to be critically examined and future studies to evaluate their overall therapeutic efficiency.

Recent evidence supports that the interaction between CD200-CD200 receptor (CD200R) is essential for the control of immune responses in TME by regulating TAMCs. In humans, certain tumor cell types including melanoma cells (156), ovarian cancer cells (157), malignant B cells (158) and cells from some neuroendocrine neoplasms overexpress CD200. Within the TME, significantly high levels of CD200 can be also detected on endothelial cells, activated T and B cells, Tregs (159), as well as MDSCs, TAMs and DCs (160). The CD200 and CD200R molecules share structural similarities with the PD-PDL1 and CTLA4-B7 molecules and the CD200-CD200R axis is also considered as an immune-checkpoint regulator of tumor-related immune responses (161). The complicated network of interactions among these cell types can drive the outcome of immune responses in the TME and impact tumor progression.

The blockade of CD200-CD200R interactions is currently amongst the immunotherapeutic alternatives under investigation. Studies on hu-SCID (severe combined immunodeficiency) mice with established tumors (162–164) have shown that adoptively transferred peripheral blood mononuclear cells together with blockade of CD200 can lead to the rejection of the tumors. Nevertheless, there is a debate regarding the beneficial effects that the blockage of CD200-CD200R axis may have in cancer patients (141), since following treatment with chemotherapeutic agents such as doxorubicin, the recruitment of functional DCs in the TME claims the CD200-CD200R pathway (165). In humans, the anti-CD200 mAb Samalizumab has entered two phase I clinical trials: one on patients bearing solid tumors (NCT02987504) and the other on patients with B-cell chronic lymphocytic leukemia (B-CLL) or multiple myeloma (NCT00648739) (clinicaltrials.gov). Both studies were terminated, but the second one published results showing that administration of the drug was associated with reduced expression of CD200 on B-cells and CD4+ effector T-cells of B-CLL individuals, however inefficient in the three myeloma patients evaluated (166). What is more, it is expected that the use of CD200-depletion antibodies would have considerable side-effects, since CD200 is also expressed on normal cells. Therefore, the alternative way of targeting the CD200R, which is expressed by cancer but not by normal cells, would be more feasible for use in the clinical setting for the treatment of human malignancies. A study on mice with CD200-negative melanoma tumors showed that treatment with an agonistic anti-CD200R mAb inhibited the tumor formation and metastasis in the lungs of the animals, via inhibition of myeloid cell functions (167). A recent study on animals with colon cancer, suggests that co-treatment with anti-CD200R and a Toll-Like Receptor 7 (TLR-7) agonist promotes the anti-tumor effects of myeloid cells within the TME (168).




FUTURE PERSPECTIVES: NANOMEDICINE APPROACHES TO DEPLETE, MODULATE OR RECRUIT MDSCs OR TAMs

Novel approaches for the enhancement of anti-cancer therapeutics also lie in the field of nanomedicine: Based on the enhanced permeability and retention (EPR) effect therapeutic strategies that use carrier materials of < 100 nm can enhance the uptake of chemotherapeutics specifically by tumor cells, thus lowering non-specific cytotoxicity (169, 170). In the field of cancer immunotherapy, the efforts focus on the use of nanoparticles to drive various immunoregulators to tumors and recruit myeloid-derived cells to the site of tumor inflammation (169).

MDSCs and TAMs can facilitate the use of nanoparticles in anti-cancer immunotherapeutics due to their phagocytic ability (171). It was shown that in tumor-bearing mice peripherally administered with nanoparticles, the monocytic and polymorphonuclear MDSCs were preferentially targeted uptaking 10-fold more of these carrier materials compared to the tumor cells (172). Other in vivo studies on mice with tumors or hematological malignancies have shown that intradermal administration of nanoparticles carrying the chemotherapeutic agents 6-thioguanine or a gemcitabine derivative were accumulated in macrophages and myeloid cells of the spleen and the tumors and finally led to the depletion of the MDSC compartments in these sites, promoting adoptive T-cell therapy (172–174).

Apart from depletion, nanoparticles have been used for the polarization of MDSCs to an anti-tumor immune phenotype, using stimulants of the innate immune system, such as TLR ligands (175, 176). A recent article describes how nanoparticles loaded with R848, a TLR7/8 agonist, can promote the polarization of TAMs toward an M1 phenotype, resulting in the control of the tumor growth and protection of the animals against tumor re-challenge (177). Interestingly, the co-administration of R848-nanoparticles with anti-PD1 therapy abolished the resistance of mice to anti-PD1 treatment and led to improved response rates (177). The approach of using nanoparticles carrying mimetics of “danger signals” to induce innate anti-tumor responses together with immune checkpoint inhibitors has already entered trials in the clinical setting: nanomaterials with a TLR9 agonist and the anti-PD-1 mAb pembrolizumab are now being tested in a phase Ib/II clinical study in patients with various metastatic solid tumors [NCT03684785; clinicaltrials.gov].

An alternative of reprogramming macrophages using small interfering RNAs (RNAi) or micro RNAs (miRNAs) that are loaded on nanoparticles was applied to mice with melanoma, colon carcinoma, non-small cell lung cancer and other tumors, leading to encouraging results (178–180). Recently, a research group used nanoparticles that have co-encapsulated both a chemoattract of MDSCs, the CCL2 chemokine, and an RNAi sequence interfering with Cebpb, critical for the immunosuppression phenotypes of these cells. The administration of capsules co-carrying these two protein- and RNA- factors, induced the attraction of MDSCs while reduced the differentiation of monocytes to macrophages in in vitro studies of primary MDSCs and in in vivo experiments on fibrosarcoma mice (181). Lastly, using ferumoxytol, an FDA-approved iron supplement composed of dextran-coated iron oxide nanoparticles, Zanganeh et al. (182) managed to inhibit tumor growth by inducing the pro-inflammatory M1 phenotype in the TME of early breast tumors, and liver metastases in mice with lung cancer.



CONCLUSIONS

It is unambiguously accepted that immune cells in the tumor stroma exert fundamental effects not only on cancer development and disease progression but also for treatment efficacy. In particular, myeloid cells residing in the tumor microenvironment, including MDSCs, TAMs, DCs and tumor-associated neutrophils (TANs), can either enhance tumor rejection or facilitate cancer progression based on their functional interplay with cancer cells. Moreover, while the variety of tumor treatment options gradually increase, including targeted therapies, nanotherapies and immunotherapies, reaching optimal levels of efficacy often appears to be hindered by the infiltration and complex interactions with myeloid cells. It is therefore critically important for future studies to further subcategorize immune cells of myeloid origin based on their pro- or anti-tumor properties. Moreover, it may be appropriate to tailor conventional treatment approaches, such as chemotherapy, nanotherapy and radiotherapy, in terms of dosing, fractionation and scheduling in order to achieve optimal conditions for activation of anti-tumor immune responses. Finally, identification and validation of exclusive cell surface marker panels for each subpopulation as well as better understanding the common pro-tumor traits of these cells will allow for better stratification of cancer patient prognosis and the development of more effective therapeutic interventions.
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ATP, adenosine triphosphate; APC, antigen-presenting cell; APL, acute promyelocytic leukemia; ATRA, all-trans retinoic acid; BM, bone marrow; BMDCs, bone marrow-derived cells; B-CLL, B-Cell chronic lymphocytic leukemia; CCL-2, C-C motif chemokine ligand 2; CRC, colorectal carcinoma; CMPs, common myeloid progenitor cells; COX, cyclooxygenase; CDA, cytidine deaminase; CSF-1, colony-stimulating factor 1 receptor; CSF-1R, colony-stimulating factor-1; CSF-2, colony-stimulating factor-2; CXCL12, C-X-C motif chemokine ligand 12; CXCL5, C-X-C motif chemokine ligand 5; CTX, cyclophosphamide; CTL, cytotoxic T lymphocyte; DCs, dendritic cells; EPR, enhanced permeability and retention; ErbB1, epidermal growth factor receptor 1; ErbB2, epidermal growth factor receptor 2; ERK, extracellular signal-regulated kinase; FDA, food and drug administration; GIST, gastrointestinal stromal tumor; GEM, gemcitabine; GM-CSF, granulocyte macrophage colony-stimulating factor; g-MDSCs, granulocytic MDSCs; G-CSF, granulocyte colony-stimulating factor; HSC, hematopoietic stem cell; HNSCC, head and neck squamous cell carcinoma; HMGB1, high mobility group box 1; ICIs, immune checkpoint inhibitors; iNOS, inducible nitric oxide synthase; IDO, indoleamine 2,3-dioxygenase; IL-10, interleukin-10; IL-10R, interleukin-10 receptor; IL-2, interleukin-2; IL-4, interleukin-4; IL-6, interleukin-6; IBC, inflammatory breast cancer; IL-6R, interleukin-6 receptor; LDI, lipopolysaccharide (LPS)low-dose irradiation; MMP-9, matrix metalloproteinase 9; MTD, maximum tolerated dose; MAPK, mitogen-activated protein kinase; M-CSF, macrophage colony-S factor; MHC, major histocompatibility complex; MMPs, matrix metalloproteinases; MITF, microphthalmia transcription factor; MTX, mitoxantrone; MDSCs, myeloid-derived suppressor cells; MEFs, murine embryonic fibroblasts; NPs, nanoparticles; NO, nitric oxide; NK cells, natural killer (NK) cells; NSCLC, non-small cell lung cancer; OS, overall survival; PTX, paclitaxel; PDAC, pancreatic ductal adenocarcinoma; PS, phosphatidylserine; PI3K, phosphatidylinositol-3-kinase; PlGF, placental growth factor; pDC, plasmacytoid dendritic cells; PMNs, polymorphonuclear neutrophils; PGE2, prostaglandin E2; PD-1, programmed cell death protein 1; PD-L1, programmed cell death protein ligand 1; RAGE, receptor for advanced glycation end products; ROS, reactive oxygen species; Tregs, regulatory T-cells; STAT1, signal transducer and activator of transcription 1; STAT3, signal transducer and activator of transcription 3; STAT6, signal transducer and activator of transcription 6; SDF-1alpha, stromal-serived factor 1 alpha; TCR, T-cell receptor; TLR4, toll-like receptor 4; TNPs, therapeutic nanoparticles; TTR, time-to-relapse; C/EBP, transcriptional regulator CCAAT/enhancer-binding protein; TGF-β, transforming growth factor-β; TME, tumor microenvironment; TNFα, tumor necrosis factor-α; TAMs, tumor-associated macrophages; TAMCs, tumor-associated myeloid cells; TANs, tumor-associated neutrophils; TILs, tumor-infiltrating lymphocytes; VEGF, vascular endothelial growth factor; ZA, zoledronic acid.



REFERENCES

 1. Lin A, Lore K. Granulocytes: new members of the antigen-presenting cell family. Front Immunol. (2017) 8:1781. doi: 10.3389/fimmu.2017.01781

 2. Alizadeh AA, Aranda V, Bardelli A, Blanpain C, Bock C, Borowski C, et al. Toward understanding and exploiting tumor heterogeneity. Nat Med. (2015) 21:846–53. doi: 10.1038/nm.3915

 3. Patel H, Nilendu P, Jahagirdar D, Pal JK, Sharma NK. Modulating secreted components of tumor microenvironment: a masterstroke in tumor therapeutics. Cancer Biol Ther. (2018) 19:3–12. doi: 10.1080/15384047.2017.1394538

 4. Papageorgis P, Stylianopoulos T. Role of TGFbeta in regulation of the tumor microenvironment and drug delivery (review). Int J Oncol. (2015) 46:933–43. doi: 10.3892/ijo.2015.2816

 5. Sica A, Porta C, Morlacchi S, Banfi S, Strauss L, Rimoldi M, et al. Origin and functions of tumor-associated myeloid cells (TAMCs). Cancer Microenviron. (2012) 5:133–49. doi: 10.1007/s12307-011-0091-6

 6. Hanahan D, Coussens LM. Accessories to the crime: functions of cells recruited to the tumor microenvironment. Cancer Cell. (2012) 21:309–22. doi: 10.1016/j.ccr.2012.02.022

 7. Vatner RE, Formenti SC. Myeloid-derived cells in tumors: effects of radiation. Semin Radiat Oncol. (2015) 25:18–27. doi: 10.1016/j.semradonc.2014.07.008

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

 9. Zhang QW, Liu L, Gong CY, Shi HS, Zeng YH, Wang XZ, et al. Prognostic significance of tumor-associated macrophages in solid tumor: a meta-analysis of the literature. PLoS ONE. (2012) 7:e50946. doi: 10.1371/journal.pone.0050946

 10. Steidl C, Lee T, Shah SP, Farinha P, Han G, Nayar T, et al. Tumor-associated macrophages and survival in classic Hodgkin's lymphoma. N Engl J Med. (2010) 362:875–85. doi: 10.1056/NEJMoa0905680

 11. Schouppe E, Mommer C, Movahedi K, Laoui D, Morias Y, Gysemans C, et al. Tumor-induced myeloid-derived suppressor cell subsets exert either inhibitory or stimulatory effects on distinct CD8+ T-cell activation events. Eur J Immunol. (2013) 43:2930–42. doi: 10.1002/eji.201343349

 12. Ushach I, Zlotnik A. Biological role of granulocyte macrophage colony-stimulating factor (GM-CSF) and macrophage colony-stimulating factor (M-CSF) on cells of the myeloid lineage. J Leukoc Biol. (2016) 100:481–9. doi: 10.1189/jlb.3RU0316-144R

 13. Lin EY, Nguyen AV, Russell RG, 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

 14. Sierra-Filardi E, Nieto C, Dominguez-Soto A, Barroso R, Sanchez-Mateos P, Puig-Kroger A, et al. CCL2 shapes macrophage polarization by GM-CSF and M-CSF: identification of CCL2/CCR2-dependent gene expression profile. J Immunol. (2014) 192:3858–67. doi: 10.4049/jimmunol.1302821

 15. Gschwandtner M, Derler R, 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

 16. Sawanobori Y, Ueha S, Kurachi M, Shimaoka T, Talmadge JE, Abe J, et al. Chemokine-mediated rapid turnover of myeloid-derived suppressor cells in tumor-bearing mice. Blood. (2008) 111:5457–66. doi: 10.1182/blood-2008-01-136895

 17. Manthey CL, Johnson DL, Illig CR, Tuman RW, Zhou Z, Baker JF, et al. JNJ-28312141, a novel orally active colony-stimulating factor-1 receptor/FMS-related receptor tyrosine kinase-3 receptor tyrosine kinase inhibitor with potential utility in solid tumors, bone metastases, and acute myeloid leukemia. Mol Cancer Ther. (2009) 8:3151–61. doi: 10.1158/1535-7163.MCT-09-0255

 18. 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

 19. Zhu Y, Knolhoff BL, Meyer MA, Nywening TM, West BL, Luo J, et al. CSF1/CSF1R blockade reprograms tumor-infiltrating macrophages and improves response to T-cell checkpoint immunotherapy in pancreatic cancer models. Cancer Res. (2014) 74:5057–69. doi: 10.1158/0008-5472.CAN-13-3723

 20. 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

 21. Marigo I, Bosio E, Solito S, Mesa C, Fernandez A, Dolcetti L, et al. Tumor-induced tolerance and immune suppression depend on the C/EBPbeta transcription factor. Immunity. (2010) 32:790–802. doi: 10.1016/j.immuni.2010.05.010

 22. Elpek KG, Cremasco V, Shen H, Harvey CJ, Wucherpfennig KW, Goldstein DR, et al. The tumor microenvironment shapes lineage, transcriptional, and functional diversity of infiltrating myeloid cells. Cancer Immunol Res. (2014) 2:655–67. doi: 10.1158/2326-6066.CIR-13-0209

 23. Gabrilovich DI, Ostrand-Rosenberg S, Bronte V. Coordinated regulation of myeloid cells by tumours. Nat Rev Immunol. (2012) 12:253–68. doi: 10.1038/nri3175

 24. Balkwill FR, Capasso M, Hagemann T. The tumor microenvironment at a glance. J Cell Sci. (2012) 125(Pt 23):5591–6. doi: 10.1242/jcs.116392

 25. Biswas SK, Mantovani A. Macrophage plasticity and interaction with lymphocyte subsets: cancer as a paradigm. Nat Immunol. (2010) 11:889–96. doi: 10.1038/ni.1937

 26. Gajewski TF, Schreiber H, Fu YX. Innate and adaptive immune cells in the tumor microenvironment. Nat Immunol. (2013) 14:1014-22. doi: 10.1038/ni.2703

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

 28. Xu M, Liu M, Du X, Li S, Li H, Li X, et al. Intratumoral delivery of IL-21 overcomes anti-Her2/Neu resistance through shifting tumor-associated macrophages from M2 to M1 phenotype. J Immunol. (2015) 194:4997–5006. doi: 10.4049/jimmunol.1402603

 29. Rolny C, Mazzone M, Tugues S, Laoui D, Johansson I, Coulon C, et al. HRG inhibits tumor growth and metastasis by inducing macrophage polarization and vessel normalization through downregulation of PlGF. Cancer Cell. (2011) 19:31–44. doi: 10.1016/j.ccr.2010.11.009

 30. Schreiber RD, Old LJ, Smyth MJ. Cancer immunoediting: integrating immunity's roles in cancer suppression and promotion. Science. (2011) 331:1565–70. doi: 10.1126/science.1203486

 31. Mantovani A, Allavena P, Sica A, Balkwill F. Cancer-related inflammation. Nature. (2008) 454:436–44. doi: 10.1038/nature07205

 32. Zingoni A, Molfetta R, Fionda C, Soriani A, Paolini R, Cippitelli M, et al. NKG2D and Its Ligands: “One for All, All for One”. Front Immunol. (2018) 9:476. doi: 10.3389/fimmu.2018.00476

 33. Chiba S, Ikushima H, Ueki H, Yanai H, Kimura Y, Hangai S, et al. Recognition of tumor cells by Dectin-1 orchestrates innate immune cells for anti-tumor responses. Elife. (2014) 3:e04177. doi: 10.7554/eLife.04177

 34. Awad RM, De Vlaeminck Y, Maebe J, Goyvaerts C, Breckpot K. Turn back the TIMe: targeting tumor infiltrating myeloid cells to revert cancer progression. Front Immunol. (2018) 9:1977. doi: 10.3389/fimmu.2018.01977

 35. Srivastava MK, Andersson A, Zhu L, Harris-White M, Lee JM, Dubinett S, et al. Myeloid suppressor cells and immune modulation in lung cancer. Immunotherapy. (2012) 4:291–304. doi: 10.2217/imt.11.178

 36. De Vlaeminck Y, Gonzalez-Rascon A, Goyvaerts C, Breckpot K. Cancer-associated myeloid regulatory cells. Front Immunol. (2016) 7:113. doi: 10.3389/fimmu.2016.00113

 37. Parker KH, Beury DW, Ostrand-Rosenberg S. Myeloid-derived suppressor cells: critical cells driving immune suppression in the tumor microenvironment. Adv Cancer Res. (2015) 128:95–139. doi: 10.1016/bs.acr.2015.04.002

 38. Elliott LA, Doherty GA, Sheahan K, Ryan EJ. Human tumor-infiltrating myeloid cells: phenotypic and functional diversity. Front Immunol. (2017) 8:86. doi: 10.3389/fimmu.2017.00086

 39. Cassetta L, Baekkevold ES, Brandau S, Bujko A, Cassatella MA, Dorhoi A, et al. Deciphering myeloid-derived suppressor cells: isolation and markers in humans, mice and non-human primates. Cancer Immunol Immunother. (2019) 68:687–97. doi: 10.1007/s00262-019-02302-2

 40. Andersen MH. The targeting of immunosuppressive mechanisms in hematological malignancies. Leukemia. (2014) 28:1784–92. doi: 10.1038/leu.2014.108

 41. Rath M, Muller I, Kropf P, Closs EI, Munder M. Metabolism via arginase or nitric oxide synthase: two competing arginine pathways in macrophages. Front Immunol. (2014) 5:532. doi: 10.3389/fimmu.2014.00532

 42. Bronte V, Serafini P, De Santo C, Marigo I, Tosello V, Mazzoni A, et al. IL-4-induced arginase 1 suppresses alloreactive T cells in tumor-bearing mice. J Immunol. (2003) 170:270–8. doi: 10.4049/jimmunol.170.1.270

 43. Nagaraj S, Gupta K, Pisarev V, Kinarsky L, Sherman S, Kang L, et al. Altered recognition of antigen is a mechanism of CD8+ T cell tolerance in cancer. Nat Med. (2007) 13:828–35. doi: 10.1038/nm1609

 44. Yang R, Cai Z, Zhang Y, Yutzy WHt, Roby KF, Roden RB. CD80 in immune suppression by mouse ovarian carcinoma-associated Gr-1+CD11b+ myeloid cells. Cancer Res. (2006) 66:6807–15. doi: 10.1158/0008-5472.CAN-05-3755

 45. Movahedi K, Guilliams M, Van den Bossche J, Van den Bergh R, Gysemans C, Beschin A, et al. Identification of discrete tumor-induced myeloid-derived suppressor cell subpopulations with distinct T cell-suppressive activity. Blood. (2008) 111:4233–44. doi: 10.1182/blood-2007-07-099226

 46. Youn JI, Gabrilovich DI. The biology of myeloid-derived suppressor cells: the blessing and the curse of morphological and functional heterogeneity. Eur J Immunol. (2010) 40:2969–75. doi: 10.1002/eji.201040895

 47. Gnjatic S, Bronte V, Brunet LR, Butler MO, Disis ML, Galon J, et al. Identifying baseline immune-related biomarkers to predict clinical outcome of immunotherapy. J Immunother Cancer. (2017) 5:44. doi: 10.1186/s40425-017-0243-4

 48. 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

 49. 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

 50. Mitchem JB, Brennan DJ, Knolhoff BL, Belt BA, Zhu Y, Sanford DE, et al. Targeting tumor-infiltrating macrophages decreases tumor-initiating cells, relieves immunosuppression, and improves chemotherapeutic responses. Cancer Res. (2013) 73:1128–41. doi: 10.1158/0008-5472.CAN-12-2731

 51. Cheng L, Lopez-Beltran A, Massari F, MacLennan GT, Montironi R. Molecular testing for BRAF mutations to inform melanoma treatment decisions: a move toward precision medicine. Mod Pathol. (2018) 31:24–38. doi: 10.1038/modpathol.2017.104

 52. Mok S, Tsoi J, Koya RC, Hu-Lieskovan S, West BL, Bollag G, et al. Inhibition of colony stimulating factor-1 receptor improves antitumor efficacy of BRAF inhibition. BMC Cancer. (2015) 15:356. doi: 10.1186/s12885-015-1377-8

 53. Priceman SJ, Sung JL, Shaposhnik Z, Burton JB, Torres-Collado AX, Moughon DL, et al. Targeting distinct tumor-infiltrating myeloid cells by inhibiting CSF-1 receptor: combating tumor evasion of antiangiogenic therapy. Blood. (2010) 115:1461–71. doi: 10.1182/blood-2009-08-237412

 54. Ruffell B, Chang-Strachan D, Chan V, Rosenbusch A, Ho CM, Pryer N, et al. Macrophage IL-10 blocks CD8+ T cell-dependent responses to chemotherapy by suppressing IL-12 expression in intratumoral dendritic cells. Cancer Cell. (2014) 26:623–37. doi: 10.1016/j.ccell.2014.09.006

 55. Odemis V, Moepps B, Gierschik P, Engele J. Interleukin-6 and cAMP induce stromal cell-derived factor-1 chemotaxis in astroglia by up-regulating CXCR4 cell surface expression. Implications for brain inflammation. J Biol Chem. (2002) 277:39801–8. doi: 10.1074/jbc.M200472200

 56. Zhang W, Zhu XD, Sun HC, Xiong YQ, Zhuang PY, Xu HX, et al. Depletion of tumor-associated macrophages enhances the effect of sorafenib in metastatic liver cancer models by antimetastatic and antiangiogenic effects. Clin Cancer Res. (2010) 16:3420–30. doi: 10.1158/1078-0432.CCR-09-2904

 57. Chuang HY, Chang YF, Liu RS, Hwang JJ. Serial low doses of sorafenib enhance therapeutic efficacy of adoptive T cell therapy in a murine model by improving tumor microenvironment. PLoS ONE. (2014) 9:e109992. doi: 10.1371/journal.pone.0109992

 58. Dijkgraaf EM, Heusinkveld M, Tummers B, Vogelpoel LT, Goedemans R, Jha V, et al. Chemotherapy alters monocyte differentiation to favor generation of cancer-supporting M2 macrophages in the tumor microenvironment. Cancer Res. (2013) 73:2480–92. doi: 10.1158/0008-5472.CAN-12-3542

 59. de Visser KE, Korets LV, Coussens LM. De novo carcinogenesis promoted by chronic inflammation is B lymphocyte dependent. Cancer Cell. (2005) 7:411–23. doi: 10.1016/j.ccr.2005.04.014

 60. Andreu P, Johansson M, Affara NI, Pucci F, Tan T, Junankar S, et al. FcRgamma activation regulates inflammation-associated squamous carcinogenesis. Cancer Cell. (2010) 17:121–34. doi: 10.1016/j.ccr.2009.12.019

 61. Ammirante M, Luo JL, Grivennikov S, Nedospasov S, Karin M. B-cell-derived lymphotoxin promotes castration-resistant prostate cancer. Nature. (2010) 464:302–5. doi: 10.1038/nature08782

 62. DeNardo DG, Barreto JB, Andreu P, Vasquez L, Tawfik D, Kolhatkar N, et al. CD4(+) T cells regulate pulmonary metastasis of mammary carcinomas by enhancing protumor properties of macrophages. Cancer Cell. (2009) 16:91–102. doi: 10.1016/j.ccr.2009.06.018

 63. Guy CT, Cardiff RD, 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

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

 65. Sakai Y, Miyazawa M, Komura T, Yamada T, Nasti A, Yoshida K, et al. Distinct chemotherapy-associated anti-cancer immunity by myeloid cells inhibition in murine pancreatic cancer models. Cancer Sci. (2019) 110:903–12. doi: 10.1111/cas.13944

 66. Van den Eynden GG, Van der Auwera I, Van Laere S, Colpaert CG, van Dam P, Merajver S, et al. Validation of a tissue microarray to study differential protein expression in inflammatory and non-inflammatory breast cancer. Breast Cancer Res Treat. (2004) 85:13–22. doi: 10.1023/B:BREA.0000021028.33926.a8

 67. Xia W, Mullin RJ, Keith BR, Liu LH, Ma H, Rusnak DW, et al. Anti-tumor activity of GW572016: a dual tyrosine kinase inhibitor blocks EGF activation of EGFR/erbB2 and downstream Erk1/2 and AKT pathways. Oncogene. (2002) 21:6255–63. doi: 10.1038/sj.onc.1205794

 68. Hannesdottir L, Tymoszuk P, Parajuli N, Wasmer MH, Philipp S, Daschil N, et al. Lapatinib and doxorubicin enhance the Stat1-dependent antitumor immune response. Eur J Immunol. (2013) 43:2718–29. doi: 10.1002/eji.201242505

 69. Weizman N, Krelin Y, Shabtay-Orbach A, Amit M, Binenbaum Y, Wong RJ, et al. Macrophages mediate gemcitabine resistance of pancreatic adenocarcinoma by upregulating cytidine deaminase. Oncogene. (2014) 33:3812–9. doi: 10.1038/onc.2013.357

 70. Cheli Y, Ohanna M, Ballotti R, Bertolotto C. Fifteen-year quest for microphthalmia-associated transcription factor target genes. Pigment Cell Melanoma Res. (2010) 23:27–40. doi: 10.1111/j.1755-148X.2009.00653.x

 71. Hayden MS, Ghosh S. Regulation of NF-κB by TNF family cytokines. Semin Immunol. (2014) 26:253–66. doi: 10.1016/j.smim.2014.05.004

 72. Smith MP, Sanchez-Laorden B, O'Brien K, Brunton H, Ferguson J, Young H, et al. The immune microenvironment confers resistance to MAPK pathway inhibitors through macrophage-derived TNFα. Cancer Discov. (2014) 4:1214–29. doi: 10.1158/2159-8290.CD-13-1007

 73. Wang T, Xiao M, Ge Y, Krepler C, Belser E, Lopez-Coral A, et al. BRAF Inhibition stimulates melanoma-associated macrophages to drive tumor growth. Clin Cancer Res. (2015) 21:1652–64. doi: 10.1158/1078-0432.CCR-14-1554

 74. Ho PC, Meeth KM, Tsui YC, Srivastava B, Bosenberg MW, Kaech SM. Immune-based antitumor effects of BRAF inhibitors rely on signaling by CD40L and IFNγ. Cancer Res. (2014) 74:3205–17. doi: 10.1158/0008-5472.CAN-13-3461

 75. Cavnar MJ, Zeng S, Kim TS, Sorenson EC, Ocuin LM, Balachandran VP, et al. KIT oncogene inhibition drives intratumoral macrophage M2 polarization. J Exp Med. (2013) 210:2873–86. doi: 10.1084/jem.20130875

 76. Huang Y, Yuan J, Righi E, Kamoun WS, Ancukiewicz M, Nezivar J, et al. Vascular normalizing doses of antiangiogenic treatment reprogram the immunosuppressive tumor microenvironment and enhance immunotherapy. Proc Natl Acad Sci USA. (2012) 109:17561–6. doi: 10.1073/pnas.1215397109

 77. Bianchi ME, Agresti A. HMG proteins: dynamic players in gene regulation and differentiation. Curr Opin Genet Dev. (2005) 15:496–506. doi: 10.1016/j.gde.2005.08.007

 78. Wang H, Bloom O, Zhang M, Vishnubhakat JM, Ombrellino M, Che J, et al. HMG-1 as a late mediator of endotoxin lethality in mice. Science. (1999) 285:248–51. doi: 10.1126/science.285.5425.248

 79. Guerriero JL, Ditsworth D, Catanzaro JM, Sabino G, Furie MB, Kew RR, et al. DNA alkylating therapy induces tumor regression through an HMGB1-mediated activation of innate immunity. J Immunol. (2011) 186:3517–26. doi: 10.4049/jimmunol.1003267

 80. Wanderley CW, Colon DF, Luiz JPM, Oliveira FF, Viacava PR, Leite CA, et al. Paclitaxel reduces tumor growth by reprogramming tumor-associated macrophages to an M1 profile in a TLR4-dependent manner. Cancer Res. (2018) 78:5891–900. doi: 10.1158/0008-5472.CAN-17-3480

 81. Mills CD. M1 and M2 Macrophages: oracles of health and disease. Crit Rev Immunol. (2012) 32:463–88. doi: 10.1615/CritRevImmunol.v32.i6.10

 82. Allavena P, Sica A, Solinas G, Porta C, Mantovani A. The inflammatory micro-environment in tumor progression: the role of tumor-associated macrophages. Crit Rev Oncol Hematol. (2008) 66:1–9. doi: 10.1016/j.critrevonc.2007.07.004

 83. Mantovani A, Allavena P, Sica A. Tumour-associated macrophages as a prototypic type II polarised phagocyte population: role in tumour progression. Eur J Cancer. (2004) 40:1660–7. doi: 10.1016/j.ejca.2004.03.016

 84. Panagi M, Voutouri C, Mpekris F, Papageorgis P, Martin MR, Martin JD, et al. TGF-β inhibition combined with cytotoxic nanomedicine normalizes triple negative breast cancer microenvironment towards anti-tumor immunity. Theranostics. (2020) 10:1910–22. doi: 10.7150/thno.36936

 85. Huang X, Li Y, Fu M, Xin HB. Polarizing macrophages in vitro. Methods Mol Biol. (2018) 1784:119–26. doi: 10.1007/978-1-4939-7837-3_12

 86. Leonard F, Curtis LT, Ware MJ, Nosrat T, Liu X, Yokoi K, et al. Macrophage polarization contributes to the anti-tumoral efficacy of mesoporous nanovectors loaded with albumin-bound paclitaxel. Front Immunol. (2017) 8:693. doi: 10.3389/fimmu.2017.00693

 87. Wang B, Xu D, Yu X, Ding T, Rao H, Zhan Y, et al. Association of intra-tumoral infiltrating macrophages and regulatory T cells is an independent prognostic factor in gastric cancer after radical resection. Ann Surg Oncol. (2011) 18:2585–93. doi: 10.1245/s10434-011-1609-3

 88. Bass KK, Mastrangelo MJ. Immunopotentiation with low-dose cyclophosphamide in the active specific immunotherapy of cancer. Cancer Immunol Immunother. (1998) 47:1–12. doi: 10.1007/s002620050498

 89. Di Caro G, Cortese N, Castino GF, Grizzi F, Gavazzi F, Ridolfi C, et al. Dual prognostic significance of tumour-associated macrophages in human pancreatic adenocarcinoma treated or untreated with chemotherapy. Gut. (2016) 65:1710–20. doi: 10.1136/gutjnl-2015-309193

 90. Mohammed ZM, Going JJ, Edwards J, Elsberger B, McMillan DC. The relationship between lymphocyte subsets and clinico-pathological determinants of survival in patients with primary operable invasive ductal breast cancer. Br J Cancer. (2013) 109:1676–84. doi: 10.1038/bjc.2013.493

 91. Sconocchia G, Zlobec I, Lugli A, Calabrese D, Iezzi G, Karamitopoulou E, et al. Tumor infiltration by FcgammaRIII (CD16)+ myeloid cells is associated with improved survival in patients with colorectal carcinoma. Int J Cancer. (2011) 128:2663–72. doi: 10.1002/ijc.25609

 92. Miller MA, Zheng YR, Gadde S, Pfirschke C, Zope H, Engblom C, et al. Tumour-associated macrophages act as a slow-release reservoir of nano-therapeutic Pt(IV) pro-drug. Nat Commun. (2015) 6:8692. doi: 10.1038/ncomms9692

 93. Klenotic PA, Huang P, Palomo J, Kaur B, Van Meir EG, Vogelbaum MA, et al. Histidine-rich glycoprotein modulates the anti-angiogenic effects of vasculostatin. Am J Pathol. (2010) 176:2039–50. doi: 10.2353/ajpath.2010.090782

 94. Thulin A, Ringvall M, Dimberg A, Karehed K, Vaisanen T, Vaisanen MR, et al. Activated platelets provide a functional microenvironment for the antiangiogenic fragment of histidine-rich glycoprotein. Mol Cancer Res. (2009) 7:1792–802. doi: 10.1158/1541-7786.MCR-09-0094

 95. Ma Y, Adjemian S, Mattarollo SR, Yamazaki T, Aymeric L, Yang H, et al. Anticancer chemotherapy-induced intratumoral recruitment and differentiation of antigen-presenting cells. Immunity. (2013) 38:729–41. doi: 10.1016/j.immuni.2013.03.003

 96. Michaud M, Martins I, Sukkurwala AQ, Adjemian S, Ma Y, Pellegatti P, et al. Autophagy-dependent anticancer immune responses induced by chemotherapeutic agents in mice. Science. (2011) 334:1573–7. doi: 10.1126/science.1208347

 97. John J, Ismail M, Riley C, Askham J, Morgan R, Melcher A, et al. Differential effects of Paclitaxel on dendritic cell function. BMC Immunol. (2010) 11:14. doi: 10.1186/1471-2172-11-14

 98. Pfirschke C, Engblom C, Rickelt S, Cortez-Retamozo V, Garris C, Pucci F, et al. Immunogenic chemotherapy sensitizes tumors to checkpoint blockade therapy. Immunity. (2016) 44:343–54. doi: 10.1016/j.immuni.2015.11.024

 99. Moschella F, Torelli GF, Valentini M, Urbani F, Buccione C, Petrucci MT, et al. Cyclophosphamide induces a type I interferon-associated sterile inflammatory response signature in cancer patients' blood cells: implications for cancer chemoimmunotherapy. Clin Cancer Res. (2013) 19:4249–61. doi: 10.1158/1078-0432.CCR-12-3666

 100. Salem ML, Al-Khami AA, El-Naggar SA, Diaz-Montero CM, Chen Y, Cole DJ. Cyclophosphamide induces dynamic alterations in the host microenvironments resulting in a Flt3 ligand-dependent expansion of dendritic cells. J Immunol. (2010) 184:1737–47. doi: 10.4049/jimmunol.0902309

 101. Radojcic V, Bezak KB, Skarica M, Pletneva MA, Yoshimura K, Schulick RD, et al. Cyclophosphamide resets dendritic cell homeostasis and enhances antitumor immunity through effects that extend beyond regulatory T cell elimination. Cancer Immunol Immunother. (2010) 59:137–48. doi: 10.1007/s00262-009-0734-3

 102. Nefedova Y, Huang M, Kusmartsev S, Bhattacharya R, Cheng P, Salup R, et al. Hyperactivation of STAT3 is involved in abnormal differentiation of dendritic cells in cancer. J Immunol. (2004) 172:464–74. doi: 10.4049/jimmunol.172.1.464

 103. Nefedova Y, Cheng P, Gilkes D, Blaskovich M, Beg AA, Sebti SM, et al. Activation of dendritic cells via inhibition of Jak2/STAT3 signaling. J Immunol. (2005) 175:4338–46. doi: 10.4049/jimmunol.175.7.4338

 104. Blaskovich MA, Sun J, Cantor A, Turkson J, Jove R, Sebti SM. Discovery of JSI-124 (cucurbitacin I), a selective Janus kinase/signal transducer and activator of transcription 3 signaling pathway inhibitor with potent antitumor activity against human and murine cancer cells in mice. Cancer Res. (2003) 63:1270–9. 

 105. Maiti R. Metronomic chemotherapy. J Pharmacol Pharmacother. (2014) 5:186–92. doi: 10.4103/0976-500X.136098

 106. Ghiringhelli F, Menard C, Puig PE, Ladoire S, Roux S, Martin F, et al. Metronomic cyclophosphamide regimen selectively depletes CD4+CD25+ regulatory T cells and restores T and NK effector functions in end stage cancer patients. Cancer Immunol Immunother. (2007) 56:641–8. doi: 10.1007/s00262-006-0225-8

 107. Liu P, Jaffar J, Hellstrom I, Hellstrom KE. Administration of cyclophosphamide changes the immune profile of tumor-bearing mice. J Immunother. (2010) 33:53–9. doi: 10.1097/CJI.0b013e3181b56af4

 108. Mpekris F, Baish JW, Stylianopoulos T, Jain RK. Role of vascular normalization in benefit from metronomic chemotherapy. Proc Natl Acad Sci USA. (2017) 114:1994–9. doi: 10.1073/pnas.1700340114

 109. Chauhan VP, Stylianopoulos T, Martin JD, Popovic Z, Chen O, Kamoun WS, et al. Normalization of tumour blood vessels improves the delivery of nanomedicines in a size-dependent manner. Nat Nanotechnol. (2012) 7:383–8. doi: 10.1038/nnano.2012.45

 110. Antonia S, Mule JJ, Weber JS. Current developments of immunotherapy in the clinic. Curr Opin Immunol. (2004) 16:130–6. doi: 10.1016/j.coi.2004.01.012

 111. Tesniere A, Apetoh L, Ghiringhelli F, Joza N, Panaretakis T, Kepp O, et al. Immunogenic cancer cell death: a key-lock paradigm. Curr Opin Immunol. (2008) 20:504–11. doi: 10.1016/j.coi.2008.05.007

 112. Cao ZA, Daniel D, Hanahan D. Sub-lethal radiation enhances anti-tumor immunotherapy in a transgenic mouse model of pancreatic cancer. BMC Cancer. (2002) 2:11. doi: 10.1186/1471-2407-2-11

 113. Ganss R, Ryschich E, Klar E, Arnold B, Hammerling GJ. Combination of T-cell therapy and trigger of inflammation induces remodeling of the vasculature and tumor eradication. Cancer Res. (2002) 62:1462–70. 

 114. Klug F, Prakash H, Huber PE, Seibel T, Bender N, Halama N, et al. Low-dose irradiation programs macrophage differentiation to an iNOS(+)/M1 phenotype that orchestrates effective T cell immunotherapy. Cancer Cell. (2013) 24:589–602. doi: 10.1016/j.ccr.2013.09.014

 115. Gupta A, Probst HC, Vuong V, Landshammer A, Muth S, Yagita H, et al. Radiotherapy promotes tumor-specific effector CD8+ T cells via dendritic cell activation. J Immunol. (2012) 189:558–66. doi: 10.4049/jimmunol.1200563

 116. Xu J, Escamilla J, Mok S, David J, Priceman S, West B, et al. CSF1R signaling blockade stanches tumor-infiltrating myeloid cells and improves the efficacy of radiotherapy in prostate cancer. Cancer Res. (2013) 73:2782–94. doi: 10.1158/0008-5472.CAN-12-3981

 117. Shiao SL, Ruffell B, DeNardo DG, Faddegon BA, Park CC, Coussens LM. TH2-Polarized CD4(+) T cells and macrophages limit efficacy of radiotherapy. Cancer Immunol Res. (2015) 3:518–25. doi: 10.1158/2326-6066.CIR-14-0232

 118. Kozin SV, Kamoun WS, Huang Y, Dawson MR, Jain RK, Duda DG. Recruitment of myeloid but not endothelial precursor cells facilitates tumor regrowth after local irradiation. Cancer Res. (2010) 70:5679–85. doi: 10.1158/0008-5472.CAN-09-4446

 119. Demaria S, Formenti SC. Radiation as an immunological adjuvant: current evidence on dose and fractionation. Front Oncol. (2012) 2:153. doi: 10.3389/fonc.2012.00153

 120. Golden EB, Formenti SC. Is tumor (R)ejection by the immune system the “5th R” of radiobiology? Oncoimmunology. (2014) 3:e28133. doi: 10.4161/onci.28133

 121. Dewan MZ, Galloway AE, Kawashima N, Dewyngaert JK, Babb JS, Formenti SC, et al. Fractionated but not single-dose radiotherapy induces an immune-mediated abscopal effect when combined with anti-CTLA-4 antibody. Clin Cancer Res. (2009) 15:5379–88. doi: 10.1158/1078-0432.CCR-09-0265

 122. Schaue D, Ratikan JA, Iwamoto KS, McBride WH. Maximizing tumor immunity with fractionated radiation. Int J Radiat Oncol Biol Phys. (2012) 83:1306–10. doi: 10.1016/j.ijrobp.2011.09.049

 123. Filatenkov A, Baker J, Mueller AM, Kenkel J, Ahn GO, Dutt S, et al. Ablative tumor radiation can change the tumor immune cell microenvironment to induce durable complete remissions. Clin Cancer Res. (2015) 21:3727–39. doi: 10.1158/1078-0432.CCR-14-2824

 124. Paris F, Fuks Z, Kang A, Capodieci P, Juan G, Ehleiter D, et al. Endothelial apoptosis as the primary lesion initiating intestinal radiation damage in mice. Science. (2001) 293:293–7. doi: 10.1126/science.1060191

 125. Carvalho HA, Villar RC. Radiotherapy and immune response: the systemic effects of a local treatment. Clinics. (2018) 73(Suppl. 1):e557s. doi: 10.6061/clinics/2018/e557s

 126. Pardoll DM. The blockade of immune checkpoints in cancer immunotherapy. Nat Rev Cancer. (2012) 12:252–64. doi: 10.1038/nrc3239

 127. Christodoulou MI, Zaravinos A. New clinical approaches and emerging evidence on immune-checkpoint inhibitors as anti-cancer therapeutics: CTLA-4 and PD-1 pathways and beyond. Crit Rev Immunol. (2019) 39:379–408. doi: 10.1615/CritRevImmunol.2020033340

 128. Seidel JA, Otsuka A, Kabashima K. Anti-PD-1 and Anti-CTLA-4 therapies in cancer: mechanisms of action, efficacy, and limitations. Front Oncol. (2018) 8:86. doi: 10.3389/fonc.2018.00086

 129. Anfray C, Ummarino A, Andon FT, Allavena P. Current strategies to target tumor-associated-macrophages to improve anti-tumor immune responses. Cells. (2019) 9:E46. doi: 10.3390/cells9010046

 130. Tivol EA, Borriello F, Schweitzer AN, Lynch WP, Bluestone JA, Sharpe AH. Loss of CTLA-4 leads to massive lymphoproliferation and fatal multiorgan tissue destruction, revealing a critical negative regulatory role of CTLA-4. Immunity. (1995) 3:541–7. doi: 10.1016/1074-7613(95)90125-6

 131. Lenschow DJ, Herold KC, Rhee L, Patel B, Koons A, Qin HY, et al. CD28/B7 regulation of Th1 and Th2 subsets in the development of autoimmune diabetes. Immunity. (1996) 5:285–93. doi: 10.1016/S1074-7613(00)80323-4

 132. Yu GT, Bu LL, Zhao YY, Mao L, Deng WW, Wu TF, et al. CTLA4 blockade reduces immature myeloid cells in head and neck squamous cell carcinoma. Oncoimmunology. (2016) 5:e1151594. doi: 10.1080/2162402X.2016.1151594

 133. Simpson TR, Li F, Montalvo-Ortiz W, Sepulveda MA, Bergerhoff K, Arce F, et al. Fc-dependent depletion of tumor-infiltrating regulatory T cells co-defines the efficacy of anti-CTLA-4 therapy against melanoma. J Exp Med. (2013) 210:1695–710. doi: 10.1084/jem.20130579

 134. Du Four S, Maenhout SK, Niclou SP, Thielemans K, Neyns B, Aerts JL. Combined VEGFR and CTLA-4 blockade increases the antigen-presenting function of intratumoral DCs and reduces the suppressive capacity of intratumoral MDSCs. Am J Cancer Res. (2016) 6:2514–31. 

 135. de Coana YP, Wolodarski M, Poschke I, Yoshimoto Y, Yang Y, Nystrom M, et al. Ipilimumab treatment decreases monocytic MDSCs and increases CD8 effector memory T cells in long-term survivors with advanced melanoma. Oncotarget. (2017) 8:21539–53. doi: 10.18632/oncotarget.15368

 136. Romano E, Kusio-Kobialka M, Foukas PG, Baumgaertner P, Meyer C, Ballabeni P, et al. Ipilimumab-dependent cell-mediated cytotoxicity of regulatory T cells ex vivo by nonclassical monocytes in melanoma patients. Proc Natl Acad Sci USA. (2015) 112:6140–5. doi: 10.1073/pnas.1417320112

 137. Tobin RP, Jordan KR, Robinson WA, Davis D, Borges VF, Gonzalez R, et al. Targeting myeloid-derived suppressor cells using all-trans retinoic acid in melanoma patients treated with Ipilimumab. Int Immunopharmacol. (2018) 63:282–91. doi: 10.1016/j.intimp.2018.08.007

 138. Degos L, Wang ZY. All trans retinoic acid in acute promyelocytic leukemia. Oncogene. (2001) 20:7140–5. doi: 10.1038/sj.onc.1204763

 139. Fang J, Chen SJ, Tong JH, Wang ZG, Chen GQ, Chen Z. Treatment of acute promyelocytic leukemia with ATRA and As2O3: a model of molecular target-based cancer therapy. Cancer Biol Ther. (2002) 1:614–20. doi: 10.4161/cbt.308

 140. 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

 141. Nakamura K, Smyth MJ. Myeloid immunosuppression and immune checkpoints in the tumor microenvironment. Cell Mol Immunol. (2020) 17:1–12. doi: 10.1038/s41423-019-0306-1

 142. Lin H, Wei S, Hurt EM, Green MD, Zhao L, Vatan L, et al. Host expression of PD-L1 determines efficacy of PD-L1 pathway blockade-mediated tumor regression. J Clin Invest. (2018) 128:1708. doi: 10.1172/JCI120803

 143. Topalian SL, Hodi FS, Brahmer JR, Gettinger SN, Smith DC, McDermott DF, et al. Safety, activity, and immune correlates of anti-PD-1 antibody in cancer. N Engl J Med. (2012) 366:2443–54. doi: 10.1056/NEJMoa1200690

 144. Gandini S, Massi D, Mandala M. PD-L1 expression in cancer patients receiving anti PD-1/PD-L1 antibodies: a systematic review and meta-analysis. Crit Rev Oncol Hematol. (2016) 100:88–98. doi: 10.1016/j.critrevonc.2016.02.001

 145. Wei SC, Duffy CR, Allison JP. Fundamental mechanisms of immune checkpoint blockade therapy. Cancer Discov. (2018) 8:1069–86. doi: 10.1158/2159-8290.CD-18-0367

 146. Nakayama M, Akiba H, Takeda K, Kojima Y, Hashiguchi M, Azuma M, et al. Tim-3 mediates phagocytosis of apoptotic cells and cross-presentation. Blood. (2009) 113:3821–30. doi: 10.1182/blood-2008-10-185884

 147. Chiba S, Baghdadi M, Akiba H, Yoshiyama H, Kinoshita I, Dosaka-Akita H, et al. Tumor-infiltrating DCs suppress nucleic acid-mediated innate immune responses through interactions between the receptor TIM-3 and the alarmin HMGB1. Nat Immunol. (2012) 13:832–42. doi: 10.1038/ni.2376

 148. de Mingo Pulido A, Gardner A, Hiebler S, Soliman H, Rugo HS, Krummel MF, et al. TIM-3 regulates CD103(+) dendritic cell function and response to chemotherapy in breast cancer. Cancer Cell. (2018) 33:60–74.e6. doi: 10.1016/j.ccell.2017.11.019

 149. Kikushige Y, Shima T, Takayanagi S, Urata S, Miyamoto T, Iwasaki H, et al. TIM-3 is a promising target to selectively kill acute myeloid leukemia stem cells. Cell Stem Cell. (2010) 7:708–17. doi: 10.1016/j.stem.2010.11.014

 150. Heusschen R, Griffioen AW, Thijssen VL. Galectin-9 in tumor biology: a jack of multiple trades. Biochim Biophys Acta. (2013) 1836:177–85. doi: 10.1016/j.bbcan.2013.04.006

 151. Kumar V, Patel S, Tcyganov E, Gabrilovich DI. The nature of myeloid-derived suppressor cells in the tumor microenvironment. Trends Immunol. (2016) 37:208–20. doi: 10.1016/j.it.2016.01.004

 152. Li X, Yao W, Yuan Y, Chen P, Li B, Li J, et al. Targeting of tumour-infiltrating macrophages via CCL2/CCR2 signalling as a therapeutic strategy against hepatocellular carcinoma. Gut. (2017) 66:157–67. doi: 10.1136/gutjnl-2015-310514

 153. Loberg RD, Ying C, Craig M, Day LL, Sargent E, Neeley C, et al. Targeting CCL2 with systemic delivery of neutralizing antibodies induces prostate cancer tumor regression in vivo. Cancer Res. (2007) 67:9417–24. doi: 10.1158/0008-5472.CAN-07-1286

 154. Pienta KJ, Machiels JP, Schrijvers D, Alekseev B, Shkolnik M, Crabb SJ, et al. Phase 2 study of carlumab (CNTO 888), a human monoclonal antibody against CC-chemokine ligand 2 (CCL2), in metastatic castration-resistant prostate cancer. Invest New Drugs. (2013) 31:760–8. doi: 10.1007/s10637-012-9869-8

 155. 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

 156. Petermann KB, Rozenberg GI, Zedek D, Groben P, McKinnon K, Buehler C, et al. CD200 is induced by ERK and is a potential therapeutic target in melanoma. J Clin Invest. (2007) 117:3922–9. doi: 10.1172/JCI32163

 157. Moreaux J, Veyrune JL, Reme T, De Vos J, Klein B. CD200: a putative therapeutic target in cancer. Biochem Biophys Res Commun. (2008) 366:117–22. doi: 10.1016/j.bbrc.2007.11.103

 158. Moreaux J, Hose D, Reme T, Jourdan E, Hundemer M, Legouffe E, et al. CD200 is a new prognostic factor in multiple myeloma. Blood. (2006) 108:4194–7. doi: 10.1182/blood-2006-06-029355

 159. Love JE, Thompson K, Kilgore MR, Westerhoff M, Murphy CE, Papanicolau-Sengos A, et al. CD200 expression in neuroendocrine neoplasms. Am J Clin Pathol. (2017) 148:236–42. doi: 10.1093/ajcp/aqx071

 160. Wang L, Liu JQ, Talebian F, El-Omrani HY, Khattabi M, Yu L, et al. Tumor expression of CD200 inhibits IL-10 production by tumor-associated myeloid cells and prevents tumor immune evasion of CTL therapy. Eur J Immunol. (2010) 40:2569–79. doi: 10.1002/eji.201040472

 161. Liu JQ, Hu A, Zhu J, Yu J, Talebian F, Bai XF. CD200-CD200R Pathway in the regulation of tumor immune microenvironment and immunotherapy. Adv Exp Med Biol. (2020) 1223:155–65. doi: 10.1007/978-3-030-35582-1_8

 162. Kretz-Rommel A, Qin F, Dakappagari N, Ravey EP, McWhirter J, Oltean D, et al. CD200 expression on tumor cells suppresses antitumor immunity: new approaches to cancer immunotherapy. J Immunol. (2007) 178:5595–605. doi: 10.4049/jimmunol.178.9.5595

 163. Kretz-Rommel A, Qin F, Dakappagari N, Cofiell R, Faas SJ, Bowdish KS. Blockade of CD200 in the presence or absence of antibody effector function: implications for anti-CD200 therapy. J Immunol. (2008) 180:699–705. doi: 10.4049/jimmunol.180.2.699

 164. Kretz-Rommel A, Bowdish KS. Rationale for anti-CD200 immunotherapy in B-CLL and other hematologic malignancies: new concepts in blocking immune suppression. Expert Opin Biol Ther. (2008) 8:5–15. doi: 10.1517/14712598.8.1.5

 165. Ma Y, Mattarollo SR, Adjemian S, Yang H, Aymeric L, Hannani D, et al. CCL2/CCR2-dependent recruitment of functional antigen-presenting cells into tumors upon chemotherapy. Cancer Res. (2014) 74:436–45. doi: 10.1158/0008-5472.CAN-13-1265

 166. Mahadevan D, Lanasa MC, Farber C, Pandey M, Whelden M, Faas SJ, et al. Phase I study of samalizumab in chronic lymphocytic leukemia and multiple myeloma: blockade of the immune checkpoint CD200. J Immunother Cancer. (2019) 7:227. doi: 10.1186/s40425-019-0710-1

 167. Talebian F, Liu JQ, Liu Z, Khattabi M, He Y, Ganju R, et al. Melanoma cell expression of CD200 inhibits tumor formation and lung metastasis via inhibition of myeloid cell functions. PLoS ONE. (2012) 7:e31442. doi: 10.1371/journal.pone.0031442

 168. Pilch Z, Tonecka K, Braniewska A, Sas Z, Skorzynski M, Boon L, et al. Antitumor activity of TLR7 is potentiated by CD200R antibody leading to changes in the tumor microenvironment. Cancer Immunol Res. (2018) 6:930–40. doi: 10.1158/2326-6066.CIR-17-0454

 169. Irvine DJ, Dane EL. Enhancing cancer immunotherapy with nanomedicine. Nat Rev Immunol. (2020) 20:321–34. doi: 10.1038/s41577-019-0269-6

 170. Jain RK, Stylianopoulos T. Delivering nanomedicine to solid tumors. Nat Rev Clin Oncol. (2010) 7:653–64. doi: 10.1038/nrclinonc.2010.139

 171. Torres Andon F, Alonso MJ. Nanomedicine and cancer immunotherapy - targeting immunosuppressive cells. J Drug Target. (2015) 23:656–71. doi: 10.3109/1061186X.2015.1073295

 172. Kourtis IC, Hirosue S, de Titta A, Kontos S, Stegmann T, Hubbell JA, et al. Peripherally administered nanoparticles target monocytic myeloid cells, secondary lymphoid organs and tumors in mice. PLoS ONE. (2013) 8:e61646. doi: 10.1371/journal.pone.0061646

 173. Jeanbart L, Kourtis IC, van der Vlies AJ, Swartz MA, Hubbell JA. 6-Thioguanine-loaded polymeric micelles deplete myeloid-derived suppressor cells and enhance the efficacy of T cell immunotherapy in tumor-bearing mice. Cancer Immunol Immunother. (2015) 64:1033–46. doi: 10.1007/s00262-015-1702-8

 174. Sasso MS, Lollo G, Pitorre M, Solito S, Pinton L, Valpione S, et al. Low dose gemcitabine-loaded lipid nanocapsules target monocytic myeloid-derived suppressor cells and potentiate cancer immunotherapy. Biomaterials. (2016) 96:47–62. doi: 10.1016/j.biomaterials.2016.04.010

 175. Radovic-Moreno AF, Chernyak N, Mader CC, Nallagatla S, Kang RS, Hao L, et al. Immunomodulatory spherical nucleic acids. Proc Natl Acad Sci USA. (2015) 112:3892–7. doi: 10.1073/pnas.1502850112

 176. Guan C, Chernyak N, Dominguez D, Cole L, Zhang B, Mirkin CA. RNA-based immunostimulatory liposomal spherical nucleic acids as potent TLR7/8 modulators. Small. (2019) 15:e1903338. doi: 10.1002/smll.201903338

 177. Rodell CB, Arlauckas SP, Cuccarese MF, Garris CS, Li R, Ahmed MS, et al. TLR7/8-agonist-loaded nanoparticles promote the polarization of tumour-associated macrophages to enhance cancer immunotherapy. Nat Biomed Eng. (2018) 2:578–88. doi: 10.1038/s41551-018-0236-8

 178. Zilio S, Vella JL, De la Fuente AC, Daftarian PM, Weed DT, Kaifer A, et al. 4PD Functionalized dendrimers: a flexible tool for in vivo gene silencing of tumor-educated myeloid cells. J Immunol. (2017) 198:4166–77. doi: 10.4049/jimmunol.1600833

 179. Qian Y, Qiao S, Dai Y, Xu G, Dai B, Lu L, et al. Molecular-targeted immunotherapeutic strategy for melanoma via dual-targeting nanoparticles delivering small interfering RNA to tumor-associated macrophages. ACS Nano. (2017) 11:9536–49. doi: 10.1021/acsnano.7b05465

 180. Parayath NN, Parikh A, Amiji MM. Repolarization of tumor-associated macrophages in a genetically engineered nonsmall cell lung cancer model by intraperitoneal administration of hyaluronic acid-based nanoparticles encapsulating MicroRNA-125b. Nano Lett. (2018) 18:3571–9. doi: 10.1021/acs.nanolett.8b00689

 181. Ledo AM, Sasso MS, Bronte V, Marigo I, Boyd BJ, Garcia-Fuentes M, et al. Co-delivery of RNAi and chemokine by polyarginine nanocapsules enables the modulation of myeloid-derived suppressor cells. J Control Release. (2019) 295:60–73. doi: 10.1016/j.jconrel.2018.12.041

 182. Zanganeh S, Hutter G, Spitler R, Lenkov O, Mahmoudi M, Shaw A, et al. Iron oxide nanoparticles inhibit tumour growth by inducing pro-inflammatory macrophage polarization in tumour tissues. Nat Nanotechnol. (2016) 11:986–94. doi: 10.1038/nnano.2016.168

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.

Copyright © 2020 Neophytou, Pierides, Christodoulou, Costeas, Kyriakou and Papageorgis. 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.












	
	REVIEW
published: 30 June 2020
doi: 10.3389/fonc.2020.01022






[image: image2]

The Contribution of Race to Breast Tumor Microenvironment Composition and Disease Progression

Gina Kim1,2,3, Jessica M. Pastoriza3, John S. Condeelis1,2,3,4, Joseph A. Sparano2,5, Panagiota S. Filippou6,7, George S. Karagiannis1,2,4 and Maja H. Oktay1,2,4,8*


1Department of Anatomy and Structural Biology, Montefiore Medical Center, Einstein College of Medicine, Bronx, NY, United States

2Integrated Imaging Program, Montefiore Medical Center, Einstein College of Medicine, Bronx, NY, United States

3Department of Surgery, Montefiore Medical Center, Einstein College of Medicine, Bronx, NY, United States

4Gruss-Lipper Biophotonics Center, Montefiore Medical Center, Einstein College of Medicine, Bronx, NY, United States

5Department of Medicine (Oncology), Montefiore Medical Center, Einstein College of Medicine, Bronx, NY, United States

6School of Health & Life Sciences, Teesside University, Middlesbrough, United Kingdom

7National Horizons Centre, Teesside University, Darlington, United Kingdom

8Department of Pathology, Montefiore Medical Center, Einstein College of Medicine, Bronx, NY, United States

Edited by:
Cesar Augusto Santa-Maria, Johns Hopkins Medicine, United States

Reviewed by:
Prashant Trikha, Nationwide Children's Hospital, United States
 Daniel Christian Hoessli, University of Karachi, Pakistan

*Correspondence: Maja H. Oktay, maja.oktay@einsteinmed.org

Specialty section: This article was submitted to Molecular and Cellular Oncology, a section of the journal Frontiers in Oncology

Received: 11 March 2020
 Accepted: 22 May 2020
 Published: 30 June 2020

Citation: Kim G, Pastoriza JM, Condeelis JS, Sparano JA, Filippou PS, Karagiannis GS and Oktay MH (2020) The Contribution of Race to Breast Tumor Microenvironment Composition and Disease Progression. Front. Oncol. 10:1022. doi: 10.3389/fonc.2020.01022



Breast cancer is the second most commonly diagnosed cancer in American women following skin cancer. Despite overall decrease in breast cancer mortality due to advances in treatment and earlier screening, black patients continue to have 40% higher risk of breast cancer related death compared to white patients. This disparity in outcome persists even when controlled for access to care and stage at presentation and has been attributed to differences in tumor subtypes or gene expression profiles. There is emerging evidence that the tumor microenvironment (TME) may contribute to the racial disparities in outcome as well. Here, we provide a comprehensive review of current literature available regarding race-dependent differences in the TME. Notably, black patients tend to have a higher density of pro-tumorigenic immune cells (e.g., M2 macrophages, regulatory T cells) and microvasculature. Although immune cells are classically thought to be anti-tumorigenic, increase in M2 macrophages and angiogenesis may lead to a paradoxical increase in metastasis by forming doorways of tumor cell intravasation called tumor microenvironment of metastasis (TMEM). Furthermore, black patients also have higher serum levels of inflammatory cytokines, which provide a positive feedback loop in creating a pro-metastatic TME. Lastly, we propose that the higher density of immune cells and angiogenesis observed in the TME of black patients may be a result of evolutionary selection for a more robust immune response in patients of African geographic ancestry. Better understanding of race-dependent differences in the TME will aid in overcoming the racial disparity in breast cancer mortality.
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INTRODUCTION

Breast cancer is the second most common cancer in women in the U.S. following skin cancer, and is the second leading cause of cancer death (1, 2). In both female and male breast cancer, black race or African American (AA) ethnicity is associated with a worse prognosis compared to white race or European American (EA) ethnicity (3–6). Clinical and treatment factors associated with worse outcomes for black race in breast cancer are well-described (Table 1). Although breast cancer incidence and mortality have declined by ~40% in the U.S. between 1989 and 2017 (2), mortality rates have declined less in black women, which has contributed to persistently higher breast cancer mortality rate for black women (17). Furthermore, despite the lower incidence rate, the death rate for black women with breast cancer is now 40% higher than for white women (1, 2). For black women younger than 50 years of age, the death rate is double than that of white women of the same age group (2).


Table 1. Factors contributing to worse clinical outcomes for black race in breast cancer.
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A widening racial gap in survival has also been observed for women in the US Department of Defense healthcare system (18), as well as for women undergoing NCI-sponsored clinical trials receiving contemporary therapy (Table 2), suggesting that factors other than disparities in care may be playing a role in contributing to inferior outcomes (20). A similar disparity in survival was also observed in patients with ER+/HER2- disease treated at Montefiore Medical Center, which serves a large African American population (13).


Table 2. Adjuvant Breast Cancer Trials.
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Indeed, several studies have indicated that racial disparity in breast cancer outcome between patients of African compared to those of Caucasian ancestry are due to biological factors including differences in gene expression patterns of tumor cells as well as differences in the local milieu (or context) in which cancer cells reside, typically referred to as the tumor microenvironment (TME) (21). TME encompasses a variety of cells including fibroblasts, adipocytes, immune cells, endothelial cells, as well as a plethora of signaling molecules and extracellular matrix (ECM) components. The non-cancerous stromal cells influence the behavior of cancer cells by direct contact, as well as by secreting ECM proteins, chemokines, cytokines and growth factors. Thus, it is the dynamic interplay between cancer cells, non-cancerous cells and other components of TME that dictates the growth and invasiveness of tumors and may contribute to racial disparity in breast cancer outcome. This review will focus on the racial disparities in TME as potential modulators of cancer progression, metastasis and response to therapy.



RACIAL/ETHNIC DISPARITIES IN THE BREAST CANCER MICROENVIRONMENT

Breast cancer is an extremely heterogeneous disease at multiple levels, including histologic subtype, grade, hormone and growth factor receptor status, as well as gene expression pattern (22). Molecular profiling based on the analysis of gene copy number, mRNA, microRNA and protein expression supports at least four (23), and up to ten intrinsic subtypes (24). Although an association of these intrinsic subtypes with disease outcome has been clearly demonstrated (22), it has been increasingly appreciated that the tumor microenvironment (TME) also plays an important role in regulating breast cancer biology at all stages of progression and ultimately influences disease outcome (25). Moreover, multiple lines of evidence indicate that black patients exhibit a TME with more pronounced pro-tumorigenic properties, which may be responsible for, and contribute to the disparity in breast cancer survival.


Disparity in Breast Cancer Immune Landscape

A number of immune cells reside within the TME and contribute to cancer progression. Among the well-studied ones are tumor-associated lymphocytes (TILs), regulatory T cells (T-regs), neutrophils, tumor-associated macrophages (TAMs), and myeloid-deprived suppressor cells (MDSCs).


Lymphocytes

TILs, the most abundant immune cells within breast TME, convey a good prognosis especially in patients with triple negative (TN) disease (26–28). In particular, high TIL count in TN disease has been associated with better survival, as well as better response to treatment (29, 30). Although the analysis of gene expression variants have shown higher expression of genes associated with immune response in tumors from African American (AA) compared to European American (EA) patients (31), the comparison of TIL counts, either as percent-area of stroma, or as percent-area of the whole section did not show any differences between these two racial groups (32). Likewise, the distribution of tumors that were lymphocyte-predominant (>50% TIL), lymphocyte-moderate (10–50% TIL) and lymphocyte-poor (<10% TILs) was not significantly different (32). The immunomodulatory score (33), which helps predict response to neoadjuvant chemotherapy, was also not different between AA and EA patients (32).

Unlike TILs, increased number of T-regs in breast TME has been associated with decreased relapse-free and overall survival (34, 35). This is not surprising as T-regs are suppressors of T cell responses and mediators of immune tolerance, and as such, T-regs may contribute to immune evasion of cancer cells. Indeed, ablation of T-regs leads to CD4 T-cell- and interferon-γ (INF-γ)-dependent reduction of primary and metastatic tumor growth in a transgenic mouse model of breast cancer (36). When analyzed as relative proportion among 9 immune cell populations (B-cells, dendritic cells, eosinophils, macrophages, mast cells, neutrophils, NK cells, CD4 and CD8 T-cells), T-regs were present in significantly higher proportion in TME of AA than of EA patients (32). It is therefore possible that more aggressive disease in AA compared to EA may be due to more pronounced immunosuppressive TME in breast cancers of AA patients. Since the recruitment of T-regs into the TME occurs partly via the C-X-C motif chemokine-12 (CXCL12) signaling factor, it would be interesting to see if TME in breast cancers from AA compared to EA patients produces more CXCL12.



Myeloid Cells

Neutrophils have been typically involved in the pathophysiology of acute infection and elimination of bacteria. However, about a decade ago, studies in pre-clinical models of cancer demonstrated that depending on the levels of chemokines in TME, tumor-associated neutrophils (TANs) may develop an either pro- or anti-tumor phenotype (37). More recent meta-analyses showed that a high neutrophils-to-lymphocytes ratio is associated with worse outcome (38–40). Neutrophils are also found to be potent suppressors of T-cell mediated immunity (41). Moreover, neutrophils can expulse their DNA to create so-called neutrophil extracellular traps (NETs), which can promote metastasis (42). Relative to other immune cell populations, the mean proportion of neutrophils was not found to be different between AA and EA (32). Quite interestingly, up to 12.5% of healthy women of AA descent were found to have neutropenia (43). However, it is not yet clear how that may affect breast cancer incidence and progression.

The role of TAMs in the progression of breast cancer has been extensively studied (44–47). This is not surprising given that macrophages are the most abundant leukocytes in breast TME in both AA and EA patients (32). Macrophages are extremely plastic and under constant influence of TME, which can modify them to function as either tumor inhibitory (M1) or tumor promoting (M2) agents (48, 49). M1 macrophages, also called classically-activated macrophages, secrete pro-inflammatory cytokines such as INF-γ, TNF-α, IL-1, IL6, and IL-12, while M2 macrophages secrete anti-inflammatory cytokines, such as IL-10 and TGF-β. It is important to mention that both within and between the M1 and M2 polarization states, there exist several subcategories of macrophage phenotypes. Although most studies associate high macrophage density with poor outcome (50–52), macrophage density does not seem to play a role in the outcome of patients who have ER+ tumors smaller than 1 cm (53). However, TAMs seem to differ in TME of AA and EA patients not only in their density, but also in their composition. For instance, AA patients compared to EA and non-black Hispanic patients tend to have not only higher macrophage density (54), but also higher density of pro-tumorigenic M2, CD206-expressing macrophages in the TME (55). Consistent with the well-established role of M2 macrophages in promoting tumor invasion, angiogenesis, metastasis and immunosuppression (56–58), the density of CD206 M2 macrophages was found to be a significant predictor of progression-free survival independently of race (54). This even held true after adjusting for race and HER2 expression. Interestingly, if evaluated as a mean proportion of the leukocyte compartment within TME, tumors from AA compared to EA patients have a higher overall macrophage score, but tumors from EA patients score higher for M2 macrophages (32). One of the pro-tumorigenic properties of M2 macrophages is their ability to promote angiogenesis (58, 59). Indeed, M2 TAMs secrete various cytokines as well as matrix degrading enzymes that orchestrate not only cancer cell invasion, but also angiogenesis. In particular, a subset of M2 macrophages that expresses the tyrosine kinase receptor Tie2 produces large amounts of vascular endothelial growth factor (VEGF), which, in turn, regulates cancer cell dissemination (60, 61). Thus, macrophages serve as principal modifiers and regulators of blood vessel development and structure in the tumor microenvironment, suggesting that racial disparities in macrophage populations may indirectly shape the angiogenic milieu in different ethnic groups.

Myeloid-derived suppressor cells (MDSCs) represent well-established mediators of the immunosuppressive tumor microenvironment, and also serve as critical regulators of angiogenesis, cancer cell invasion and migration, as well as pre-metastatic niche formation (62–64). MDSCs are currently categorized into two distinct subtypes with clearly defined surface phenotype and functions, the granulocytic (G-MDSC) and the monocytic (Mo-MDSC) types (65).The levels of G-MDSCs in the peripheral blood of breast cancer patients receiving neo-adjuvant chemotherapy (doxorubicin and cyclophosphamide) are significantly elevated, especially for those who do not present with pathologic complete response (pCR) (66). Interestingly, this study additionally demonstrated that AA patients present with a comparably lower increase in G-MDSC levels following chemotherapy, compared to Caucasians (66).These observations suggest that racial disparities in MDSC responses and functions in the breast TME, especially in the context of chemotherapy treatment, may account for significant differences in tumor progression and even therapeutic outcome among different ethnic backgrounds.




Disparity in Breast Cancer Vascular Compartment

Microvascular density has been consistently associated with tumor progression and outcome in breast cancer (67), because blood vessels are critical for the development and progression of the primary breast cancer, cancer cell dissemination to distant sites (60, 68, 69), metastatic seeding, as well as outgrowth of metastatic nodules. Angiogenesis is a complex process regulated by a plethora of cytokines produced in response to hypoxia-induced activation of HIF-1 transcription factors (70). Given such importance of vasculature in tumor progression, it is not surprising given the disparity in outcome described above that one of the most striking differences in TME between patients of African and European ancestry is in the biology of angiogenesis (55). A comprehensive study by Martin et al. (55) looked at differences in gene enrichment in specific biological processes in tumor stroma and tumor epithelium, separated by laser capture micro-dissection, between black and white patients. The study found that patients of African ancestry had significantly higher expression of genes involved in cell cycle control and chemotaxis in tumor epithelium, while tumor stroma was enriched for genes involved in neovascularization. This study also found increased microvascular density in TME from AA patients. Interestingly however, an analysis of the National Cancer Database (NCDB) found that black race was not associated with higher risk of lymphovascular invasion in patients with early ER+/HER2- breast cancer (71). Given that a subset of TAMs stimulates angiogenesis, it is plausible that breast cancers in black patients release more macrophage chemotactic signals such as CSF-1, which could result in macrophage recruitment, increased density of proangiogenic TAMs and subsequent increase in microvascular density. Indeed, plasma levels of granulocyte colony-stimulating factor (G-CSF) was found to be elevated in African-American compared with Caucasian patients (72). Increased microvascular density along with increased density of proangiogenic CD206 expressing macrophages within TME likely contribute to an enhanced assembly of specialized doorways for cancer cell dissemination to distant sites called tumor microenvironment of metastasis (TMEM) doorways (60, 61). TMEM doorways are sites of localized transient vascular permeability. Each TMEM doorway is composed of one proangiogenic CD206 macrophage expressing high levels of Tie2 receptor, one tumor cell expressing high levels of actin regulatory protein Mena, and one endothelial cell expressing angiopoietin-2 (Ang2), all in direct physical contact (60). The TMEM doorway is a clinically validated prognostic biomarker for breast cancer metastasis to distant sites such as lung, bone or brain (73–75). It would be interesting to investigate if the density of TMEM doorways differs in breast TME of patients from different racial ancestry and if the difference in TMEM density contributes to the disparity in breast cancer outcome.



Cancer-Associated Fibroblasts (CAFs), Extracellular Matrix (ECM), and Breast Density in Patients of Different Racial/Ethnic Backgrounds

Cancer-associated fibroblasts (CAFs) are the most common stromal cell type of mesenchymal origin in the tumor microenvironment (76). However, due to the lack of molecular markers specific for CAFs, it is challenging to identify and study them (77). Nevertheless, it has been observed that breast CAFs secrete a large number of growth factors such as fibroblast growth factor (FGF), transforming growth factor beta (TGF-β), CXCL12, and hepatocyte growth factor (HGF), as well as various cytokines that contribute to cancer cell proliferation, invasiveness and angiogenesis (76). While, to the best of our knowledge, the effect of CAFs on cancer progression from patients of different racial backgrounds has not been investigated, one study describes the effect of ECM and fibroblasts isolated from healthy pre-menopausal women of various racial backgrounds on breast cancer cell growth and invasion both in vivo and in vitro (78). This study reports that fibroblasts from both AA and EA women enhanced cancer progression albeit in slightly different ways. In vitro, ECM from AA women induced invasiveness of TN cancer cells, while fibroblasts from EA women induced invasiveness of ER+/PR+ cancer cells. In xenograft models, ECM from EA women increased tumorigenesis of ER+/PR+ cells and enhanced metastasis. However, in vitro studies must be viewed with caution since in vitro assays suffer from uncertainty regarding the lack of TME associated factors which can lead to the observation of cell phenotypes that are unrelated to cell behavior in vivo.

According to several studies it seems that single nucleotide polymorphisms (SNPs) in the FGF family of genes may influence the risk for breast cancer in patients of various racial backgrounds. In particular, SNP variants in the fibroblast growth factor receptor-2 (FGFR-2) gene and/ or the FGFR-2 promoter are associated with an increased risk of breast cancer in Chinese women (79, 80), Northern Indian (81), Caucasian (82), and AA women (83). Thus, it is plausible that there are racial differences in which fibroblasts affect cancer susceptibility and progression via the secretion of protumoral and prometastatic cytokines.

Likewise, CAFs and ECM may affect breast tissue density, which has important clinical implication not only for cancer progression but also for mammographic screening. Indeed, in a large multiethnic study, it was shown that women of Hispanic ancestry had the highest mammographic breast density, followed by AA and EA women (84). To what extent this CAF-related phenotype is affected by differential deposition of collagen, collagen crosslinking, or regulation of interstitial pressure among the different racial groups needs to be determined using in vivo studies in the future.



Cancer-Associated Adipocytes in Patients of Different Racial/Ethnic Backgrounds

The interplay between cancer cells and adipocytes has not been extensively studied. This may potentially be due to the fact that adipocytes, which represent a large portion of the healthy breast tissue, are frequently replaced by desmoplastic stroma during cancer progression. Nevertheless, cancer cells often invade the surrounding adipose tissues and such interplay may affect breast cancer outcome (85). Indeed, several studies indicate a positive correlation between cancer cell invasion into adipose breast tissue and poor patient outcome (86, 87). Recently, a microanatomical adipocyte-associated structure called crown-like structure (CLS) was described in breast TME (54). CLS are composed of macrophages surrounding dying adipocytes. A higher density of CLS was found in black compared to Caucasian and non-black Hispanic patients (54). Interestingly, CLS containing pro-inflammatory M1 macrophages are associated with worse survival in all racial groups. Thus, adipocytes may affect cancer outcome by influencing cancer behavior locally, as shown in several in vitro studies (88). Alternatively, adipocytes may be affecting overall inflammation at the systemic level, which is also cancer-promoting (89, 90). Since AA race is associated with higher obesity rates compared to EA (91), and obesity induces low-grade chronic inflammatory milieu, it is possible that CLSs are more frequently associated with M1 macrophages in AA than in EA patients due to obesity-induced inflammation. Indeed, obesity is not only associated with increased circulating fatty acids, but also with enrichment of chemo-attractants for immune cells into the TME (92). In particular, adipose tissue produces inflammatory cytokines such as TNF-α, interleukin (IL-6), IL-1β, and monocyte chemoattractant protein (MCP)-1. Moreover, adipocytes transdifferentiate into macrophages, which can be stimulated by fatty acids to produce inflammatory cytokines. High cytokine levels perpetuate chronic inflammation, which in turn, can promote tumor progression. Therefore, the interplay between TME and circulating cytokines may be responsible for the association of obesity with worse outcome in patients with breast cancer (93).




SERUM CYTOKINE PROFILE IN BREAST CANCER PATIENTS OF DIFFERENT RACIAL/ETHNIC BACKGROUNDS

Cytokines, the signaling molecules that mediate and regulate immunity, inflammation and hematopoiesis, are the biological milieu and constitute important components of the TME associated with breast cancer (94, 95). Cytokines have been used as biomarkers for prognosis and have been associated with clinical symptoms and adverse outcomes in breast cancer (95).

Studies indicate that certain cytokine levels may be influenced by racial background of the patient. For instance, plasma levels of IL-8 and granulocyte colony-stimulating factor were elevated in AAs compared with EAs (72), and TNF-α has been reported to be higher in non-obese Mexican Americans compared with matched non-Hispanic whites (96). Moreover, it was also demonstrated that plasma levels of circulating cytokines are influenced by both age and race (97). Most studies comparing racial differences in cancer at the cytokine levels investigated only a few cytokines. The reason may be the lack of sufficient numbers of AA patients in population-based case-control studies to observe significant differences in circulating cytokines and race-specific associations between cytokines and cancer (98). Studies in various cancer types demonstrated that there are substantial racial differences in inflammation between AA and EA patients. In lung cancer for instance, certain cytokines (IL-4, IL-5, IL-8, IL-10, IFN-γ, and TNF-α) were significantly elevated among EA compared to AA patients, whereas elevated IL-1β, IL-10, and TNF-α levels were associated with lung cancer only among AA patients (98). In other studies, AA compared to EA patients appeared to have higher levels of circulating C-reactive protein [a non-specific marker of inflammation (99)], higher levels of IL-6, and reduced levels of TNF-α (100). Of note, AA and EA patients were found to have significantly different frequencies of single nucleotide polymorphisms (SNPs) in cytokine genes, which may functionally alter and explain the differences in serum cytokine concentrations (99, 100).

A recent study demonstrated that race affects inflammatory cytokine levels (IL-6 and IFN-γ) and breast cancer risk. (101). Interestingly, other studies have shown that milk from healthy black women may contain higher levels of IL-1β than from white women even when controlled for BMI (102), which strengthens the hypothesis that increased inflammation within the breast of black women compared with white women may be linked to the higher rates of early onset breast cancer in black women (103). Therefore, potential strategies to reduce racial disparities in breast cancer risk could be through interventions such as short courses of anti-inflammatory agents (102). This is further supported by preclinical results reported by Lyons et al. (104) showing that a postpartum pro-inflammatory mechanism may promote development of aggressive breast cancer. Interestingly, TAMs, one of the major contributors of pro-inflammatory cytokines, are found in higher density in breast cancer specimens from AA compared to EA patients. Among other cytokines, TAMs produce resistin, which is the main mediator of obesity associated pro-inflammatory effects in various diseases, including cancer (105). Indeed, resistin, a main inducer of IL-6, was found to be expressed at greater levels in the TME of AA than of EA patients (106), specifically in breast cancer cells. This, in turn, may promote proliferation of breast cancer cells through STAT3 activation (105).

Since cytokines operate in integrated networks, a more complete understanding will be gained with the exploration and accurate measurements of multiple cytokines simultaneously (known as cytokine patterns or signatures), using advanced proteomic technologies (107). A wide range of cytokine assays is available for accurate measurements in biological fluids, e.g., immunoassays, cytokine bioassays, multiplex bead array assays, mass spectrometry, multi-parametric flow cytometry, among others (107). However, further research using bioanalytical techniques is needed to identify patterns of cytokine expression that may serve as biomarkers in clinical research, and to determine further differences in the cytokine landscape among patients of different racial backgrounds.



RACIAL/ETHNIC DISPARITIES IN TME ELUCIDATED USING HIGH THROUGHPUT TISSUE ANALYSES


Disparity in TME Gene Expression Pattern

Several groups have previously compared breast cancer gene expression patterns between AA and EA patients using high throughput approaches such as RNA sequencing and found differences in signaling pathways primarily related to angiogenesis, chemotaxis and immunity (32, 55). However, the two most significantly differentially expressed genes in the breast cancer epithelia between AA and EA patients are the phosphoserine phosphatase like (PSPHL) and Beta-crystallin B2 (CRYBB2) (55).Interestingly, PSPHL and CRYBB2 are also the most differentially expressed genes in prostate cancer patients from these two ancestral backgrounds (108). In fact, the racial ancestry of 94% of breast cancer epithelia could be correctly classified based only on the expression pattern of these 2 genes. The reasons for this are not understood.

A similar prediction could be made using five genes most differentially expressed in the breast cancer stroma, PSPHL, CXCL10, CXCL11, ISG20, and GMDS. Importantly, this separation was independent of estrogen receptor expression status. Interestingly, CXCL10, CXCL11, and ISG20 are IFN-γ-regulated genes, which is consistent with the presence of interferon signature found in breast cancer from AA patients (55). There are several reasons for the presence of interferon signature in tissues from AA, including chronic inflammation and/or presence of specific mutations in immune-related genes in tumors of AA patients (109). An extensive study by the Pusztai group performed a detailed analysis of immune gene expression in a multiracial patient cohort. The authors compared expression of 14 immune metagenes (patterns of gene expression) between AA and EA tumors, and found that although the median expression of all metagenes were higher in tumors from AA, only the major histocompatibility complex-1 (MHC1) was expressed at statistically significant higher levels. After looking deeper into the differences within tumor subtypes, it became evident that ER+ but not TN breast cancers from AA had higher median expression of the MHC1 metagene. Furthermore, the tumor immune dysfunction and exclusion (TIDE) analysis, which is used to assess the function and inclusion of T cells in the TME, showed only IFN-γ to be statistically higher in AA tumors, consistent with the presence of INF-γ signature in breast TME of AA women (55). Thus, IFN-γ network appears to be a main difference in breast cancer TME between AA and EA patients.



Disparity in Genomic Variations Affecting the TME

Racial differences in the immune TME have also been observed at a genomic level. It has been postulated and confirmed by several studies that populations with geographic ancestries that have been heavily exposed to environmental pathogens have variants in genes involved in innate immunity that protect them against infection, but negatively impact cancer incidence and progression (109). In a proof-of-principle, pilot study for example, it was shown that a Cypriot population displayed higher risk of developing cancer when there was a prior exposure to parasitic infections by Echinococcus granulosus (110). Such observations suggest that genomic variations may be prevalent in certain ethnic groups or patient populations of variable geographic origins, possibly as an inadvertent result of protection against local/endemic pathogens. Further evidence by Lazarus et al. (111) demonstrated that distinct SNPs patterns exist in innate immune genes in AA compared to EA patients. Likewise, Kwiatkowski et al. (111) found higher incidence of SNP variants in AA than in EA indicating that greater haplotype diversity exists within AA gene pool.

These observations collectively suggest that racial differences in transcriptomic/genomic landscape are indeed prevalent among breast cancer patients, which partially explain the intrinsic differences in the tumor microenvironment composition and disease progression.




CAN RACIAL/ETHNIC DISPARITIES IN BREAST TME HELP PERSONALIZE BREAST CANCER THERAPY?

The rationalized targeting of the tumor microenvironment has been proposed as early as the publication of the original “Hallmarks of Cancer” by Weinberg and Hanahan (112). In this review, we add a new dimension to this premise: different racial backgrounds are associated with different tumor microenvironments, which may partly explain the disparities in disease development and progression. This premise suggests that in the era of personalized oncology and rationalized targeting of the tumor microenvironment, race should clearly be taken into account as a major determinant of TME composition. Unfortunately, successful targeting of the components of TME have proven to be challenging. For example, anti-angiogenic drug bevacizumab (humanized monoclonal anti-VEGF antibody), failed to improve overall survival in either localized or metastatic breast cancer despite promising pre-clinical results (113). The key to successful bevacizumab treatment may lie in identifying patients with the appropriate TME, which could be racially determined (114). We postulate that studying racial disparities in the context of TME may facilitate identification of novel biomarkers for tailored treatment and for development of new therapeutics that specifically target the TME in AA. An example is the targeting of TMEM function using TMEM score as a prognostic for patients who would respond. Drugs specific for inhibition of macrophages supporting the assembly and function of TMEM its associated tumor cell dissemination, such as rebastinib (115), might present an opportunity if the TMEM score is elevated in AA patients.

Although prior epidemiologic and meta-analysis studies have documented that breast cancer patients treated with neoadjuvant (NAC) vs. adjuvant (AC) chemotherapy have no difference in survival (116, 117), a recent study by Pastoriza et al. (118) which stratified patients according to race, demonstrated that black patients treated with NAC have worse distant recurrence-free survival (DRFS) compared to matched white patients. Such racial disparities may partially be due to differences in the TME between AA and EA patients, including the increased density of prometastatic TAMs and microvascular density in black compared to white patients (54, 55). Since the main cause of breast cancer morbidity is metastatic disease, in addition to shrinking tumors with cytotoxic and anti-angiogenic therapies, targeting the sites of hematogenous dissemination at TMEM doorways may modify the TME and improve overall survival (115, 119, 120). Since AA compared to EA patients have higher microvascular and macrophage density as explained above, they may also have higher density of TMEM doorways, and thus respond better to anti-angiogenic and anti-TMEM therapy. Examining racial differences in TME may identify subpopulations of patients that do not receive full clinical benefit from current standardized therapies, and can define the need for novel, alternative treatment options in such patients.

Other promising therapies targeting the TME are immunotherapies (121). Although breast cancer is generally not highly immunogenic, the response to immunotherapies may vary according to the subtype: TN breast cancer, for example, is considered as the most immunogenic subtype, whereas ER+ disease is not (122). Since AA women tend to have higher incidence of TN disease as a population, one may speculate that AA patients may benefit more from immunotherapy. It would be interesting to evaluate if there is a racial disparity in patient response to immunotherapy. TCGA RNA sequencing data show significantly greater expression of the PD-L1 gene as compared to non-TNBC (123). Further studies established a link between androgen receptor (AR) expression in breast cancer and distinct gene signatures finding that those breast cancers with a lack of AR expression and triple negative biology had shorter time to progression and decreased overall survival with significantly elevated expression for immune checkpoint inhibitors PD-1, PD-L1, and CTLA 4. AR status was found to be a prognostic marker with increased capacity for AA patients (124). These findings show promise for the potential selective use of checkpoint inhibitors in this population. The lack of AR expression in the tumor can be used as a surrogate marker for increased expression in checkpoint inhibitors as PD-L1 expression in tumors has not been shown to be a reliable biomarker in regards to durable response to therapy (125). Further studies would need to be done in order to confirm whether AR status can be used in this way and if a correlation exists between AR expression and response to anti-PD-1/PD-L1-directed treatments.



GEOGRAPHIC ANCESTRY—THE ULTIMATE CULPRIT FOR DISPARITY IN TME OF BREAST CANCER?

Disparities encountered in the TME are a part of the dynamic interplay between local and systemic factors. As discussed above, the most pronounced differences in TME are associated with inflammation and angiogenesis. African ancestry is associated with higher inflammatory gene expression and enhanced bacterial clearance likely due to pathogen-rich geographic ancestry. While aggressive immune response is beneficial in defeating pathogens prevalent in certain geographical regions, it may also be promoting pro-tumorigenic properties in the TME as an unintended consequence. These protective innate immune variants are both disproportionately distributed among racial populations and are linked with racial disparities in cancer (109). Therefore, genetic and phenotypic characteristics that developed in response to environmental stressors specific to a particular geographic ancestry region may be the underlying cause for racial disparity in TME and ultimately outcome in patients with breast cancer (Figure 1) (126).


[image: Figure 1]
FIGURE 1. Potential link between tumor microenvironment and racial disparity in breast cancer outcome.




CONCLUSION

The TME is rapidly emerging as a key contributor to cancer progression, and patient outcome. The complex interplay between tumor cells and surrounding immune, vascular, and stromal components continue to be studied extensively. In this review, we highlight the racial differences in TME on cellular, molecular, and genetic levels. Furthermore, we explore systemic immune and cytokine signatures as contributors to the racial disparity in TME. The awareness of these differences and further research will lead to development of race-specific biomarkers and therapeutic targets and ultimately improved personalized cancer treatment.
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Human neutrophils exert a well-known role as efficient effector cells to kill pathogenic micro-organisms. Apart from their role in innate immunity, neutrophils also have the capacity to suppress T cell-mediated immune responses as so-called granulocyte-myeloid-derived suppressor cells (g-MDSCs), impacting the clinical outcome of various disease settings such as cancer. Patients undergoing chemotherapy because of an underlying malignancy can develop prolonged bone marrow suppression and are prone to serious infections because of severe neutropenia. Concentrates of granulocytes for transfusion (GTX) constitute a therapeutic tool and rescue treatment to fight off these serious bacterial and fungal infections when antimicrobial therapy is ineffective. GTX neutrophils are mobilized by overnight G-CSF and/or Dexamethasone stimulation of healthy donors. Although the phenotype of these mobilized neutrophils differs from the circulating neutrophils under normal conditions, their anti-microbial function is still intact. In contrast to the unaltered antimicrobial effector functions, G-CSF/Dexamethasone-mobilized neutrophils were found to lack suppression of the T cell proliferation, whereas G-CSF-mobilized or Dexamethasone-mobilized neutrophils could still suppress the T cell proliferation upon cell activation equally well as control neutrophils. Although the mechanism of how G-CSF/Dex mobilization may silence the g-MDSC activity of neutrophils without downregulating the antimicrobial activity is presently unclear, their combined use in patients in the treatment of underlying malignancies may be beneficial—irrespective of the number of circulating neutrophils. These findings also indicate that MDSC activity does not fully overlap with the antimicrobial activity of human neutrophils and offers the opportunity to elucidate the feature(s) unique to their T-cell suppressive activity.
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INTRODUCTION

Patients who undergo chemotherapy are prone to develop neutropenia and are thereby susceptible to serious bacterial and fungal infections (1). In addition to antimicrobial therapy, granulocyte transfusions (GTX) can be a therapeutic option to improve the clinical outcome in case of a deteriorating clinical condition because of the lack of efficacy of antimicrobial agents only (2–4). In the past we and others have extensively described the combined administration of G-CSF and Dexamethasone to healthy donors in order to generate sufficient numbers of cells for these GTX products. These mobilized GTX neutrophils show a changed phenotype but a completely intact ability to respond, migrate and kill invading pathogens (5).

Next to their role of efficient innate immunity killers of micro-organisms, neutrophils are also recognized to be involved in modulation of adaptive immune responses in various disease settings including cancer (6–9). Immature and mature neutrophils were reported to have the capacity to suppress T cell-mediated immune responses as so-called granulocyte-myeloid-derived suppressor cells (g-MDSCs), and thereby affect the clinical outcome of cancer patients. In fact, in cancer patients the presence of increased neutrophil counts in the circulation is directly related with a bad prognosis (9). While the function of g-MDSCs has been investigated in depth and in murine experimental models in particular, the characterization of human g-MDSC activity is still controversial. Lectin-type Oxidized LDL receptor 1 (LOX-1) has been suggested to be a marker to discriminate g-MDSCs from circulating human mature neutrophils and would therefore allow for better distinction without the use of a gradient (low-density g-MDSCs versus high-density mature neutrophils) (10). However we have found in a recent study that activated mature neutrophils also express LOX-1 (11), questioning the fact if LOX-1 is indeed a suitable g-MDSC marker. We have recently demonstrated that mature neutrophils (i.e., high-density) from healthy donors can exert MDSC activity (i.e., suppress immune responses) but only upon cell activation (11–13), which correlates to the LOX-1 expression. Moreover, the mechanisms involved in the MDSC activity greatly overlapped with the toxic antimicrobial effector functions of neutrophils, being dependent on cell-cell contact (adhesion), production of reactive oxygen species (ROS) and release of their granular content (degranulation) (11).

In this study we investigated whether neutrophils obtained upon overnight mobilization of neutrophils into the bloodstream in healthy GTX donors may have a potentially relevant impact as MDSCs in the treatment of oncology patients.



MATERIALS AND METHODS


Study Approval

Heparinized peripheral blood samples were collected from healthy granulocyte transfusion donors 1 day after combined G-CSF (600 μg, subcutaneously) and dexamethasone (8 mg, orally) treatment (G-CSF/Dex), or upon their preference with G-CSF or dexamethasone alone, as described previously (5). Blood samples were collected after obtaining informed consent and in accordance with the Declaration of Helsinki.



Blood Cell Isolation

Neutrophils and peripheral blood mononuclear cells (PBMC) were isolated from whole blood by gradient centrifugation using isotonic Percoll (Pharmacia, Uppsala, Sweden) with a specific density of 1.076 g/mL. T cells were isolated from the PBMC fraction by magnetic-activated cell sorting with the Pan T cell isolation kit of Miltenyi-Biotec (Bergisch Gladbach, Germany) according to the manufacturer's instructions. Neutrophils were obtained from the pellet fraction after erythrocyte lysis with hypotonic ammonium chloride solution at 4°C as previously described (14).



T Cell Proliferation Assay

Purified T cells were labeled with CFSE (Molecular probes, Life Technologies, Carlsbad, CA, USA) and cultured in 96-well flat bottom plates (Nunclon Delta Surface, Thermo Scientific, Waltham, MA, USA) for 4–6 days at 37°C in IMDM medium (Gibco, Life Technologies, Carlsbad, CA, USA), supplemented with 10% (v/v) fetal calf serum (Bodinco, Alkmaar, The Netherlands), 104 U/mL penicillin, 10 ng/mL streptomycin, 200 mM glutamine, and 0.00035% (v/v) β-mercaptoethanol (Sigma-Aldrich, Saint Louis, MO, USA). To induce proliferation, the T cells were stimulated by anti-CD3 (clone 1XE [IgE isotype] hybridoma supernatant, 1:1,000, Sanquin, Amsterdam, The Netherlands) and anti-CD28 (clone 15E8 [IgG1 isotype] at 5 μg/mL, Sanquin) monoclonal antibodies (moAbs; at 20,000 T cells/well). Neutrophils from blood, collected from the pellet fraction after density centrifugation, were added in a 1:3 ratio (60,000 neutrophils/well), in the presence or absence of neutrophil-activating stimuli: fMLF (1 μM, Sigma), TNFα (10 ng/mL, Peprotech EC, London, UK) or LPS (20 ng/mL, E. coli 055:B5, Sigma).

After 4–6 days, the cells were harvested from the culture plates and stained with APC-labeled anti-CD4 (clone SK3, BD Biosciences, San Jose, CA, USA) and PerCPCy5.5-labeled anti-CD8 (clone SK1, Biolegend, San Diego, CA, USA) antibodies. The T cell proliferation was assessed by measuring the CFSE dilution of CD4+ and CD8+ T cells via flow cytometry.



ROS Production

NADPH oxidase activity was assessed as the release of hydrogen peroxide, determined by the Amplex Red method (Molecular Probes, Life Technologies, Carlsbad, CA, USA) by neutrophils (1x106/mL) stimulated with: fMLF (1 μM), TNFα (10 ng/mL), LPS (20 ng/mL) + LPS-binding protein (LBP) (50 ng/mL, R&D Systems, Minneapolis, MN, USA) or PMA (100 ng/mL, Sigma) in the presence of Amplex Red (0.5 μM) and horseradish peroxidase (1 U/mL). Fluorescence was measured at 30-s intervals for 4 h with the HTS7000+ plate reader (Tecan, Zurich, Switzerland). Maximal slope of hydrogen peroxide release was assessed over a 2-min interval.



Antibodies and Flow Cytometry

The following directly conjugated antibodies were used for flow cytometry analysis: PB-labeled anti-CD11b (clone ICRF44, BD Biosciences) and PECy7-labeled anti-CD16 (clone 3G8, BD Biosciences).

Flow cytometry data were acquired using Canto II flow cytometer (BD Biosciences) and analyzed using FlowJo software (Tree Star, USA).



Statistics

Statistical analysis was performed with GraphPad Prism version 8 for Windows (GraphPad Software, San Diego, CA, USA). Data were evaluated by one-way ANOVA or unpaired two-tailed student's t-test. The results are presented as the mean ± SEM. Data were considered significant when p < 0.05.




RESULTS


G-CSF/Dex Mobilized Neutrophils Are Not Able to Suppress the T Cell Proliferation

We received blood from healthy granulocyte transfusion donors routinely treated with the combination of G-CSF and dexamethasone to test whether the mobilization of neutrophils into the bloodstream resulted in a change of MDSC activity.

One day after G-CSF/Dex administration, the absolute neutrophil count in the peripheral blood was ~30 times increased compared to the neutrophil count before administration (Figure 1A). The rapid increase in blood neutrophil numbers induced by G-CSF/Dex resulted from the predominant release of mature (~80%) and some immature (~20%) neutrophils from the bone marrow into the circulation (Figure 1B). Neutrophil progenitor cells can be divided in four different developmental stages, namely (pro)myelocytes, metamyelocytes, band cells and segmented neutrophils based on the expression of cell surface markers CD11b and CD16 (15, 16), which were all present in the G-CSF/Dex-mobilized neutrophil fraction (Figure 1B). Apart from the release of the reserve pool of neutrophils from the bone marrow, also the demargination of neutrophils from the (lung) vasculature as well as activation of neutrophils due to the overnight G-CSF/Dex may contribute to a change in phenotype and function of these GTX neutrophils (5). Although the exact contribution of each of these processes remains unclear, G-CSF/Dex-mobilized neutrophils have a completely intact ability to respond to signs of infection, migrate toward an ongoing infection and kill invading pathogens as we had previously studied in great detail (5).


[image: Figure 1]
FIGURE 1. G-CSF/Dex-mobilized donors have an increased amount of neutrophils including immature and mature neutrophils. (A) Absolute neutrophil count of peripheral blood from G-CSF/Dex-treated donors before and after administration n = 5. (B) Surface marker expression of CD11b and CD16 was measured by flow cytometry analysis of neutrophils from blood of healthy donors (left panel), neutrophil progenitors from bone marrow (center panel) and G-CSF/Dex-mobilized neutrophils. The four indicated neutrophil progenitor populations are (pro)myelocytes (1, CD11bNEGCD16NEG), metamyelocytes (2, CD11bPOSCD16NEG), band cells (3, CD11bPOSCD16DIM) and segmented cells (4, CD11bPOSCD16POS). Shown are representative FACS analysis images (n = 3).


To investigate the MDSC activity (i.e., suppression of immune responses) of these G-CSF/Dex-mobilized neutrophils, we now performed additional T cell proliferation assays. In our previous study (11), where we have optimized our T cell proliferation assay, we have studied the mechanism behind the suppressive activity of activated mature neutrophils in more depth. Here we found that neutrophils exert their suppressive activity in the first hours/day of the cell culture, after which the suppressed T cells are no longer prone to T cell stimulation. Furthermore, the most optimal read-out of the T cell proliferation by CFSE dilution was between 4 and 6 days of cell culture.

Neutrophils from G-CSF/Dex donors or from healthy controls were cultured simultaneously for 5 days in the presence of isolated CFSE-labeled T cells from an unrelated healthy donor and were left unstimulated or activated with either fMLF, TNFα, or LPS. Just as previously described, T cell proliferation was induced by the strong and uniform activation by the combination of monoclonal anti-CD3 and anti-CD28 antibodies and quantified as relative “recursor frequency”: i.e., percentage of naïve cells in the initial population that underwent one or more divisions upon anti-CD3/anti-CD28 antibodies (17). The precursor frequency was then normalized for the condition of anti-CD3/CD28-stimulated T cells and non-activated neutrophils.

We observed that G-CSF/Dex-mobilized neutrophils were not able to suppress the T cell proliferation of CD4+ or CD8+ T cells, neither under resting conditions nor upon their activation (Figure 2A). Only the neutrophils from healthy controls were able to suppress T cell proliferation upon proper activation. One of the main effector mechanism in which activated neutrophils suppress the T cell proliferation is the production of reactive oxygen species (ROS) (11, 18–20). The G-CSF/Dex-mobilized neutrophils showed normal ROS production upon fMLF stimulation and even to a larger extent upon TNFα or LPS/LBP stimulation, when compared to neutrophils from healthy donors (Figure 2B). These data indicate that the lack of MDSC activity of G-CSF/Dex-mobilized neutrophils cannot be ascribed to an impaired respiratory burst. As previously shown, also degranulation and adhesion properties were unremarkable and very similar to those of normal neutrophil from healthy controls without prior mobilization for GTX products (5, 21).


[image: Figure 2]
FIGURE 2. G-CSF/Dex-mobilized neutrophils cannot suppress T cell proliferation despite normal/increased ROS production. (A) Purified CFSE-labeled T cells from healthy donors (n = 4) were cultured in absence (white bars) or presence of mature neutrophils from control donors (black bars, n = 4), or G-CSF/Dex-mobilized neutrophils (green bars, n = 3). T cells were stimulated with anti-CD3 and anti-CD28 antibodies. Neutrophils were kept unstimulated or activated with the indicated stimuli. After 4 or 5 days, cells were harvested and analyzed by flow cytometry for CFSE dilution among CD4+ (upper graph) and CD8+ (lower graph) T cells. Error bars indicate SEM; the statistical analysis one-way ANOVA was used. (B) G-CSF/Dex-mobilized neutrophils or control neutrophils were stimulated with the indicated stimuli and production of H2O2 was determined by measuring Amplex Red conversion into fluorescent Resorufin (n = 3–4). Error bars indicate SEM; the statistical analysis unpaired two-tailed t-test was used. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.




Both G-CSF- and Dex-Mobilized Neutrophils Can Suppress the T Cell Proliferation

To investigate whether the lack of MDSC activity by G-CSF/Dex-mobilized neutrophils is caused by the G-CSF or Dex component, we isolated neutrophils 1 day after administration from healthy donors who had received only G-CSF or dexamethasone. As we had observed with the G-CSF/Dex donors, the absolute neutrophil counts of either G-CSF- or Dex-treated donors were increased in the peripheral blood compared to the numbers of circulating neutrophils prior to the administration of mobilizing agent, i.e., around nine and three times higher, respectively (Figure 3A). Although the increase in circulating neutrophils was not as high as in G-CSF/Dex-treated donors, also the number of immature neutrophils released into the blood stream were lower in case of the use of G-CSF or Dex only. A small population of CD11bPOS CD16DIM cells was present in the G-CSF-mobilized neutrophil fraction next to the mature neutrophils (CD11bPOS CD16POS), whereas the Dex-mobilized neutrophil fraction only comprised phenotypically mature neutrophils (Figure 3B). The G-CSF-mobilized and Dex-mobilized neutrophils were both able to suppress the T cell proliferation of CD4+ and CD8+ T cells upon activation, comparable to neutrophils from healthy controls (Figures 4A, 5A). Also the activation of the NADPH oxidase complex required for ROS production was intact. Whereas, the G-CSF-mobilized neutrophils showed a higher level of ROS production upon fMLF, TNFα, or LPS/LBP stimulation (Figure 4B), similar to G-CSF/Dex-mobilized neutrophils (Figure 2B). Dex-mobilized neutrophils showed a normal ROS production, comparable to neutrophils from non-mobilized healthy donors (Figure 5B).


[image: Figure 3]
FIGURE 3. G-CSF- and Dex-mobilized donors have an increased amount of neutrophils consisting mostly of mature neutrophils. (A) Absolute neutrophil count of peripheral blood of healthy donors (white bar, n = 6) or from G-CSF/Dex-treated, G-CSF-treated or Dex/treated donors 1 day after administration (n = 3). (B) Surface marker expression of CD11b and CD16 was measured by flow cytometry analysis of neutrophils from blood of healthy donors (left panel), G-CSF-mobilized neutrophils (center panel) and Dex-mobilized neutrophils. Shown are representative FACS analysis images (n = 3).
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FIGURE 4. G-CSF-mobilized neutrophils can suppress the T cell proliferation and have an elevated respiratory burst. (A) Purified CFSE-labeled T cells from healthy donors (n = 6) were cultured in absence (white bars) or presence of mature neutrophils from control donors (black bars, n = 6), or G-CSF-mobilized neutrophils (blue bars, n = 3). T cells were stimulated with anti-CD3 and anti-CD28 ntibodies. Neutrophils were kept unstimulated or activated with the indicated stimuli. After 4 or 5 days, cells were harvested and analyzed by flow cytometry for CFSE dilution among CD4+ (upper graph) and CD8+ (lower graph) T cells. Error bars indicate SEM; the statistical analysis one-way ANOVA was used. (B) G-CSF-mobilized neutrophils or control neutrophils were stimulated with the indicated stimuli and production of H2O2 was determined by measuring Amplex Red conversion into fluorescent Resorufin (n = 3–6). Error bars indicate SEM; the statistical analysis unpaired two-tailed t-test was used. **p < 0.01, ***p < 0.001, ****p < 0.0001.
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FIGURE 5. Dex-mobilized neutrophils can suppress the T cell proliferation and have normal respiratory burst. (A) Purified CFSE-labeled T cells from healthy donors (n = 4) were cultured in absence (white bars) or presence of mature neutrophils from control donors (black bars, n = 4), or Dex-mobilized neutrophils (blue bars, n = 3). T cells were stimulated with anti-CD3 and anti-CD28 antibodies. Neutrophils were kept unstimulated or activated with the indicated stimuli. After 4 or 5 days, cells were harvested and analyzed by flow cytometry for CFSE dilution among CD4+ (upper graph) and CD8+ (lower graph) T cells. Error bars indicate SEM; the statistical analysis one-way ANOVA was used. (B) Dex-mobilized neutrophils or control neutrophils were stimulated with the indicated stimuli and production of H2O2 was determined by measuring Amplex Red conversion into fluorescent Resorufin (n = 3–6). Error bars indicate SEM; the statistical analysis unpaired two-tailed t-test was used. ****p < 0.0001.


Collectively our data suggest that the MDSC activity is only absent when neutrophils are mobilized with both G-CSF and Dexamethasone.




DISCUSSION

Myeloid-derived suppressor cells have been described as a heterogeneous subset of immature myeloid cells, defined by their capacity to suppress T cell activation and proliferation. Apart from their malignant transformation, tumor cells also create a chronic state of inflammation. In cancer, aberrant emergency myelopoiesis, which is defined as the early exit of progenitor neutrophils from bone marrow, is driven by tumor cell-derived and/or locally tissue-induced factors including colony stimulating factors such as GM-CSF, G-CSF and M-CSF (22, 23). These factors are thought to contribute to the release of immature neutrophil-like cells that represent a unique immature g-MDSC subpopulation (22). The presence and tumor infiltration of MDSCs have been associated with poor prognosis (24–26). Hence, an important issue was raised as to whether treating cancer patients with G-CSF for neutropenia could affect the patients negatively in terms of g-MDSC enrichment (22, 27). However, as we have recently reported by studying bone marrow fractions of myeloid cells in different stages of their development, immature neutrophils are not capable of producing ROS (28). The formation of these toxic metabolites have been shown in several studies to be one of the main effector mechanisms in the suppression of T cells, i.e., MDSC activity (11, 18–20). In line with these observations, we have previously demonstrated that the immature neutrophils in bone marrow fractions from healthy control individuals were not able to suppress the T cell proliferation upon activation. In contrast, MDSC activity in these bone marrow samples was induced in case of the most mature neutrophils being fully differentiated, as indicated by morphology and expression of surface markers (28). Our previous findings on bone marrow derived myeloid progenitors question the presence of a subset of highly effective granulocyte-related MDSCs that can be released into the circulation to fulfill instantaneously strong T cell suppressive activity in humans (28). Although we cannot exclude the presence of such a bone marrow subset in case of the presence of cancer that may chronically induce the development of such a subset of MDSCs, we could not detect such spontaneously active MDSCs in chemotherapy-naïve patients newly diagnosed with Head-Neck Cancer or Mamma Carcinoma (11). Still, a myeloid progenitor MDSC may be released to “home” to the tumor microenvironment to develop locally in a strong suppressor cell but supportive data are as yet not available to the best of our knowledge.

In our previous study (11), MDSC activity of neutrophils in cancer patients and controls was found to be very similar and depended completely on prior activation. The process of MDSC activity was defined by a the damaged small T cell subset undergoing cell death as indicated by morphological alterations and cellular ATP depletion of the T cells. In this study we have not assessed other suppressive activities than the most relevant function by which MDSC activity is defined, i.e., T cell proliferation. In our previous study (11), g-MDSC activity suppressing the T cell proliferation was found to coincide with the lack of cytokine production, making it less likely that a strong induction of T regulatory cells (Tregs) as additional means of suppressive activity would contribute as a result of the direct MDSC activity per se. We have also not extended our studies to possible alternative modes of T cell suppression that might be independent of cell-cell contact and may be based on soluble factors otherwise (29), although such factors have limited impact in our mixed cell culture, as previously demonstrated when kept separated by a permeable filter (11).

The reason underlying the inability of G-CSF/Dex mobilized neutrophils to perform MDSC activity is as yet unclear. We may speculate on the sequential steps of MDSC activity following initial cell-cell-interactions to eliminate T cells by ROS and degranulation, which may be facilitated by trogocytosis, i.e., the uptake of membrane fragments from T cells by activated neutrophils. Neutrophil trogocytosis does occur at an early stage during the multi-step process of exerting its full g-MDSC activity, and may be an initial, necessary but not sufficient step in this process. Neutrophils from chronic granulomatous disease (CGD) patients, unable to generate ROS, do not show MDSC activity while the extent of trogocytosis was indistinguishable from that of control neutrophils (11). The fact that both ROS and degranulation are required while being spared in case of G-CSF/Dex mobilized neutrophils leaves us with an as yet unidentified process that seems to be selectively involved in the initiation of g-MDSC activity.

There is sufficient data to support the active role of neutrophil MDSC activity in-vivo, for instance, in the ovarian cancer microenvironment (12). MDSC activity of the neutrophils is actively induced by as yet not fully identified substances within the ascites fluid of these patients. Similar results were obtained when pleural fluid of patients with local metastases were tested (12), supporting the in-vivo relevance of neutrophil-mediated MDSC activity. Therefore, G-CSF-mobilized neutrophils could have a pro-tumor response when entering the tumor milieu, as we show here, and treating cancer patients with G-CSF alone for neutropenia may be an important issue to reconsider unless dexamethasone can be used simultaneously to reduce the inherent MDSC activity.

The relevance to further elucidate g-MDSC activity and the mechanism by which the combined use of G-CSF and Dex may selectively silence this activity bares important relevance to the use of checkpoint inhibitors as well as use of tumor-infiltrating lymphocytes (TILs) as novel forms of effective immunotherapy to treat cancer (30–32). In cancer patients the presence of increased neutrophil counts in the circulation is directly related with a poor prognosis (9). Our data show that G-CSF/Dex-mobilized neutrophils lack most of their T cell damaging MDSC activity. Thus, G-CSF/Dex treatment may be a way to silence neutrophils within the tumor environment and thereby protect TILs from local damage, and hence help to improve the development of more effective anti-cancer immunotherapies. Our current studies are focusing on differences in cell-cell contact, signal transduction in both neutrophils and T cells as well as proteomics approaches to find out which toxic mechanisms may be impaired such that T cells may stay unimpaired.

In this study, we explored whether g-MDSC activity of neutrophils can be selectively inhibited when treating cancer, while leaving the effector mechanisms of neutrophils against microbial pathogens unaffected, and show that mature G-CSF/Dex-mobilized neutrophils indeed meet such conditions (5). Although GTX products are rarely used in practice, they can be life-saving. The fact that G-CSF/Dex-mobilized products are without MDSC activity would be an additional positive safety issue for using these products in case they are needed. Moreover, these products may help to clarify the mechanisms in place to modulate g-MDSC activity specifically without downregulating the antimicrobial activity.
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Myeloid-derived suppressor cells (MDSCs) promote tumor immune evasion and favor tumorigenesis by activating various tumor-promoting downstream signals. MDSC expansion is evident in the circulation and tumor microenvironment of many solid tumors including colorectal cancer (CRC). We have recently reported the transcriptomic profiles of tumor-infiltrating MDSCs in CRC patients and uncovered pathways, which could potentially assist tumor progression. In this study, we sorted different subsets of circulating MDSCs in CRC patients and investigated their transcriptomic profiles in order to disclose pathways, which could potentially contribute to disease progression. The sorted subsets included polymorphonuclear/granulocytic MDSCs (PMN-MDSCs), immature MDSCs (I-MDSCs), and monocytic MDSCs (M-MDSCs). Our functional annotation analyses revealed that multiple pathways including DNA damage-, chemotaxis-, apoptosis-, mitogen-activated protein kinase-, transforming growth factor β-, and myeloid differentiation–related transcripts were higher in PMN-MDSCs, compared with monocytic antigen-presenting cells (APCs) or I-MDSCs. Furthermore, genes related to Janus kinase (JAK)–signal transducer and activator of transcription (STAT) were also elevated in PMN-MDSCs. These data suggest that upregulation of JAK-STAT pathway could trigger multiple downstream targets in PMN-MDSCs, which favor tumor progression. Additionally, we found that pathways including phosphatidyl inositol 3-kinase (PI3K), interleukin 6, and TGF-β in M-MDSCs and cell cycle–related pathways in I-MDSCs were upregulated, compared with monocytic APCs. Moreover, acetylation-related genes were upregulated in both PMN-MDSCs and M-MDSCs. This latter finding implicates that epigenetic modifications could also play a role in the regulation of multiple tumor-promoting genes in PMN-MDSCs and M-MDSCs. Taken together, this study reveals various signaling pathways, which regulate the function of MDSC subsets in the circulation of CRC patients. However, functional studies are warranted to support these findings.
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INTRODUCTION

Colorectal cancer (CRC) ranks second in terms of mortality and third in terms of incidence among all cancers in 2018 (1). Immune cells play an indispensable role in tumorigenesis and progression of CRC (2, 3). The infiltration of CD3+CD8+ T cells into the CRC tumor microenvironment (TME) has been reported as an indicator of disease prognosis; higher CD3+CD8+ T-cell infiltrates have been associated with favorable prognosis (2). Apart from lymphoid cells, the involvement of myeloid cells in the enhancement of metastatic cascade in solid tumors has also been reported (4). Myeloid-derived suppressor cells (MDSCs) play a predominant role in the survival of tumor cells by providing an immunosuppressive shield to protect them from host immune response and facilitate resistance to immunotherapy (4). It has been shown that MDSCs favor the survival of regulatory T cells within the TME, which are a key component of the immunosuppressive mediators that attenuate functionality of tumor-reactive T cells (5) and also induce the differentiation of fibroblasts to cancer-associated fibroblasts (6). Increase in circulating MDSC in higher stages of cancer has been reported to be correlated with worse survival rates and resistance to immune checkpoint blockade (7–9). These reports suggest that targeting MDSCs improves the host-immune responses against malignant cells and also enhances the efficiency of immune checkpoint blockade therapy.

Different MDSC subsets can suppress antitumor immune responses via distinct mechanisms (10). Monocytic MDSCs (M-MDSCs) can inhibit T-cell activation via arginase 1 (ARG1)–, inducible nitric oxide synthase–, and transforming growth factor β (TGF-β)–mediated signaling pathways (11, 12). In contrast, polymorphonuclear/granulocytic MDSCs (PMN-MDSCs), which are usually the most predominant MDSC subset in most cancers, can release high levels of reactive oxygen species and inhibit T-cell stimulation/activation in an antigen-specific manner (13–15). The presence of immature MDSCs (I-MDSCs) in tumor issues and peripheral blood of cancer patients and their relationship with poor prognosis has been reported (16); however, distinct immunosuppression-mediated mechanisms for I-MDSCs have not been yet elucidated.

We have previously reported that PMN-MDSCs and I-MDSCs were expanded in the CRC TME, whereas only PMN-MDSCs were expanded in circulation of CRC patients (3). Importantly, we found that the levels of circulating PMN-MDSCs correlated with tumor stage and histological grade in CRC patients (3). In this study, we investigated the transcriptomic analyses to reveal signaling pathways and biological mechanisms regulated by MDSC subsets in the circulation of CRC patients. We performed comparative analyses of the transcriptomic profiles of the different myeloid subsets, compared to monocytic antigen-presenting cells (APCs).

We found that multiple cancer-related pathways were upregulated in the different myeloid cell subsets. Interestingly, we found that acetylation-related genes were upregulated in both M-MDSCs and PMN-MDSCs, which could play a role in the transcriptional regulation of genes favoring tumor progression and metastasis of malignant cells. Collectively, our data reveal that tumor-promoting signaling pathways were upregulated in circulating myeloid suppressive cell subsets of CRC patients, suggesting their contribution to carcinogenesis and tumor progression. However, these data lack functional studies due to limited cell numbers following FACS sorting, and further confirmation studies are needed in a larger number of patients.



MATERIALS AND METHODS


Sample Collection and Storage

Peripheral blood samples were obtained from 4 treatment-naive CRC patients (No. 7, 9, 12, and 16) at Hamad Medical Corporation, Doha, Qatar. Table 1 shows the clinical and pathological characteristics of participating patients. All patients provided written informed consent prior to sample collection. Peripheral blood mononuclear cells (PBMCs) were isolated from fresh blood using Histopaque gradient centrifugation and stored, as previously described (17). This study was performed under ethics approvals from Hamad Medical Corporation, Doha, Qatar (protocol no. MRC-02-18-012), and Qatar Biomedical Research Institute, Doha, Qatar (protocol no. 2018-018). All experiments were executed in accordance with relevant guidelines and regulations.


Table 1. Characteristic features of study populations.
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Multiparametric Flow Cytometry

Isolated PBMCs were stained as previously described (17, 18). Briefly, cells were stained with antibodies against CD33–fluorescein isothiocyanate (clone HIM3-4; BD Biosciences, Oxford, UK), HLA DR–phycoerythrin (clone G46-6; BD Biosciences), CD14–phycoerythrin–Cy7 (clone M5E2; BD Biosciences), and CD15–allophycocyanin (clone HI98; BioLegend, San Diego, CA, USA). 7-AAD viability dye (eBioscience, San Diego, CA, USA) was used to identify live cells. The cells were prepared for analyses and sorting as previously described (17, 18) Minimal sorter-induced cell stress was ensured following applicable measures, as previously described (19). FlowJo V10 software (FlowJo, Ashland, OR, USA) was used to perform data analyses.



Library Preparation

Study design and pipeline for bioinformatics analyses were performed, as we have previously described (18). Briefly, 1,000 I-MDSCs, M-MDSCs, PMN-MDSCs, and monocytic APCs cells were sorted with high purity from PBMCs of CRC patients. The cDNA libraries were prepared from sorted cells using QIAseq FX Single Cell RNA Library Kit (Qiagen, Hilden, Germany), as we have previously reported (20). The quality passed libraries were subjected to sequencing using Illumina HiSeq 4000 as previously described (20).



Transcriptomic Data Analyses

Raw data obtained from Illumina HiSeq 4000 in the form of FASTQ files were analyzed on CLC Genomics Workbench-12 (Qiagen), as previously described (18). Briefly, paired end reads were quality-trimmed and aligned to the hg19 human reference genome, and the read count was calculated as TPMs (transcripts per million) mapped reads. Default settings were applied to analyze the differential expression between the study subsets. The Z score was calculated for all the differentially expressed genes, with P < 0.05, and used for the construction of heat maps for data visualization.



Functional Annotation Analyses

The Gene Ontology Biological Process (GO BP), Kyoto Encyclopedia of Genes and Genomes (KEGG), and BioCarta network analyses (21, 22) were performed on Database for Annotation, Visualization and Integrated Discovery platform (v.6.8, https://david.ncifcrf.gov/), as previously described (18). We focused on functional networks in upregulated/downregulated genes. The gene data from functional analyses were presented as heat plots. Protein–protein interaction networks for selected signaling pathways were obtained from STRING, a web-based online tool for protein–protein interaction networks and functional enrichment analyses (https://string-db.org/) (23). Principal component analysis (PCA) plots were generated using TPMs of differentially expressed genes on iDEP.91 (integrated Differential Expression and Pathway analysis, http://bioinformatics.sdstate.edu/idep/), a web-based online analyses tool, using default settings.




RESULTS


Myeloid Subsets in the Circulation of CRC Patients

We have previously reported that levels of PMN-MDSCs were higher in the circulation of CRC patients, compared with healthy donors (3). Additionally, these PMN-MDSCs showed an upregulation of ARG1, which is an indicator of their suppressive function (3). Furthermore, we have previously reported that the levels of PMN-MDSCs and I-MDSCs are higher in the CRC TME (3). Using monocytic APCs as controls, our recent study on the transcriptomic characteristics of the different MDSC subsets in the TME of CRC patients has provided novel insights into the epigenetic mechanisms including DNA methylation/posttranslational histone modifications and other signaling pathways regulating their transcriptional profile and function (18). Despite the phenotypic differences between the various MDSC subsets, including granulocytic (PMN-), monocytic (M-), and immature (I-) MDSCs, they all possess an immunosuppressive activity and lack the expression of HLA-DR. On the contrary, monocytic APCs express HLA-DR; therefore, they were used as controls for the other three MDSC subsets.

In this study, we sorted the different myeloid cell subpopulations including PMN-MDSCs (CD33+HLA-DR−/lowCD14−CD15+), I-MDSCs (CD33+HLA-DR−/lowCD14−CD15−), M-MDSCs (CD33+HLA-DR−/lowCD14+CD15−), and monocytic APCs (CD33+HLA-DR+CD14+) from the circulation of CRC patients to investigate their transcriptomic characteristics, which could potentially contribute to disease progression. The gating strategy for sorting these subsets is shown in Figure 1. Comparative analyses were then performed from the libraries generated from the different sorted myeloid cell subpopulations, including PMN-MDSCs vs. monocytic APCs, PMN-MDSCs vs. I-MDSCs, M-MDSCs vs. monocytic APCs and I-MDSCs vs. monocytic APCs.
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FIGURE 1. Gating strategy of I-MDSCs, M-MDSCs, PMN-MDSCs, and monocytic APCs. Peripheral blood mononuclear cells were isolated from four CRC patients (7, 9, 12, and 16). Flow cytometric plots show the levels of I-MDSCs (denoted as I), M-MDSCs (denoted as M), and PMN-MDSCs (denoted as PMN) gated on CD33+HLA-DR−/low and monocytic APCs gated on CD33+HLA-DR+ cells. Sorted pure myeloid cell subsets were used for RNA-Seq (A). Representative flow cytometric plots show the sorting purity of CD33+HLA-DR+CD14+ monocytic APCs (B).




Genes Associated With Janus Kinase–Signal Transducer and Activator of Transcription, Transcriptional Regulation, and Histone Acetylase Were Upregulated in Circulating PMN-MDSCs, Compared With Monocytic APCs of CRC Patients

We have previously reported that DNA methylation- and histone deacetylase (HDAC) binding-related genes were downregulated in tumor-infiltrating PMN-MDSCs, compared with PMN-MDSCs in normal colon tissues of CRC patients (18). Here, we analyzed the transcriptomic profiles of PMN-MDSCs, compared with monocytic APCs in the circulation of four CRC patients (No. 7, 9, 12, and 16). The hierarchal clustering of differentially expressed transcripts showed 1,912 upregulated and 2,412 downregulated transcripts in PMN-MDSCs, compared with monocytic APCs (fold of change >2 and P value cutoff < 0.05) (Figures 2A,B). The PCA from the TPMs showed that the PMN-MDSCs and monocytic APCs from four patient samples were clustered separately, representing the significant differences in the overall gene expression (Supplementary Figure 1A). The PCA plot also showed high variability in the expression of PMN-MDSCs among the individuals, but it should not affect the downstream analyses due to the cluster separation of PMN-MDSCs and monocytic-APCs (Supplementary Figure 1A). Functional annotation analyses revealed that upregulated pathways in PMN-MDSCs were related to DNA damage (4 genes), chemotaxis (4 genes), transcriptional regulation (114 genes), signal transduction (6 genes), cellular defense response (8 genes), and Histone H4 acetylation (7 genes) (Figures 2C,D; Table 2). Interestingly, the genes responsible for apoptosis (21 genes), mitogen-activated protein kinase (MAPK) activity (8 genes), myeloid differentiation (6 genes), negative regulation of transcription (54 genes), and Wnt signaling pathway (10 genes) were downregulated in PMN-MDSCs (Figures 2C,E; Table 2). Moreover, genes involved in Wnt signaling pathway formed a PPI enrichment with P value 0.116, including 10 nodes and 4 edges (Supplementary Figure 2A).
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FIGURE 2. Comparative analyses of gene expression between PMN-MDSCs and monocytic APCs in the circulation of CRC patients. Hierarchical clustering of PMN-MDSCs and monocytic APCs from four patients (7, 9, 12, and 16) on differentially expressed RNA transcripts from RNA-Seq data. Each column represents a sample, and each row represents a transcript. The color gradient determines the expression level of each transcript (A). Volcano plot shows differentially expressed genes; log2 fold change is plotted on the x-axis, and the statistical impact is shown on the y-axis. Fold changes with significant P values (>0.05) are highlighted in red (for upregulated genes) and green (for downregulated genes) (B). Functional categorizations of significantly upregulated or downregulated genes were analyzed using DAVID platform. Bar diagram illustrates the percentage of genes in each functional category (C). Heat maps show the Z score of upregulated (D) and downregulated (E) transcripts in PMN-MDSCs, compared with monocytic APCs. Color codes are shown; red indicates upregulation, white indicates no change, and blue indicates downregulation.



Table 2. Summary of differentially regulated pathways in each group comparisons.
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Reports show that both leptin (LEP) (24) and growth hormone 1 (GH1) (25) could activate Janus kinase (JAK)–signal transducer and activator of transcription (STAT) cascade, which further induces angiogenesis, proliferation, and antiapoptotic pathways in normal cells and favors cancer progression. We found that both LEP and GH1 were upregulated in PMN-MDSCs, compared with monocytic APCs (Figure 3A). Furthermore, interleukin 5 (IL-5) and IL-22 were also upregulated in PMN-MDSCs, which are the potent activators of STAT-3 (26, 27). Protein tyrosine phosphatase nonreceptor type 2 (PTPN2 or TC-PTP), a known phosphorylation inhibitor of STAT1, STAT3, and STAT6 (28), was downregulated in PMN-MDSCs (Figures 3A,B). Moreover, IL-5/GH1, potent STAT3 activators, and STAT4 were upregulated in PMN-MDSCs (Figures 3A,B). In addition, the signal transducing adaptor molecule (STAM) gene, a known JAK signal accelerator (29), was upregulated in PMN-MDSCs (Figures 3A,B). Furthermore, PPI analysis showed that the vast majority of genes related to JAK-STAT pathway formed a network from 10 genes. STRING database identified 10 nodes and 14 edges with PPI enrichment P value 6.15e-07, average clustering coefficient of 0.69, and average node degree of 2.8 (Figure 3C). Collectively, these data suggest that the suppressive function and protumorigenic effects of circulating PMN-MDSCs in CRC could be associated with the upregulation of JAK-STAT pathway, activation of DNA damage cascade, and the downregulation of genes promoting tumor cell apoptosis and myeloid cell maturation. Moreover, our data imply that epigenetic modifications including histone acetylation could be involved in the transcriptional regulation of genes in circulating PMN-MDSCs of CRC patients.
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FIGURE 3. JAK-STAT modulating genes in PMN-MDSCs in the circulation of CRC patients. Heat map shows the Z score of JAK-STAT pathway-related transcripts that were downregulated/upregulated in PMN-MDSCs compared with monocytic APCs (A). KEGG pathway analysis, using DAVID, showed genes (marked with red stars) involved in the JAK-STAT pathway (B). PPI network analyses using the STRING database of genes from significantly deregulated genes related to JAK-STAT signaling pathway (C). GO ontologies (color coded), description, and false discovery rate (FDR) using the whole transcriptome as reference are stated for each subnetwork. The overall network statistics are shown in the boxes.




Genes Associated With Acetylation Were Upregulated in Circulating PMN-MDSCs, Compared With I-MDSCs

Next, we compared the transcriptomic profiles of PMN-MDSCs with I-MDSCs from three CRC patients (No. 7, 12, and 16). Sample 9 was not included in the analysis because of asymmetric clustering with other three samples. Hierarchical clustering of differentially expressed transcripts of PMN-MDSCs and I-MDSCs is shown in Figure 4A. There were 1,087 transcripts found to be upregulated and 861 downregulated in PMN-MDSCs, compared with I-MDSCs (FC >2 and P < 0.05) (Figures 4A,B). We found that 179 genes related to acetylation were upregulated in PMN-MDSCs, compared with I-MDSCs. Additionally, genes related to DNA damage (29 genes), apoptosis (14 genes), DNA repair (6 genes), MAPK signaling (11 genes), Wnt signaling (4 genes), and TGF-β signaling (6 genes) pathways were upregulated in PMN-MDSCs (Figures 4C,D; Table 2). It has been reported that TGF-β signaling pathway could activate MAPK signaling cascade and favors tumor progression (30). Interestingly, we found that TGF-β signaling–related genes including PDGFB, KLF10, and TGFB3 and MAPK-related genes including DUSP7, BRAF, CRBB3, and DAB2IP were significantly upregulated in PMN-MDSCs (Figure 4D). These data suggest that enhanced TGF-β signaling in PMN-MDSCs could activate MAPK signaling pathways for the survival and progression of CRC. On the other hand, 101 genes related to translational regulation were downregulated in PMN-MDSCs, compared with I-MDSCs (Figures 4C,E; Table 2). This latter finding suggests that genes involved in posttranslation modifications could be more important in PMN-MDSC function.
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FIGURE 4. Comparative analyses of gene expression between PMN-MDSCs and I-MDSCs in the circulation of CRC patients. Hierarchical clustering of PMN-MDSCs and I-MDSCs from three patients (07, 12, and 16) on differentially expressed transcripts. Expression level of each gene is illustrated as a color code (A). Volcano plot illustrates the differential expression data, represented as log2 fold change on the x-axis, with the statistical impact on the y-axis. Fold changes with significant P values (>0.05) are highlighted in red (for upregulated genes) and green (for downregulated genes) (B). Functional categorizations for significantly upregulated and downregulated transcripts were analyzed on DAVID platform. Bar diagram illustrates the percentage of genes in each functional category (C). Heat maps show the Z score of the upregulated (D) and downregulated (E) transcripts in PMN-MDSCs, compared with I-MDSCs, based on their functional categorization.




Genes Associated With Apoptosis and Transcriptional Regulations Were Upregulated in Circulating M-MDSCs, Compared With Monocytic APCs of CRC Patients

Next, we compared the transcriptomic profiles of circulating M-MDSCs and monocytic APCs from two CRC patients (No. 7 and 16). The hierarchal clustering of differentially expressed transcripts of M-MDSCs and monocytic APCs is shown in Figure 5A. There were 1,719 transcripts found to be upregulated and 371 downregulated in M-MDSCs, compared with those found in monocytic APCs (FC >2 and P < 0.05) (Figures 5A,B). PCAs of the total data sets confirmed the close relativeness of biological replicates (Supplementary Figure 1B). Functional annotation analyses showed that transcription factor binding (35 genes)–, PI3P (7 genes)–, PI3K activation (3 genes)–, protein dephosphorylation (20 genes)–, transcriptional regulation (155 genes)–, apoptosis (59 genes)–, histone H3 acetylation (8 genes)–, and IL-6 pathway (5 genes)–related genes were upregulated in M-MDSCs, compared with monocytic APCs (Figures 5C,D; Table 2). Additionally, our PPI network analyses showed that there is a significant enrichment of genes related to IL-6 pathway including five nodes and three edges with PPI enrichment P = 0.000605 (Supplementary Figure 2B). Notably, genes related to interferon γ (IFN-γ) (SLC11A1, CD3E, IRF8, and CD226) and immune regulation (SIAE and GGT1) were downregulated in M-MDSCs (Figures 5C,E). It has been reported that STAT1/IFN-γ signaling pathway was regulated by a novel tumor suppressor protein, IRF8 (31). Moreover, downregulation of IRF8 was evident in breast tumor conditions leading to the progression of disease (31). In agreement with this, we found that IRF8 was significantly downregulated in M-MDSCs, which could be the potent rationale for the downregulation of immune regulation–related genes (Figure 5E). These results suggest that circulating M-MDSCs could contribute to CRC progression by suppressing the gene expression of immune-regulatory molecules involved in the activation of immune responses and upregulating genes involved in histone acetylation and transcriptional regulation.
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FIGURE 5. Comparative analyses of gene expression between M-MDSCs and monocytic APCs in the circulation of CRC patients. Hierarchical clustering of M-MDSCs and monocytic APCs from two patients (07 and 16) on differentially expressed transcripts. Gene expression level is illustrated as a color code (A). Volcano plot illustrates the differential expression data, represented as log2 fold change on the x-axis, with the statistical impact on the y-axis. Fold changes with significant P values (>0.05) are highlighted in red (for upregulated genes) and green (for downregulated genes) (B). Functional categorizations for significantly upregulated and downregulated transcripts were analyzed on DAVID platform. Bar diagram illustrates the percentage of genes in each functional category (C). Heat maps show the Z score of the upregulated (D) and downregulated (E) transcripts in M-MDSCs, compared with monocytic APCs, based on their functional categorization.




Genes Associated With Cell Migration and Transcriptional Regulations Were Downregulated in Circulating I-MDSCs, Compared With Monocytic APCs of CRC Patients

We then compared the transcriptomic profiles of I-MDSCs with monocytic APCs from two CRC patients (No. 7 and 16). The differentially expressed transcripts are shown as distinct cluster of I-MDSCs and monocytic APCs (Figure 6A). One hundred twenty-nine transcripts were found to be upregulated, and 275 were downregulated in I-MDSCs, compared with those found in monocytic APCs (FC >2 and P < 0.05) (Figures 6A,B). PCAs of the total data sets confirmed the close relativeness of biological replicates (Supplementary Figure 1C). Functional annotation analyses showed that cell cycle (8 genes)– and protein phosphorylation (8 genes)–related genes were upregulated (Figures 6C,D), and transcriptional (30 genes)– and cell migration (6 genes)–related genes were downregulated in I-MDSCs (Figures 6C,E; Table 2).
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FIGURE 6. Comparative analyses of gene expression between I-MDSCs and monocytic APCs in the circulation of CRC patients. Hierarchical clustering of I-MDSCs and monocytic APCs from two patients (07 and 16) on differentially expressed transcripts. Expression level of each gene is illustrated as a color code (A). Volcano plot illustrates the differential expression data, represented as log2 fold change on the x-axis, with the statistical impact on the y-axis. Fold changes with significant P values (>0.05) are highlighted in red (for upregulated genes) and green (for downregulated genes) (B). Functional categorizations for significantly upregulated and downregulated transcripts were analyzed on DAVID platform. Bar diagram illustrates the percentage of genes in each functional category (C). Heat maps show Z score of the upregulated (D) and downregulated (E) transcripts in I-MDSCs, compared with monocytic APCs, based on their functional categorization.




Genes Associated With Acetylation Are Upregulated in PMN-MDSCs and M-MDSCs in the Circulation of CRC Patients

Finally, we compared the common pathways, which were upregulated/downregulated in PMN-MDSCs, M-MDSCs, and I-MDSCs in the circulation of CRC patients. We found that by comparing PMN-MDSCs vs. monocytic APCs, M-MDSCs vs. monocytic APCs, and PMN-MDSCs vs. I-MDSCs, genes related to acetylation were upregulated in PMN-MDSCs and M-MDSCs (Figure 7A), and also genes related to apoptosis and myeloid cell differentiation were upregulated in PMN-MDSCs and M-MDSCs (Figure 7A). Moreover, transcriptional regulation–related genes were upregulated in PMN-MDSCs and M-MDSCs; when comparing PMN-MDSCs vs. monocytic APCs and M-MDSCs vs. monocytic APCs (Figure 7A), DNA damage–related genes were upregulated in PMN-MDSCs, compared to monocytic APCs and I-MDSCs (Figure 7A). On the other hand, protein phosphorylation–related genes were upregulated in both I-MDSCs and M-MDSCs, compared to their controls (Figure 7A). In the downregulated pathways panel, genes related to transcription were downregulated in PMN-MDSCs and I-MDSCs, when comparing PMN-MDSCs vs. monocytic APCs, I-MDSCs vs. monocytic APCs, and PMN-MDSCs vs. I-MDSCs (Figure 7B).
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FIGURE 7. Analyses of overlapping functional pathways between PMN-MDSCs, I-MDSCs, and M-MDSCs. Venn diagram summarizing the overlap between functional pathways, which were upregulated (A) and downregulated (B) in the comparative analyses between PMN-MDSCs vs. monocytic APCs, PMN-MDSCs vs. I-MDSCs, M-MDSCs vs. monocytic APCs, and I-MDSCs vs. monocytic APCs. Shared pathways are indicated by the overlap between circles.





DISCUSSION

In this study, we performed comparative analyses on transcriptomic profiles of different myeloid cell subsets in the circulation of CRC patients. We found that various signaling pathways, including JAK-STAT, chemotaxis, and histone acetylation, were upregulated in PMN-MDSCs compared with monocytic APC: PI3P kinase, PI3 kinase, apoptosis, H3 acetylation, IL-6, and TGF-β pathways were upregulated in M-MDSCs, and cell cycle–related pathways were upregulated in I-MDSCs compared with monocytic APCs.

Tumor-infiltrating inflammatory cells are reported to be associated with disease progression; however, the functional impact of particular subpopulations remains not evident (32). Recently, we have reported that in the CRC TME, levels of PMN-MDSCs, and I-MDSCs were higher compared with M-MDSCs (18). Other than CRC, in lung cancer patients, it has been reported that PMN-MDSCs accumulated in the advanced stages have predominant suppressive characteristics and favor tumor progression (33). We have previously shown that various epigenetic-related genes including DNA methylation and HDACs were upregulated, and acetylation-related genes were downregulated in colorectal tumor-infiltrating I-MDSCs, compared with monocytic APCs (18). Notably, in the present study, we found that acetylation-related genes were upregulated in PMN-MDSCs, compared with monocytic APCs, in circulation of CRC patients. Furthermore, in the CRC TME, DNA methylation and HDACs were downregulated in PMN-MDSCs, compared with monocytic APCs (18). In line with these data, we found that histone acetylation– and transcription regulation–related genes were upregulated in circulating PMN-MDSCs. These data show that transcriptional regulation of pivotal genes in circulating PMN-MDSCs might be regulated by posttranslational histone modifications. Moreover, our work showed that MAPK signaling and Wnt pathways were upregulated in PMN-MDSCs of both TME (18) and circulation, compared with I-MDSCs.

Tumor-infiltrating immune cells, including myeloid cells, provide an immune-subversive environment for tumor development and progression through the activation of various signaling cascades (34). It has been reported that the MDSC subset, I-MDSCs, favors tumor progression by expanding TH17 cells within the TME, rather than suppressing T cells (35). We found that critical pathways for tumor progression associated with DNA damage, MAPK, and Wnt signaling were upregulated in PMN-MDSCs, compared with I-MDSCs. Interestingly, JAK-STAT pathway was also found to be upregulated in PMN-MDSCs, compared with monocytic APCs. JAK-STAT pathway is one of the predominant signaling cascades, which can promote immune suppression and tumor cell survival (36). JAK-STAT signaling cascade has been implicated in the induction of chemotaxis, which in turn triggers migratory signals in epithelial cells causing cell transformation from being static epithelial cells to migratory cells (37). Interestingly, we found that STAT3- and STAT4-related genes were upregulated in circulating PMN-MDSCs, compared with monocytic APCs. Reports showed that growth hormone induces the activation of Hrs–STAM complex, which could enhance the formation of JAK–receptor complexes (29, 38). In agreement with these reports, we found that GH1 and STAM were upregulated in PMN-MDSCs, compared with monocytic APCs. Aberrant activation of JAK-STAT signaling pathway could also activate MAPK pathway, which controls various fundamental cellular processes that promote tumorigenesis, including cell proliferation, survival, differentiation, and migration (39, 40). Furthermore, components of the JAK-STAT signaling pathway and its downstream cascade MAPK pathway could induce regulatory T cell (Treg) and MDSC expansion and interfere with TH1 differentiation (41, 42). Collectively, these data imply that JAK-STAT signaling pathway in circulating PMN-MDSCs could be important for triggering their own proliferation and Treg expansion, contributing to malignant cell migration and metastasis, and possibly opposing TH1 differentiation and migration into the TME of CRC patients (43).

One of the most frequently altered pathways in human cancer is the PI3K pathway, which has a critical role in tumorigenesis and tumor progression (44). Here, we found that PI3K and PI3P pathways were upregulated in M-MDSCs, compared with monocytic APCs, which could activate multiple downstream pathways and favor malignant cell progression. It has been reported that the activation of PI3K could trigger PI3P signaling cascade and promote the survival of tumor cells (45). Additionally, genes related to IL-6 and TGF-β signaling pathways were found to be upregulated in M-MDSCs, compared to monocytic APCs. Overexpression of TGF-β has been reported to promote tumorigenesis as it induces multiple non-Smad pathways, which could reprogram epithelial cells and induce epithelial–mesenchymal transition (46). This overexpression of TGF-β was correlated with advanced disease stages, metastasis, and poor prognosis in many cancer types, including CRC (46–49). Moreover, TGF-β released by MDSCs can stimulate Treg expansion and survival and enhance their suppressive activity (50, 51). In turn, Tregs can trigger the induction of MDSCs, thereby creating a positive feedback loop, favoring immune suppression and T effector cell (Teff) apoptosis or inactivation (50, 52). Reports showed that several non-Smad signaling pathways could be activated by TGF-β, such as PI3K/AKT and IL-6 signaling, leading to resistance to various cancer treatments (47, 53, 54). These data suggest that M-MDSCs in the circulation of CRC patients upregulate multiple pathways, including TGF-β, IL-6, PI3P, and PI3K, which could promote tumorigenesis by supporting Treg expansion and suppressive activity and favoring immune suppression and therapy resistance.

Signaling cascades are regulated by protein kinases, which are activated or deactivated through phosphorylation and dephosphorylation. Here, we found that, in I-MDSCs, both cell cycle– and protein phosphorylation–related genes were upregulated, compared with monocytic APCs. These genes could be associated with the activation of signaling cascades, which govern cellular processes, such as cell proliferation, migration, differentiation, survival, and growth of immune-suppressive cells, and regulating Teff function and migration into the TME (55).

Epigenetic modifications via DNA methylation and histone methylation/acetylation have also a major impact on tumorigenesis, immunosuppression, and cancer progression (18, 56, 57). Additionally, acetylation and deacetylation of both histone and nonhistone marks have been reported to be closely associated with the transcriptomic regulation of genes associated with cell proliferation, cell cycle, and apoptosis in cancer. Here, we found that acetylation-related genes were upregulated in PMN-MDSCs and M-MDSCs, compared with monocytic APCs. Apart from acetylation, genes related to transcription, DNA damage, apoptosis, and myeloid differentiation were also found to be upregulated in PMN-MDSCs and M-MDSCs. These data suggest that elevated expression of acetylation-related genes in MDSCs could trigger multiple signaling cascades promoting the survival and progression of malignant cells. However, the suppressive function of these cells in human is not totally evident.

Some of the signaling pathways investigated in this study were exclusively upregulated in one myeloid suppressive subset, implicating the importance of their functions and contribution to CRC progression. Additionally, this study revealed some of the epigenetic mechanisms, which control the transcriptional profile of the different myeloid cell subsets. However, further studies are required to validate these findings using functional assays and in larger patient cohorts. Additionally, it would be interesting to compare the transcriptomic profiles of circulating MSDC subsets between CRC patients and healthy donors to identify distinct enrichment of transcripts/pathways in specific subsets favoring onset and progression of CRC.
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Monocytes influence multiple aspects of tumor progression, including antitumor immunity, angiogenesis, and metastasis, primarily by infiltrating tumors, and differentiating into tumor-associated macrophages. Emerging evidence suggests that the tumor-induced systemic environment influences the development and phenotype of monocytes before their arrival to the tumor site. As a result, circulating monocytes show functional alterations in cancer, such as the acquisition of immunosuppressive activity and reduced responsiveness to inflammatory stimuli. In this review, we summarize available evidence about cancer-induced changes in monopoiesis and its impact on the abundance and function of monocytes in the periphery. In addition, we describe the phenotypical alterations observed in tumor-educated peripheral blood monocytes and highlight crucial gaps in our knowledge about additional cellular functions that may be affected based on transcriptomic studies. We also highlight emerging therapeutic strategies that aim to reverse cancer-induced changes in monopoiesis and peripheral monocytes to inhibit tumor progression and improve therapy responses. Overall, we suggest that an in-depth understanding of systemic monocyte reprogramming will have implications for cancer immunotherapy and the development of clinical biomarkers.
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INTRODUCTION

Monocytes are the third most abundant immune cell population in the peripheral blood after neutrophils and lymphocytes, representing ~4–11% of leukocytes in the circulation in humans and 1–5% in mice (1, 2). Based on the expression of surface markers, size, morphology, location in the blood vessel, and functionality, two major monocyte subsets can be distinguished both in human and mouse. Classical monocytes (CD14+CD16−CCR2+CX3CR1lowHLA-DR+ in human, Ly6ChighCCR2+CD43−CX3CR1lowMHC-II− in mouse, after exclusion of lymphoid cells and granulocytes) are large (10–14 μm diameter in mouse) granular cells whose primary function is to extravasate and differentiate into macrophages upon tissue injury and, in certain tissues, replenish tissue-resident macrophages in homeostasis. Non-classical monocytes (CD14−CD16+CCR2−CX3CR1highHLA-DR+ in human, Ly6ClowCCR2−CD43+CX3CR1highMHC-II− in mouse) are smaller (8–12 μm diameter in mouse) less granular cells which crawl along vessels and scavenge the luminal surface to maintain endothelial integrity (3–7). Non-classical monocytes differentiate from classical monocytes in the circulation that is triggered by signals from the vascular endothelium (8, 9). Accordingly, a continuum of intermediate cell states between the two subsets exists which was revealed by single-cell RNA sequencing (scRNAseq) in both human and mouse (9, 10). The majority of classical monocytes leave the circulation within 1 day and extravasate into tissues to replenish macrophages while only a small fraction of them differentiates into non-classical monocytes to remain in the circulation for several days (11, 12).

Classical monocytes, classical monocyte-derived tumor-associated macrophages, and non-classical monocytes have been extensively described to influence tumor progression through regulating cancer cell survival, antitumor immunity, angiogenesis, and metastasis. The mechanistic details of these activities have been reviewed elsewhere (13–18). Much less is known about whether tumors remotely induce alterations in monopoiesis and circulating monocytes. In this review we summarize evidence for altered classical monocyte abundance and phenotype in cancer and we discuss the potential implications of this phenomenon for tumor progression. Due to their shared ontogeny, the phenotype of non-classical monocytes is likely to be affected by cancer as well, however, evidence for this remains scarce.



MONOPOIESIS IN CANCER

Elevated peripheral blood monocyte counts in cancer have been described in both humans and mice (19–21). Patients with higher blood monocyte counts reportedly have a worse disease prognosis in several cancer types (20, 22–26). Consistent with the notion that classical monocytes can give rise to tumor-associated macrophages, blood monocyte counts correlate with the abundance of macrophages infiltrating prostate tumors, however, more studies are needed to establish whether such correlation is a general phenomenon (23). Elevated monocyte levels can be caused either by enhanced mobilization from the bone marrow or increased monopoiesis, both of which have been observed in cancer. CCL2, the central regulator of monocyte mobilization from the bone marrow, often shows higher serum levels in both mouse and human cancer (27–31). Accordingly, elevated peripheral blood monocyte levels in pancreatic cancer patients were associated with reduced monocyte abundance in the bone marrow, suggesting their enhanced egress (20).

Emerging evidence indicates that tumors also remotely influence hematopoiesis. In the steady-state, monocytes are produced in the bone marrow by hematopoietic stem cells (HSCs) which give rise to progenitors with progressively restricted lineage potential ultimately resulting in the generation of monocyte-committed progenitors (Figure 1). HSCs self-renew and generate multipotent progenitors (MPPs), which further differentiate into common myeloid progenitors (CMPs), and common lymphoid progenitors (CLPs). CMPs have the capacity to differentiate into megakaryocyte and erythrocyte progenitors (MEPs) and granulocyte and macrophage progenitors, also known as granulocyte-monocyte progenitors (GMPs). Within the GMP population, monocyte-dendritic cell progenitors (MDPs) emerge which can only give rise to conventional dendritic cell progenitors (CDPs) and common monocyte progenitors (cMoPs), the latter giving rise to classical monocytes (7, 32). Notably, recent research shows that MDPs can develop directly from CMPs (33). GMPs can also generate classical monocytes through a monocyte progenitor (MP) and these monocytes retain a transcriptional profile distinct from their MDP-derived counterparts, characterized by the expression of several neutrophil-associated genes (33, 34). These “neutrophil-like” monocytes have been detected via scRNAseq in the blood and tumors of humans and mice with non-small cell lung cancer, however, it remains unknown whether their distinct transcriptional profile endows them with unique functional characteristics (35).
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FIGURE 1. Cancer-induced reprogramming of monopoiesis and circulating monocytes. Arrows indicate changes in the abundance of progenitor populations in cancer. Functional alterations that have not been characterized extensively are indicated with question marks. ANGII, angiotensin II; ARG1, arginase 1; cDC, conventional dendritic cell; CDP, common dendritic cell progenitor; CLP, common lymphoid progenitor; cMoP, common monocyte progenitor; CMP, common myeloid progenitor; EVs, extracellular vesicles; G-CSF, granulocyte colony-stimulating factor; GM-CSF, granulocyte-macrophage colony-stimulating factor; GMP, granulocyte-monocyte progenitor; HLA-DR, human leukocyte antigen DR; HSC, hematopoietic stem cell; IL-6/10, interleukin-6/10; MDP, monocyte-dendritic cell progenitor; MEP, megakaryocyte-erythrocyte progenitor; MIF, macrophage migration inhibitory factor; MP, monocyte progenitor; MPP, multipotent progenitor; NK cells, natural killer cells; OPN, osteopontin; pDC, plasmacytoid dendritic cell; PGE2, prostaglandin E2; pSTAT3, phosphorylated signal transducer and activator of transcription 3; TGFβ, transforming growth factor β.


Gradual commitment to the monocyte lineage is determined by the relative activity of key transcription factors in hematopoietic progenitors [reviewed in (32, 36)]. Monocyte and macrophage development are critically dependent on PU.1, whose expression increases from the CMP stage and acts as a pioneer transcription factor to bind closed chromatin and cooperate with other myeloid transcription factors in order to activate a myeloid lineage specific transcriptional program. A key growth factor in monocyte and macrophage development is M-CSF (also known as CSF-1) which not only promotes survival and proliferation of myeloid progenitors, but also instructs the commitment of GMPs toward monocytic cells rather than granulocytes (37, 38). In addition, M-CSF can directly induce PU.1 in HSCs, instructing early commitment toward the myeloid lineage (39). According to the current model, PU.1 induces IRF8 expression in MDPs which further promotes monocyte/dendritic cell over granulocyte differentiation potential in progenitors (36, 40). IRF8 forms a heterodimer with PU.1 and induces the expression of the transcription factor KLF4, which is indispensable for the acquisition of a transcriptional program endowing mature monocyte identity (41–43). The C/EBP transcription factors also play key roles in both monocyte and granulocyte development. C/EBPα is essential for steady-state granulopoiesis and the relative activity of PU.1 and C/EBPα in GMPs is a critical determinant of monocyte/macrophage vs. neutrophil cell fate (44, 45). C/EBPβ is not only required for emergency granulopoiesis in response to cytokines, but also supports the survival of monocytes in the periphery (46, 47).

With the emergence of single-cell resolution transcriptomics and fate-mapping technologies, the hierarchical lineage tree model of hematopoiesis is being replaced by a lineage continuum model in which the progenitor populations defined above are rather snapshots of a continuum and encompass a transcriptionally diverse mixture of cells with different degrees of fate commitment (48). In fact, lineage-committed precursors have been found in progenitor populations which have been previously defined as multipotent (48). Nevertheless, progenitor populations defined by well-established surface markers provide a useful framework to understand hematopoiesis and evaluate its quantitative and qualitative alterations in disease.

Cancer is often accompanied by elevated serum levels of cytokines that are involved in controlling hematopoiesis, including KITLG, G-CSF, GM-CSF, and M-CSF (49–54). Enhanced production of these cytokines can be a result of malignant transformation of cells and can therefore be dictated by the genetic alterations that occur during tumor progression (55–59). Altered production of these factors together with the low-grade systemic inflammation often associated with tumor development leads to remote reprogramming of myelopoiesis (60). This is characterized by the expansion of HSC, myeloid-skewed MPP, CMP, and GMP, but not CLP and MEP populations, indicating a tumor-induced myeloid bias in hematopoiesis (61–64) (Figure 1). Myeloid expansion in the bone marrow was driven by G-CSF in the MMTV-PyMT mouse model of breast carcinoma, while it was found to be TNFα-dependent in Lewis lung carcinoma and MC57 fibrosarcoma (61, 62). Similarly, the frequency of HSC, MPP, and GMP populations are elevated in the peripheral blood of patients with various types of solid tumors (52). Conversely, the abundance of the CDP population decreases in both breast and pancreatic cancer patients while the MDP population remains largely unaffected due to the inhibitory effect of G-CSF on the differentiation potential of MDP toward CDP (51) (Figure 1). G-CSF and GM-CSF suppress IRF8 expression via STAT3 and STAT5, respectively, thereby skewing myelopoiesis toward granulocyte progenitors (65–67). Due to elevated systemic levels of G-CSF and GM-CSF, this can occur in cancer. Accordingly, MDPs from breast tumor-bearing mice showed higher levels of phosphorylated STAT3 and lower IRF8 expression (51). Expansion of GMPs in response to G-CSF in cancer may not only drive the production of granulocytes, but also monocytes, as the tumor-induced expansion of circulating monocytes is completely abrogated in G-CSF receptor-deficient mice (68). Similarly, GM-CSF treatment in mice increased the abundance of both monocytes and neutrophils in the bone marrow (54). Analogously, administration of an antitumor vaccine containing GM-CSF led to the expansion of immunosuppressive monocytes in melanoma patients (69). Indeed, GM-CSF treatment of human HSCs in vitro results in the generation of CD14+HLA-DR−PD-L1+ monocyte-like cells which are highly immunosuppressive and this effect was augmented by the addition of IL-6 or TGFβ (52, 54, 70, 71). Combination of G-CSF+GM-CSF or G-CSF+IL-6 treatment of HSCs generates similar immunosuppressive cells, however, these also upregulate arginase-1, an enzyme that catabolizes L-arginine, an amino acid essential for T-cell proliferation (52, 70, 72).

Cancer not only reprograms hematopoiesis in the bone marrow but also supports expansion of myelopoiesis in extramedullary sites, primarily in the spleen. HSC, CMP, GMP, and MDP populations greatly expand in the splenic red pulp of tumor-bearing mice and cancer patients due to recruitment of progenitors from the circulation followed by local proliferation (21, 73–75). In homeostasis, tissue-migratory hematopoietic progenitors eventually return to the circulation through the lymphatic system, which is driven by sphingosine-1 phosphate (S1P) gradients (76). However, in murine lung cancer this process is perturbed as tumor cell-derived angiotensin II released to the circulation causes downregulation of S1P receptor 1 on hematopoietic progenitors, leading to their retention, and accumulation in the spleen (77). In addition, increased CCL2 production by splenic myeloid cells and stromal cells in cancer appears to contribute to the accumulation of myeloid progenitors, which upregulate their CCR2 expression in the spleen (73, 75). Proliferation of splenic myeloid progenitors is also supported by tumor cell-derived osteopontin (78).

In some mouse tumor models, monocytes isolated from the spleen have been shown to suppress T-cell activation via nitric oxide production, which mainly interferes with IL-2 receptor signaling (72, 79). For this reason, these cells were termed monocytic myeloid-derived suppressor cells (Mo-MDSC), a term still used to denote immunosuppressive monocytes, albeit the surface marker expression of these cells in many cases closely resembles classical monocytes (79). Accordingly, bone marrow HSC transferred into spleens gave rise to T-cell suppressive myeloid cells in tumor-bearing mice but not in healthy mice (73). These results suggest that the cancer-conditioned splenic tissue niche can skew monopoiesis toward the generation of immunosuppressive monocytes. Consistent with the notion that splenic monocytes undergo extensive reprogramming in cancer, scRNAseq analysis of splenic monocytes revealed tumor-induced expansion of a distinct monocyte state in mouse breast cancer (80). Splenic monocytes from breast tumor-bearing mice showed more than 200 differentially expressed genes compared to healthy mice, including the upregulation of genes involved in the promotion of inflammation (Il1b, Saa3, Junb), angiogenesis (Prok2), chemotaxis (Ccr1, Cxcr2), and antiviral response (Ifitm1) (80). Two key factors driving the reprogramming of progenitors in the spleen appear to be GM-CSF and IL-6. Splenic stromal cells upregulate IL-6 in mice with hepatocellular carcinoma, which drives autocrine GM-CSF production by splenic HSCs and this interaction appears to be critical for the generation of immunosuppressive progeny (73). In line with these findings, GM-CSF treatment in mice increased the abundance of Ly6Chigh monocytes in the spleen (54). Similarly, low levels of GM-CSF are sufficient to induce nitric oxide synthase in bone marrow-derived Ly6Chigh murine monocytes and render them strongly T-cell suppressive (54). Notably, the impact of GM-CSF on monocytes is likely to be dependent on their developmental stage at the time of exposure as well as the tissue context (81). GM-CSF secreted by activated T-cells has been shown to induce a pro-inflammatory monocyte phenotype in experimental autoimmune encephalitis (82). Some studies suggest that GM-CSF-dependent monocyte activation during chimeric antigen receptor T-cell therapy can contribute to the development of potentially fatal treatment-related toxicities, including cytokine release syndrome and neuroinflammation (83, 84). The immunostimulatory activity of GM-CSF provided a basis for its use as an adjuvant in anticancer vaccines (81, 85–87). However, GM-CSF-containing vaccine formulations may not only promote antitumor immunity, but in some cases also cause the emergence of immunosuppressive monocytes in the circulation, as mentioned above (69).



CANCER-INDUCED PHENOTYPICAL ALTERATIONS IN CIRCULATING MONOCYTES

The distant tumor not only skews the differentiation path of myeloid progenitors in hematopoietic tissues but also influences the phenotype of circulating monocytes (Figure 1). The most widely reported cancer-induced phenotypical alteration in human peripheral blood monocytes is the acquisition of immunosuppressive activity (19, 69). This generally coincides with the downregulation of the MHC class II surface protein HLA-DR, a key mediator of antigen presentation which is highly expressed on monocytes in healthy individuals. Additional surface marker changes have also been reported, including the downregulation of CD86 (88–90) and upregulation of IL4Rα (91, 92) and TIE2 (93). On the basis of their immunosuppressive activity, CD14+HLA-DRlow monocytes are often referred to as M(o)-MDSCs, analogous to T-cell suppressive mouse monocytes isolated from the spleen of tumor-bearing mice. Interestingly, a similar HLA-DRlow monocyte phenotype has been observed in patients with sepsis and the transcriptional signatures of monocytes in sepsis and metastatic cancer show remarkable similarity (88, 94, 95).

One of the major mechanisms responsible for the immunosuppressive activity of monocytes in cancer patients appears to be their elevated arginase-1 expression and activity which restricts the amount of L-arginine available for T-cells (19, 96–98). Accordingly, inhibition of arginase-1 or increasing the amount of available L-arginine decreases their T-cell suppressive effect in vitro (91, 97–99). Other mechanisms that may be responsible for the immunosuppressive activity include upregulation of PD-L1 or GPNMB and production of TGFβ or reactive oxygen species (69, 91, 100–102).

The frequency of CD14+HLA-DRlow monocytes has been shown to increase with tumor stage and correlate with poor survival in many different solid tumor types [reviewed in (103, 104)]. In accordance with their immunosuppressive effect, high levels of CD14+HLA-DRlow monocytes are associated with significantly lower levels of tumor-specific T-cells in the circulation of cancer patients (105). In addition, patients with low pretreatment levels of CD14+HLA-DRlow monocytes are more likely to respond to immune checkpoint blockade therapy, providing a rationale to use pretreatment HLA-DRlow monocyte frequency as a predictive biomarker for therapy response (106–109). Intriguingly, patients who responded to anti-CTLA4 immune checkpoint blockade showed a progressive reduction in the frequency of CD14+HLA-DRlow monocytes following treatment, in contrast to non-responders (110, 111).

While the emergence of immunosuppressive activity in cancer-educated monocytes has been widely observed, alterations in their cytokine secretion appear to be more variable across different cancer types. CD14+HLA-DRlow monocytes from melanoma patients showed increased secretion of TGFβ (69, 102), however, this was not observed in other studies in melanoma and breast cancer (88, 91). Monocytes from breast cancer patients secreted lower levels of IL-1β, IL-6, and TNF (88), while monocytes from renal cell carcinoma patients showed elevated production of these cytokines along with IL-10, CCL3, IL-8, and VEGFα (112). In the latter study, these changes led to an enhanced ability to promote angiogenesis and cancer cell invasion in vitro that was dependent on the secretion of VEGFα and matrix metalloproteinases, respectively, (112). In contrast, VEGFA expression was downregulated in monocytes of breast cancer and melanoma patients (113, 114).

Classical monocytes isolated from breast cancer patients also exhibit altered response to inflammatory stimuli, as indicated by their impaired secretion of TNFα and IL-1β in response to bacterial lipopolysaccharide (88, 115). In addition, classical monocytes from lymphoma and breast cancer patients showed reduced responsiveness to IFNγ as indicated by the lower levels of STAT1 phosphorylation following stimulation (98, 116). Remarkably, breast cancer patients with a low monocyte IFNγ response were significantly more likely to relapse (116). Hence, the level of IFNγ-induced STAT1 phosphorylation in peripheral blood monocytes at diagnosis could be used as a prognostic biomarker for relapse-free survival independent of other clinicopathologic characteristics (116).

Transcriptomic analyses in peripheral blood monocytes from cancer patients vs. healthy donors revealed extensive cancer-induced transcriptional changes and provided several important lessons about monocyte reprogramming in cancer (Table 1).


Table 1. Summary of studies comparing the transcriptome of peripheral blood monocytes from cancer patients and healthy individuals.
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Firstly, by utilizing classification algorithms, the cancer-induced gene signature in blood monocytes can be used as a diagnostic biomarker. The first proof-of-concept studies testing cancer detection based on transcriptional alterations in peripheral blood monocytes demonstrated 93–100% sensitivity (i.e., the proportion of cancer patients that are correctly identified as such), albeit somewhat more limited 69–93% specificity (i.e., the proportion of healthy patients that are correctly identified as such) (113, 117).

Secondly, the gene expression changes in monocytes induced by distinct cancer types show remarkably little overlap. Gastric cancer and pancreatic cancer failed to induce the gene expression signature which was identified in colon cancer (117). Similarly, the transcriptomic changes induced by endometrial and breast cancer assessed in the same study showed <50% overlap (113).

Furthermore, the cancer-induced transcriptional profiles show considerable interpatient heterogeneity within a given cancer type, uncovering patient subsets with differential reprogramming (19, 115). Specifically, greatly differing monocyte reprogramming (>1,000 differentially expressed genes) could be observed between pancreatic cancer patients in which immunosuppressive monocytes emerged and patients whose monocytes remained non-suppressive (19). Among breast cancer patients, differential responsiveness of monocytes to IFNγ+GM-CSF stimulation was associated with distinct gene expression profiles, including differential expression of genes linked to the IFN response (115).

Finally, transcriptional profiling of monocytes from colorectal cancer patients revealed that monocyte reprogramming not only occurs after systemic dissemination of cancer, but also in patients with localized early stage tumors (117).

Transcriptomic analyses provided indications that monocytes may exhibit additional phenotypical alterations. Several studies have shown changes in the expression of genes involved in cell adhesion, migration, and chemotaxis, such as elevated CCR2 and CX3CR1 expression (112–115). Accordingly, classical monocytes from non-small cell lung cancer patients showed enhanced migration toward cancer cells, however, the underlying mechanisms remain to be determined (96). Intriguingly, multiple studies from breast cancer patients showed the downregulation of HIF1A expression in monocytes, suggesting that cancer may impair their response to hypoxia (88, 113, 115).

Monocytes also exhibited cancer-induced changes in the expression of numerous metabolic genes in several tumor types (19, 114, 115). Namely, immunosuppressive monocytes in pancreatic cancer showed upregulation of genes involved in fatty acid and lipoprotein metabolism (CD36, LYPLA1, CERS5) ATP metabolism (ATP5F1C, ATP5MC2, SDHB), glucose metabolism (PDK4, GXYLT1), and amino acid metabolism (ERICH1, GLS, CTSC, ARG1, NAT2, UST, OXR1) when compared to non-immunosuppressive monocytes (19). Similarly, monocytes from breast cancer and glioblastoma patients showed altered expression of genes involved in oxidative phosphorylation and fatty acid metabolism (115, 118). Monocytes from melanoma patients showed downregulation of several nutrient transporters, including the glucose transporter SLC2A3 and the amino acid transporters SLC7A5, SLC7A11, SLC3A2 (114). It remains to be elucidated whether these gene expression changes have an impact on cellular metabolism.

Tumor-induced reprogramming may also impair the ability of monocytes to initiate a physiological differentiation program upon tissue infiltration. Monocytes from breast cancer patients showed reduced expression of ID2 and MAFB, transcriptional regulators playing key roles in dendritic cell and macrophage differentiation, respectively (113, 115, 119, 120). In line with these data, dendritic cells differentiated from monocytes of breast cancer patients in vitro showed a reduced capacity to stimulate T-cell proliferation and induced a higher number of regulatory T-cells compared to healthy controls (121).

It is difficult to determine whether phenotypical changes observed in circulating monocytes stem from alterations in hematopoietic progenitors or they are mainly acquired in the circulation. Certainly, elevated secretion of cytokines, such as G-CSF, GM-CSF, and IL-6 in cancer can favor the development of monocytes with an altered phenotype in the bone marrow and spleen, as described above. However, monocyte reprogramming has been observed in patients in the absence of emergency myelopoiesis, indicating that reprogramming of mature monocytes in the circulation probably also occurs (88, 117). Indeed, co-culture with cancer cells or treatment with cancer cell supernatants can induce transcriptional changes and phenotypical alterations in mature monocytes from healthy individuals, including the induction of immunosuppressive, proinvasive, and proangiogenic phenotypes (68, 112, 117, 122, 123). Extracellular vesicles (EVs) released from cancer cells may be important in relaying reprogramming signals as they were found to be sufficient to induce immunosuppressive activity in healthy monocytes in vitro (102, 124–128). One of the mechanisms responsible for this appears to be the activation of Toll-like receptors (TLR) on monocytes by heat-shock proteins (HSP) expressed on the surface of EVs, such as HSP72 and HSP86, activating TLR2 and TLR4, respectively (126, 127). Additional factors that have demonstrated a reprogramming effect on healthy monocytes include IL-10, MIF, and prostaglandin E2 (PGE2), which may also be produced by non-malignant cells (122, 123, 129–132).

Transcriptional reprogramming of monocytes is likely to be driven by the activation of a distinct set of transcription factors dictated by the tumor/patient-specific systemic environment. The most studied example is the acquisition of immunosuppressive activity, which, in many cases, is driven by the transcription factor STAT3. Co-culture of healthy monocytes with cancer cells or treatment with cancer cell-derived EVs induces STAT3 activation (68, 126). Correspondingly, suppressive monocytes from cancer patients show elevated levels of phosphorylated STAT3, and inhibition of STAT3 reverses the arginase-dependent immunosuppressive activity (19, 91, 99).

It is currently unclear whether tumor removal leads to the complete reversal of monocyte phenotype to a healthy state. Diminished HLA-DR expression on monocytes from glioblastoma patients returned to normal levels 8 days after tumor removal (133). Similarly, surgical removal of colorectal tumors led to the reversal of a previously upregulated gene set to levels comparable to healthy individuals (117). In contrast, the frequency of HLA-DRlow classical monocytes in prostate and colorectal cancer patients did not return to healthy levels 1 month after surgery, suggesting that, in some cases, alterations may persist after curative treatment (134).



THERAPEUTIC IMPLICATIONS

Understanding how monocytes respond to cancer will pave the way toward targeted treatments that can interfere with the cellular pathways mediating tumor-induced functional alterations. The best characterized example of such therapeutic strategy is the prevention of cancer-induced monocytosis via inhibiting the CCL2-CCR2 chemokine axis (17). A small-molecule CCR2 inhibitor has been already tested in a phase I clinical trial and proved effective in reducing peripheral monocyte numbers, thereby decreasing the abundance of tumor-associated macrophages in pancreatic cancer (135). This was associated with increased T-cell infiltration and elevated expression of immunostimulatory factors in tumors, indicating a better antitumor immune response, and warranting further clinical studies (135). Identification of angiotensin II as a crucial regulator of cancer-induced extramedullary hematopoiesis raised the question whether angiotensin-converting enzyme (ACE) inhibitors, widely used to treat hypertension, could suppress heightened extramedullary monocyte production and subsequent macrophage accumulation in tumors (77). Indeed, the ACE inhibitor enalapril was able to suppress splenic monopoiesis, reduce the number of tumor-associated macrophages and provided a survival benefit to mice with lung tumors (77). In a mouse model of hepatocellular carcinoma, the multikinase inhibitor sorafenib has been reported to similarly reduce splenic hematopoiesis presumably by inhibiting c-Kit (73). Although sorafenib alone did not prolong survival, it enhanced the therapeutic efficacy of anti-PD-L1 immune checkpoint blockade (73). As mentioned above, GM-CSF promotes monocyte production both in the bone marrow and in the spleen. Accordingly, GM-CSF blockade in mice inhibited tumor-induced mobilization of CD11b+Gr1+ myeloid cells, resulting in enhanced antitumor T-cell responses (136, 137). The CD11b+Gr1+ cell subset comprises a heterogenous mixture of monocytes and granulocytes, therefore determining the impact of GM-CSF neutralization specifically on monocytes will require further investigation.

Among the factors mediating tumor-induced reprogramming of monocytes, PGE2 appears to be a promising candidate for therapeutic targeting. A PGE2 receptor 2 (EP2) antagonist (AH6809) prevented PGE2-induced NF-κB activation and subsequent Nos2 expression in splenic and tumor-infiltrating monocytes, reducing their immunosuppressive activity and leading to an enhanced antitumor T-cell response in mouse models (132).

Tumor-induced alterations of kinase activity in monocytes are also an area of emerging interest and a promising therapeutic avenue considering the wide range of small-molecule kinase inhibitors available. In a mouse model of melanoma, splenic monocytes have been shown to upregulate the TAM receptor tyrosine kinases Axl, Mertk, and Tyro3, while circulating monocytes upregulated Mertk and Tyro3 (138). Targeting these kinases via the administration of a pan-TAM kinase inhibitor (UNC4241) was able to reduce the immunosuppressive activity of monocytes and enhance antitumor immunity (138). TAM kinases were suggested to promote serine phosphorylation of STAT3, leading to the activation of genes involved in immunosuppression, like Nos2 and Arg1 (138).

Besides TAM kinases, several additional reprogramming stimuli, such as IL-6, IL-10, and G-CSF, converge to STAT3 activation, making it another attractive therapeutic target. STAT3 inhibition via small-molecule inhibitors (e.g., CPA-7, JSI-124) has proved effective in eliciting antitumor immunity in mice, however, its effects on monocytes have not been characterized (139, 140). To avoid unwanted side-effects due to its pleiotropic role, therapeutic inhibition of STAT3 may require cell-specific targeting strategies. A potential approach to achieve this has been developed by linking a STAT3-targeting small interfering RNA or antisense oligonucleotide to a TLR9 agonistic CpG oligonucleotide which reportedly reduces Stat3 expression specifically in TLR9-expressing myeloid cells while exerting an immunostimulatory effect via TLR9 activation (141, 142). This strategy has proved effective in boosting the antitumor immune response in several mouse models, however, it remains to be determined whether it efficiently targets monocytes and could reverse tumor-induced reprogramming (141–143).

In addition, inhibition of arginase-1 to alleviate monocyte/macrophage-mediated arginine-depletion and consequential immunosuppression may represent a potential therapeutic approach. To this end, a small-molecule arginase inhibitor (CB-1158) has been developed which elevated plasma and tumor arginine levels and enhanced antitumor T-cell and natural killer cell responses in mouse models (144). Remarkably, arginase inhibition also improved response to immune checkpoint blockade and adoptive T-cell therapy in several tumor models which are resistant to these treatments (144).

Therapies inducing systemic immune activation may also be able to reprogram monocytes before their arrival to tumors that is likely to influence their activity upon tumor infiltration. Administration of an agonistic anti-CD40 antibody led to systemic release of IFNγ, resulting in enhanced STAT1 activation in circulating monocytes (145). Recruitment of these pre-activated Ly6Chigh monocytes was critically required for the anti-fibrotic activity of anti-CD40 therapy in pancreatic cancer (145). The elevated matrix metalloproteinase activity of recruited monocytes following treatment degraded the dense extracellular matrix of chemoresistant pancreatic tumors, rendering them responsive to gemcitabine therapy (145). It remains to be further characterized whether CD40 agonists or other immunostimulatory agents (e.g., TLR and STING agonists) are able to reprogram the transcriptome and phenotype of extratumoral monocytes either directly or indirectly, and how this impacts their activity and differentiation trajectory following extravasation.



CONCLUSIONS AND PERSPECTIVES

Recent studies have revealed that phenotypical alterations in peripheral blood monocytes can serve as diagnostic (113, 117), predictive (108), and prognostic (116) biomarkers. As monocytes can be easily obtained via blood sampling, these findings offer promising new tools for clinical oncology. The emergence of immunosuppressive monocytes in the circulation of cancer patients and their widely documented association with poor prognosis strongly suggest that cancer-induced monocyte reprogramming has an important role in tumor progression. Nevertheless, our understanding about the driving mechanisms of this phenomenon are far from complete. Transcriptomic analyses of circulating monocytes revealed that different cancer types induce distinct gene signatures and these transcriptional changes extend beyond the induction of an immunosuppressive phenotype. These studies showed that cancer also alters the expression of genes involved in a number of additional cellular functions, such as chemotaxis, metabolism, and differentiation, among others. Further studies are needed to confirm whether these transcriptional changes lead to functional reprogramming that may influence monocyte behavior.

Ultimately, the majority of circulating classical monocytes extravasate to replenish macrophages in tissues. This raises the question whether some of the cancer-induced changes in monocytes persist during the differentiation process and leave a mark on their progeny, thus causing a ripple effect on systemic immunity through altering the function of tissue macrophages. Accordingly, therapies which can pre-activate circulating monocytes may have the potential to skew their differentiation toward cytotoxic and/or T-cell stimulatory macrophages upon extravasation in the tumor. Identifying therapies capable of “re-educating” circulating monocytes will likely represent a useful strategy to prevent metastasis as rapid monocyte recruitment and differentiation into metastasis-supporting macrophages is increasingly appreciated as an important determinant of metastatic colonization (146–148).

The potential short- and long-term detrimental effects of different cancer treatments on monopoiesis and peripheral monocytes represents another important gap in our knowledge. Indeed, some reports suggest that surgery induces the mobilization and immunosuppressive reprogramming of circulating monocytes that may contribute to early metastatic relapse after tumor resection (149, 150). Thus, therapy-induced changes in monocytes and their role in therapy resistance as well as disease progression will be another relevant area of investigation in the future.

Overall, a deeper understanding of systemic monocyte reprogramming in cancer could not only lead to better clinical biomarkers but could also lead to novel therapeutic approaches with the potential to establish long-term antitumor immunity and prevent disease progression.
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During the process of hematogenous metastasis, tumor cells interact with platelets and their precursors megakaryocytes, providing a selection driver for the metastatic phenotype. Cancer cells have evolved a plethora of mechanisms to engage platelet activation and aggregation. Platelet coating of tumor cells in the blood stream promotes the successful completion of multiple steps of the metastatic cascade. Along the same lines, clinical evidence suggests that anti-coagulant therapy might be associated with reduced risk of metastatic disease and better prognosis in cancer patients. Here, we review experimental and clinical literature concerning the contribution of platelets and megakaryocytes to cancer metastasis and provide insights into the clinical relevance of anti-coagulant therapy in cancer treatment.
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INTRODUCTION

Besides their role in hemostasis and wound healing, platelets are a key player during metastatic spread. The idea that platelets support tumor cells during their metastatic endeavors is not new. In 1865, the French doctor Armand Trousseau observed excessive blood clotting in patients with occult carcinoma, including himself, and defined it as the Trousseau syndrome (1, 2). One century later, Gasic showed for the first time that platelets are a prerequisite for experimental metastasis (3, 4). Since then, numerous studies have confirmed the relationship between thrombosis and metastasis. Experimental depletion of platelets by pharmacological or genetic means almost completely abrogates metastasis in a number of mouse models, including but not limited to (3, 5–9). Moreover, inhibition of platelet aggregation through different means, including vitamin K agonists, thrombin inhibitors, non-steroidal anti-inflammatory drugs (NSAIDs), and genetic platelet activation deficiency decrease metastatic colonization to the lungs in experimental models (4, 8–15), supporting the notion that platelet aggregation is a pivotal event during metastatic seeding. In the clinical setting, thrombocytosis (high platelet count, >450,000/mL) and platelet hyperreactivity are associated with cancer progression and a worse prognosis. This correlation has been confirmed across different cancer types, including pancreatic, colorectal, lung, and breast cancer (16–21). Compelling evidence also comes from clinical trials showing reduced risk of metastatic disease in patients under anti-coagulant therapy (22). Nevertheless, anti-coagulant therapy is not yet a component of standard cancer treatment or prophylaxis.

So, what is the role of platelets during the metastatic cascade? Decades of research have uncovered a multifaceted interplay between platelets and tumor cells, whereby platelets directly interact with tumor cells in the bloodstream and support many different aspects of their dissemination. This review first summarizes the biology of platelets and their precursors megakaryocytes and then examines the interaction of tumor cells with platelets and megakaryocytes during the metastatic cascade, including its role in the onset of thromboembolic disease in cancer. Finally, we provide a perspective on the current status of adjuvant anti-coagulant therapy in cancer treatment, highlighting its limitations, and future potential.



ATYPICAL MYELOID CELLS: PLATELETS AND MEGAKARYOCYTES

Platelets are small membrane bound, blood-borne cell fragments of 2–3 μm in diameter, with a distinctive discoidal shape and lacking a nucleus. They are one of the most abundant type of cells in the blood circulation (150–350 × 106/mL in humans and 1,100 × 106/mL in mice) (23, 24). Thanks to their small size and shape, platelets preferentially marginate toward the outer edge of the blood stream, where lower shear rate and the proximity to vascular endothelium maximizes platelet responsiveness to vascular damage (25–27). Platelets contain numerous cytoplasmatic secretory granules: α-granules and dense granules. The peripheral membrane of α-granules (~50–80 per platelet) has receptors and proteins that are involved in platelet adhesion, angiogenesis and recruitment of immune cells. Dense granules (~3–8 per platelet) contain the low molecular weight agonists of platelet aggregation, involved in the activation, and recruitment of additional platelets to the site of damage (24, 28).

Being anucleate, platelets cannot generate new mRNA and have a short half-life of 8–10 days in humans and 3–5 days in mice. In order to maintain an adequate platelet count, approximately 100 billion platelets are produced every day from their myeloid precursors megakaryocytes (29). Megakaryocytes are giant (50–100 μm in diameter) and very rare cells (~0.01% of bone marrow nucleated cells) that differentiate from common myeloid progenitor cells within specialized osteoblastic and perivascular niches of the bone marrow (30, 31). During development and under pathological conditions megakaryocytes may also be found in the liver and spleen (32–34). Recently, Lefrançais et al. have shown that megakaryocytes of extrapulmonary origin also reside within the lung vasculature in mice, providing evidence that lungs are an active site of platelet biogenesis (35).


Megakaryocytes and Thrombopoiesis

The production of platelets is initiated by megakaryocytes through a multistep maturation and developmental process. In response to thrombopoietin (TPO), the amount of cytoskeletal proteins, intracellular granules, and membrane lipids increases in megakaryocytes, leading to a massive enlargement of cytoplasmatic volume accompanied by the formation of an invaginated membrane system (IMS). Concomitantly, numerous DNA replication cycles occur in the absence of cell division (endomitosis), generating a polyploid mature megakaryocyte (35, 36). It is believed that endomitosis serves to increase the amount of lipids, mRNA, and proteins to be transferred to the resulting platelets. Finally, mature megakaryocytes produce membrane and cytoplasmatic protrusion into the blood vessels called preplatelet and proplatelets (35, 36). This process is highly dependent on the reassembly of cytoskeletal filaments that occurs during megakaryocyte maturation and which controls proplatelet elongation and the transportation of granules and organelles from the megakaryocyte cytoplasm into the proplatelet tips. Mature platelets are then produced by spontaneous rounds of fragmentation of proplatelets in the circulation (30, 36). In the bone marrow, thrombopoiesis takes place in the vascular niche and requires the interaction of megakaryocytes with bone marrow endothelial cells and the perivascular extracellular matrix (ECM), as reviewed by (37).



Platelets and Hemostasis

The main functions of platelets are to maintain the integrity of the vascular system by arresting bleeding (hemostasis) and promoting wound healing at sites of vascular injury. Hemostasis involves two parallel and interrelated processes at the site of damage: thrombosis, which is the formation of a platelet aggregate (thrombus), and coagulation, a cascade of cell activation and proteolytic reactions involving different cell types (endothelial cells, platelets, and leukocytes) and soluble proteins (coagulation factors). Coagulation factors are enzymes with serine protease activity present in the circulation as inactive zymogens that undergo activation through proteolytic cleavage (38). These processes culminate with the generation of thrombin, which cleaves soluble fibrinogen into fibrin and leads to the deposition of fibrin fibers and the formation of a (fibrin) clot, a plug of platelets and fibrin mesh (29, 39).

Upon vascular damage or endothelial retraction, components of the endothelial basement membrane and other sub-endothelial extracellular proteins such as von Willebrand Factor (vWF), collagens and fibronectin are exposed to the blood stream. Interaction of integrin receptors expressed on resting platelets with these exposed ligands induces a rapid cascade that leads to the activation of platelets (within seconds) and the formation of a fibrin clot (within minutes). First, the interaction of vWF/collagen with the multimeric complex glycoprotein (GP) Ib-IX-V on the platelet surface causes platelet tethering and rolling on the exposed subendothelium (40–42). This initial and reversible platelet adhesion is followed by intracellular signaling leading to platelet activation, a complex cellular process associated with the activation of Src kinases, increase of cytosolic Ca2+ concentration and the activation of protein kinase C (PKC) and phosphatidylinositol 3 kinase (PI3K) (43, 44). Class I kinases such as PI3Kβ have a pivotal role in Akt phosphorylation and Ca2+ mobilization during thrombus formation (45). Ultimately, these cellular responses lead to the rearrangement of the platelet cytoskeleton, culminating in granule secretion, change of cell shape with production of pseudopodia and platelet spreading, and the “inside-out” conformational change of membrane integrin α2ß1 and αIIbß3 (or GPIIa/IIIb) from a low to a high affinity form (24, 29). The high affinity form of these integrins mediate firm adhesion to collagen (α2ß1), vWF, and fibrin(ogen) (αIIbß3), supporting clot stabilization (46, 47). Thrombus amplification is further sustained by the release of adhesion molecules (e.g., vWF and fibrinogen), coagulation factors (e.g., factors V and IX) and soluble agonists (e.g., ADP, serotonin) and the exposure of additional platelet receptors (GPIb-IX-V, αIIbß3, GPVI, and P-selectin or CD62P) contained in platelet α- and dense granules (46). Activation of platelets also initiates fatty acid oxidation and the de novo synthesis of thromboxane A2 (TXA2), a secondary mediator of thrombus amplification. Together, ADP, thrombin and TXA2 interact with their cognate receptors on other platelets (ADP:P2Y12, thrombin:PAR1/4, TXA2:TP), leading to platelet activation (24, 39, 48). Thus, the initial layer of activated platelets serves as a reactive surface for the tethering, activation, and aggregation of additional platelets.

Other cell types take part in the generation of a fibrin clot, by either serving as an adhesion surface for platelet tethering or by engaging in the coagulation cascade. Activated endothelial cells at the site of vascular injury locally synthesize or expose endothelial cell leukocyte adhesion molecules. Exocytosis of Weibel-Palade bodies in endothelial cells releases vWF, which in turn binds to platelet GP Ib-IX-V and integrin αIIbß3, and exposes P-selectin, which binds to platelet GPIbα and P-selectin ligand (PSGL-1) (42, 49), and E-selectin, which recruit myeloid cells to the site of injury (50, 51). Recruited monocytes, activated endothelial cells and other sub-endothelial stroma cells, such as smooth muscle cells and fibroblasts, express tissue factor (TF, also known as CD142 or thromboplastin), which is the main activator of the coagulation cascade in vivo. When exposed to the blood circulation, TF activates coagulation factor VII and binds to its active form VIIa in a bimolecular complex (TF-VIIa) that initiates the coagulation cascade leading to the activation of thrombin and fibrin deposition (52). Thrombin also cleaves protease activated receptor (PAR)1 and PAR4 on platelets, inducing their activation and aggregation (48). Ultimately, to complete healing, the fibrin clot will be dissolved by fibrinolysis [as reviewed by (53)].

Although platelet have been traditionally studied in the context of blood coagulation, we now know that they are also involved in many other processes such as inflammation, angiogenesis, and innate immunity. These functions have been reviewed by others (54–56) and will not be the focus of the current review.




TUMOR CELL-PLATELET INTERACTIONS

Tumor cells have adapted to mimic some steps of the hemostatic process and they interact with circulating platelets during their hematogenous transit (Figure 1). This interaction happens within minutes from tumor cell intravasation (7, 57) and relies on an expression pattern triggered by classical oncogenic mutations and microenvironmental cues [as reviewed by (58)].
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FIGURE 1. Mechanisms of tumor cells-platelets interaction. Tumor cells generate platelet activation and the formation of microclots on their surface through several mechanisms, including expression of hemostatic factors and adhesion proteins, either on their surface or on the surface of shedded extracellular vesicles, or though the generation of a pro-thrombotic intravascular metastatic niche involving other stroma cells.



Hemostatic Factors

Different cancer cells express a variety of hemostatic factors. TF has been found constitutively expressed by most tumor cell lines and metastatic cells express up to 1,000-fold higher levels of TF in comparison to non-metastatic cells (59–61). Epithelial-to-mesenchymal transition (EMT) can also induce TF expression in circulating tumor cells (CTCs) (62). The levels of TF expression on tumor cells correlate with cancer progression and poor prognosis (63). TF-interacting coagulation factor VII has also been found overexpressed in colorectal cancer and hepatocellular carcinoma cells and correlated with hepatic metastasis (64, 65). In addition to engaging the coagulation cascade, both TF and factor VII induce intracellular signaling that supports tumor cell growth, invasion and migration (52, 64, 66). Along the same lines, cancer procoagulant (CP) is a cysteine protease that directly cleaves and activates coagulation factor X, thus inducing the exogenous coagulation cascade and ultimately platelet activation (67, 68). CP is expressed in human malignant tissues, but largely absent in normal tissues (69–71).

Proteins are not the only hemostatic factors in tumor cells; the asymmetric distribution of membrane phospholipids on cancer cells is also responsible for coagulation. The membrane phospholipid phosphatidylserine (PS), which is preferentially localized in the inner leaflets of normal eukaryotic cell membranes (72), has been found highly exposed on the outer leaflet of tumor cells and this exposure is linked to mutations in phospholipid translocases such as flippase (73–75). Intriguingly, metastatic cells have lower flippase activity and thus higher level of PS than their non-invasive counterparts (75). Once on the outer membrane leaflet, the anionic PS creates a negatively charged surface that binds factors Va and Xa, thus initiating the assembly of the prothrombinase complex, and supports the conformational change that activates their proteolytic activity, leading to thrombin deposition, and platelet aggregation (76).

Hemostatic factors are not only expressed on the surface of tumor cells, but they are also released in their soluble form to create a pro-thrombotic niche. Human tumor cell lines secrete a soluble alternatively spliced form of TF (known as asHTF) (77, 78), which can also be found in the plasma of cancer patients (79). Additionally, platelet agonists such as ADP, TXA2, and thrombin have been detected in cell line supernatants and cancer biopsies (80–82) and interact with platelet receptors P2Y12, TP, and PARs, respectively, to initiate platelet aggregation. Hence, tumor cells can activate platelet aggregation also through a paracrine route.



Platelet Adhesion Proteins

Tumor cells express binding proteins that mediate direct activation and adhesion of platelets in the absence of other plasma components. PSGL-1 on tumor cells directly interact with P-selectin exposed on activated platelets (11, 83). Other glycoproteins bearing sialyl-Lewisx structures on the tumor cell surface have also been shown to mediate adhesion to P-selectin-expressing platelets (11). Tumor cell CD44 is also involved in P-selectin binding, either directly or via fibrin (84). Although P-selectin-PSGL-1 engagement requires prior activation of platelets, elegant studies by Furie and Furie using P-selectin- or PSGL-1-null mice suggest their role in fibrin generation together with TF deposition in the growing thrombus (85, 86). Thus, the direct association of tumor cells with platelets through a P-selectin-PSGL-1 interaction is sufficient to mediate the deposition of a fibrin clot on the surface of tumor cells. Podoplanin (PDPN, tumor cells): CLEC-2 (platelet) and HMGB1 (tumor cells): TLR4 (platelets) are other adhesion protein-ligand pairs that support platelet activation and aggregation on tumor cells, and ultimately metastasis (87–91). Additionally, integrin αIIbβ3 on activated platelets has a central role in adhesion to melanoma and breast cancer cells by interacting with tumor cell integrin αVβ3 via fibrinogen (92–94). It is interesting to notice that αVβ3 expression confers a proliferative advantage to breast cancer tumor cells during early stages of brain metastasis, suggesting that platelet promote the survival of cells with higher metastatic potential during their hematogenous transit (95, 96). More recently, Ward et al. have identified the G protein-coupled receptor (GPCR) CD97 on tumor cells as a novel binding protein mediating interaction with platelets. CD97 induces αIIbß3-dependent platelet activation and their aggregation on the surface of tumor cells, although its cognate receptor on platelets still remains to be described (97).



Shedding of Pro-coagulant Extracellular Vesicles

Both hemostatic factors and platelet ligands can be shed by tumor cells in extracellular vesicles, in particular microparticles (MPs, also called microvesicles). MPs are small membrane vesicles of 100–1,000 μm in diameter released by direct membrane budding (98). Already in 1981, Dvorak et al. detected the presence of tumor-derived MPs in vitro and in ascitic fluids of tumor-bearing animals. These MPs could induce fibrin deposition in vivo (99). Tumor cells have been found responsible for the production of these pro-coagulant MPs. MPs expressing TF, PSGL-1, and PS can be detected in the culture medium of tumor cells and in tumor-bearing mice, and mediate thrombin generation and thrombus growth ex vivo and in vivo (77, 100–103). These MPs accumulate in the growing thrombi through a PSGL-1-mediated mechanism and accelerate thrombus growth (86, 100). MPs are found in the blood of cancer patients. Patients with pancreatic, colorectal, brain, prostate, and breast cancer have higher levels of plasma TF/PS-expressing MPs and higher MP-associated pro-thrombotic activity than healthy subjects, especially during advanced stages of disease and after chemotherapy or radiotherapy (104–110). Metastatic cancer patients had particularly high plasma levels of TF+ MPs across a range of cancer types (109).

Certainly not all pro-coagulant MPs in the blood of cancer patients derive from tumor cells. Platelet-derived MPs (PMPs) are the most represented population of MPs in plasma from healthy individuals, accounting for up to 90% of circulating MPs (111–113). Although resting platelets can release MPs (114), most PMPs are produced as a result of platelet activation (111, 115), and are involved in thrombus expansion during hemostasis through the expression of PS, TF, and vWF on their surface (112, 116–118). PMPs are elevated in murine models of cancer and in cancer patients (100, 109). Hence, it is possible that by stimulating platelet aggregation, CTCs induce an increase in platelet-derived MPs, contributing to the pool of circulating pro-coagulant MPs. Interestingly, TF-expressing MPs are also detectable in healthy people, but are not associated with apparent pro-coagulant activity (39). MPs derived from resting platelets lack P-selectin expression, a marker of platelet activation and pro-coagulant protein (111). Hence, cancer-derived MPs and PMPs might express TF in an alternative and readily active conformation, or TF association with negatively charged PS or other adhesion proteins might be required to exert its pro-coagulant function.

Exosomes are a different type of extracellular vesicles of 30–150 nm in diameter that originate in the endocytic pathway and have a pivotal role in mediating short- and long-distance intercellular signaling in both physiological and pathological conditions (119). Although previous evidence suggests that cancer-derived exosomes may initiate thrombosis in vitro and in vivo (120–122), the mechanism and prognostic value of these extracellular vesicles still remains unknown.



Interaction With Stroma Cells

As well as directly activating platelets, cancer cells promote a procoagulant niche by altering the thrombotic phenotype in other neighboring stroma cells. Pro-inflammatory cytokines [i.e., TNF-α and interleukin (IL)-1β] and pro-angiogenic factors (i.e., VEGF) released by tumor cells induce the overexpression of TF by endothelial cells and monocytes (123–128) and the release of vWF by endothelial cells (129). Moreover, tumor cell IL-1 induces endothelial secretion of plasminogen activator inhibitor (PAI)-1, an inhibitor of fibrinolysis (130). Tumor cell-derived pro-inflammatory cytokines also induce a peak of stroma-derived MPs contributing to thrombus growth. LPS-stimulated monocytes and endothelial cells release pro-coagulant MPs expressing TF and PSGL-1 (118) and higher number of endothelial-derived MPs can be found in the blood of cancer patients (100, 109). Additionally, tumor cells disseminating to the lung and liver recruit and activate neutrophils to release of extracellular DNA traps (NETs) intravascularly (131, 132). NETs induce platelet aggregation through PS exposure, PMP accumulation and endothelial cell activation, and are associated with increased hypercoagulability and risk of venous thromboembolism in cancer patients (133–135). Interestingly, platelets interacting with tumor cells through the TLR4 axis can also activate NETs formation through a P-selectin-dependent mechanism (136, 137), further amplifying thrombosis.




PLATELETS AND METASTATIC (IN)EFFICIENCY

Per se, metastasis is a highly inefficient process. Experimental evidence suggests that <0.02% of tumor cells entering the circulation end up forming a macroscopic metastases, either in the lungs (0.01% of cells) (138) or liver (0.018% of cells) (139). There are different bottleneck events during the metastatic cascade that reduce the ability of tumor cells to colonize a distant organ. Seminal work by Fidler showed that 125IUDR-labeled B16 melanoma cells arrest in the lungs shortly after intravenous introduction, but only 1% of the injected tumor cells survived in the lungs during the first 24 hours, with most tumor cells dying during the first hour after injection (138). These findings have been confirmed in other models (140, 141) and identified that metastatic inefficiency happens mainly during the intravascular phase of tumor cell dissemination. The circulatory system is in fact a very hostile environment and CTCs are exposed to cell death through immunological, cellular, and physical means. Despite the strong negative selection against tumor cells during the first hour in the blood stream, the intrinsic inefficiency of the metastatic process is not sufficient to abrogate the appearance of distant metastasis. It has been estimated that millions of tumor cells detach from the primary tumor and enter the circulation every day. On such a large scale, 0.02% of surviving cells is no longer a small number, explaining why metastasis is far from rare in cancer patients. A large body of evidence clearly point to platelets-tumor cell interaction as the main reason for tumor cell survival during the intravascular phase of metastasis. Already in 1984, Gorelik et al. had shown that the anti-coagulant heparin dramatically increased the rate of tumor cell elimination during the first day after their injection (142). Platelet depletion during tumor cell presence in the circulation drastically impaired metastatic burden (7, 143). More recently, we have shown that anti-platelet therapy during the intravascular phase of metastasis, but not after tumor cell extravasation, was sufficient to reduce the number of pulmonary metastatic foci subsequently formed (9). Over the years, many mechanisms have been documented for the supporting role of platelets during metastasis, involving a crosstalk between tumor cells and platelets directly or through other stroma cells (Figure 2). Platelets have been found to assist multiple consecutive steps of the metastatic cascade, including tumor cell survival, interaction with the endothelial and immune cells, and transendothelial migration. It is widely accepted that both physical tumor cell-platelet interactions and activation of intracellular signaling pathways in both cell types support these steps of metastasis.
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FIGURE 2. Tumor cell-platelet interplay during the metastatic cascade. Diagram depicting the intravascular steps of the metastatic cascade that are supported by platelet interaction with tumor cells and their timeline. Therapeutic approaches that interfere with the different steps of tumor cells dissemination are indicated in gray.



Tumor Cell Survival in the Circulation

Patrolling natural killer (NK) cells are the main form of anti-tumor immunosurveillance in the metastatic cascade. NK depletion dramatically increases metastasis to lungs and liver (15, 143–145). Loss of class I major histocompatibility complexes (MHC-I, “missing self”) and up-regulation of surface proteins (“altered-self”) on tumor cells are recognized by NK cells and elicit an anti-tumor response. Cell killing takes place through different mechanisms, including release of cytotoxic granules, engagement of death receptors and secretion of tumor suppressant IFN-γ (146). Platelet cloaking of tumor cells can prevent NK-dependent tumor cell cytolysis (12, 13, 142–144, 147). This concept was firstly elaborated by Nieswandt et al. who showed that the reduction of lung metastasis induced by thrombocytopenia is abrogated by NK cell depletion (143). Interestingly, after tail vein injection of tumor cells, NK depletion supports tumor cell colonization of both lungs, the first vascular bed that they encounter, and liver (142, 143), suggesting that liver colonization in these experimental metastasis models is mainly prevented by NK cell lytic activity. Different mechanisms have been described that explain the NK-suppressive effect of platelets. Platelet express high levels of MHC-I and by coating tumor cells they provide an MHC-I “pseudoexpression” that rescues tumor cell “missing self” and protects them from NK cells recognition (148). TF-dependent platelet and fibrinogen coating have also been found responsible for NK cell evasion (12), potentially via physical shielding of “altered self” and “missing self” expression from immune recognition. Furthermore, activated platelets release soluble factors that induce NK cells quiescence in a paracrine manner. Platelet-derived growth factor (PDGF) inhibit NK cells cytotoxic activity (149, 150) and platelet-derived transforming growth factor (TGF)-ß induces the downregulation of natural killer group 2, member D (NKG2D), a NK cell immunoreceptor that activates anti-tumor reactivity (151).

Additional to NK cells cytotoxicity, hemodynamic shear forces experienced by CTCs in the blood stream induce mechanical damage and death of tumor cells, mainly through increased sensitivity to TNF-related apoptosis-inducing ligand (TRAIL) on NK cells and Smad-dependent cell cycle arrest (152–154). Further, CTCs can undergo cell death due to anoikis, a particular type of apoptosis induced by the disengagement of cell-cell or cell-ECM contacts (155). EMT of CTCs and their clustering in circulating tumor microemboli might provide anoikis resistance (156). The decoration of tumor cells by platelets attenuates tumor cell membrane damage due to shear stress (157). Moreover, platelets bound to tumor cells provide resistance to anoikis by supplying cell-cell contacts and by inducing RhoA-dependent YAP1 activation, which further promotes metastasis (8).



Adhesion to the Endothelium

Even when tumor cells survive their first hours in the blood stream, their ability to metastasize is entirely reliant on forming stable interactions with the vascular wall, followed by extravasation. Most tumor cells arrest in capillaries, where they can be trapped due to size restriction, but they can also be found adhered to pre-capillary arteries and portal venules, which are larger in diameter, suggesting the existence of active receptor-ligand interactions (158). The initial and transient interaction of tumor cells with the vessel wall can be mediated by the expression of the selectin family of adhesion molecules, including endothelial P-selectin and E-selectin, which establish and disengage low-affinity bonds that make leukocytes and tumor cells appear to “roll” on the endothelium, at least in vitro (159). Subsequently, firmer adhesion between tumor cells and endothelium is achieved through the expression of a second subset of adhesion molecules, mainly (but not exclusively) integrins and their ligands (159, 160). The principal endothelial integrin ligands are vascular cell adhesion molecule 1 (VCAM-1) and intercellular adhesion molecule 1 (ICAM-1). vWF is also secreted via exocytosis of endothelial cell intracellular granules, the Weibel-Palade bodies (161). Further, basement membrane exposed after endothelial retraction might be another site of anchorage (162). Under physiological conditions, the expression of selectins and integrin ligands on endothelial cells (a process known as endothelial activation) is tightly controlled by transcriptional regulation, exocytosis of intracellular granules and proteolytic cleavage to avoid inappropriate thrombosis or leukocyte recruitment (159).

A growing body of literature describes the role of platelets in supporting the interaction of tumor cells with the vessel wall. Im et al. have shown that tumor cells were less likely to flatten/spread on lung endothelial cells if mice were anticoagulated with hirudin (57). Platelets express adhesion proteins that mediate their rolling (resting platelets) and adhesion (activated platelets) to the vascular wall (163), and thus may form “sticky” bridges between tumor cells and activated endothelial cells or endothelial basement membrane components. For example, Jain et al. have shown that platelets lacking GPIbα, a member of the vWF-binding GPIb-IX-V complex, can still interact with B16 melanoma cells, but dramatically hinder B16 experimental metastasis. This pro-metastatic activity relies solely on the extracellular domain of GPIbα, suggesting that platelet coating of tumor cells and endothelium adhesion, independent of platelet activation, can support metastasis (164). P-selectin on activated platelets interacting with tumor cells mediate their adhesion to endothelial cells and P-selectin−/− mice or platelets support significantly less lung metastasis (83, 145, 165, 166), although infusion of P-selectin+/+ platelets after tumor cell injection partially recovers metastatic nodules, suggesting that platelet P-selectin acts as a pro-metastatic adhesion molecule to both endothelial and tumor cells (167). Integrin αIIbß3, which is found on tumor cells-activated platelet clusters, mediates binding to endothelial cells via ICAM-1 and αVβ3 (163, 165, 168).

The rolling and adhesion of platelet-tumor cell emboli requires activation of endothelial cells, as shown by evidence that genetic depletion or pharmacological inhibition of P-selectin and vascular adhesion protein-1 (VAP-1) expression in endothelial cells dramatically hinders metastasis in different platelet-proficient in vivo models (83, 145, 165, 169, 170). Platelet microthrombi on tumor cells induce endothelial cell expression of E-selectin, VCAM-1, and VAP-1 in lung endothelial cells and anti-coagulant therapy dramatically reduces endothelial activation to basal levels (9, 170, 171). Both direct and paracrine signaling have been found responsible for platelet-dependent initiation of endothelial cell activation. Direct interaction of CD40L on activated platelets with endothelial CD40 triggers expression of E-selectin, VCAM-1, and ICAM-1 on endothelial cells in vitro and in vivo (172). Interestingly, CD40L on T cells mediates their interaction with antigen presenting cells and B-cells, suggesting that activated platelets might also have a role in linking innate and adaptive immune responses. Additional to direct contact, pro-inflammatory cytokines released by activated platelets are known activators of endothelial cells, for example CXCL4 and CCL5 (173). Our lab has shown that TXA2 derived from platelets interacting with tumor cells intravascularly induces the expression of E-selectin and VCAM-1 by endothelial cells in the proximity of tumor cells-platelets emboli (9). Tumor cells can then establish firm adhesion with activated endothelial cells via expressed selectin ligands [e.g., PSGL-1, CD44v, CD24, HCELL, E-selectin ligand 1 (ESL-1); (174–178)] and integrins [e.g., α4ß1/VLA-4, αLß2/LFA-1, and α3β1; (162, 179–182)].

It is important to mention that the initial arrest of tumor cells, in particular in pulmonary circulation, seems to be largely independent of platelet interaction with tumor cells. Although the association of tumor cells αVβ3 with platelets αIIbβ3 mediate their adhesion to collagen I in vitro and increase lung metastasis in vivo (94, 183), its role in the adhesion to endothelial cells is not understood. Heparin treatment (142) or platelet depletion (7) does not affect the number of tumor cells arrested in the lungs at 10 minutes after injection, suggesting that the physical entrapment of tumor cells in the lung capillaries remains a main mechanism of initial arrest.



Recruitment of Pro-metastatic Leukocytes

The interaction of tumor cells with leukocytes, including myeloid cells and lymphocytes, has been observed for a long time. More recently, evidence has emerged indicating that platelets play a pivotal role in coordinating the formation of transient tumor cell-immune cell intravascular niches. Labelle et al. have shown that early after intravasation, tumor cells lodging in the lung vasculature are found decorated with granulocytes (CD11b+ MMP9+ Ly6G+) that support metastatic seeding and subsequent metastasis (7). Importantly, tumor cell interaction with platelets leading to release of soluble chemoattractants is necessary for the recruitment of these granulocytes, including the granulocyte CXCR2 ligands CXCL5/7. Neutrophils might be part of these early microemboli, as they are recruited by platelet-derived chemoattractants and adhere to activated platelets and endothelium (184). Platelet-neutrophil interaction through TLR4 and P-selectin and platelet-derived TXA2, CXCL4, and vWF induce intravascular NETosis, which greatly supports seeding and progression of pulmonary metastasis (132). Tumor cells actively adhere to intravascular NETs through β1 integrin in hepatic sinusoids (185), suggesting that NETs-dependent trapping could support tumor cell arrest in much larger vessels than capillaries. Tumor cell-platelet-granulocyte emboli start to dissolve after 4 hours and are followed by a second wave of immune cells recruitment driven by platelets. Gil-Bernabe et al. have described the recruitment of a subset of undifferentiated monocytes/macrophages (CD11b+ F4/80+ CX3CR1+ CD11c− Ly6C−) to disseminating tumor cells (15). This recruitment depends on TF expression by tumor cells, leading to the deposition of microclots on tumor cells that establish direct interaction with the monocytes. Microemboli containing monocytes/macrophages, tumor cells, and platelets form within the vasculature from 2 hours after tumor cell introduction and reach their maximum volume at 8 hours, but are dissolved by 24 hours. The recruitment of these myeloid cells is promoted by the release of CCL5 by activated endothelial cells and their expression of the adhesion molecules VCAM-1, VAP-1, and E-selectin, all induced by clots on tumor cells (50, 170, 171). Selective depletion or functional impairment of monocytes/macrophages significantly reduced tumor cell number during the first day post-injection, suggesting that patrolling monocytes/macrophages support tumor cell survival in the circulation during early phases of metastasis (15). Finally, a third wave of inflammatory monocytes are recruited to tumor cells through CCL2-CCR2 signaling (186). Platelets are a main source of CCL2, which is stored in their α-granules (96). After diapedesis, these monocytes differentiate into metastasis-associated macrophages (MAMs), characterized by an inflammatory phenotype (F4/80+ CSF1-R+ CD11b+ Ly6C− CX3CR1high CCR2high) (187). These MAMs are localized in the extravascular space and are recruited to the proximity of extravasating tumor cells within 24–72 hours after injection, and support tumor cell extravasation and initial growth (186, 187). Although tumor cell-platelet interaction still takes place at the moment of initial MAM recruitment, it is still unknown if platelets are involved in their chemotaxis and differentiation.

Interestingly, the recruitment of pro-metastatic immune cells by platelets in metastatic organs can happen before tumor cell colonization, at the level of pre-metastatic niche. Our lab has shown that the population of Cx3CR1+ monocytes/macrophages in the lungs increases in pre-metastatic tumor bearing mice, but not in mice injected with TF-deficient tumor cells or in mice that are anticoagulated with aspirin or hirudin during lung preconditioning (9, 15). Hence, circulating platelets activated at the primary tumor can carry signals to distant organs, supporting tumor cell homing.



Transendothelial Migration (TEM)

Once adhered to the vascular wall, tumor cells cross the endothelial barrier in a process called transendothelial migration (TEM), which happens during the first 3 days after entering the circulation, although the timing is highly dependent on the cell type and the secondary organ (188). Similar to leukocyte diapedesis, tumor cell TEM preferentially takes place by a paracellular route and the acquisition of an invasive phenotype and is accompanied by an increase in vascular permeability (159). Several mechanisms have been proposed to account for the increase in vascular permeability during metastatic seeding, including transient disruption of endothelial cell junctions (189), cytoskeletal rearrangements leading to endothelial retraction (159), and apoptosis/necroptosis of endothelial cells, resulting in the irreversible opening of the endothelial barrier (190, 191). Vascular permeability is induced locally in the proximity of tumor cell-platelet microemboli and might be potentiated by further exposure of subendothelial vWF, TF, and collagen. Thrombin interaction with PAR receptors on endothelial cells induces endothelial cell retraction (192). Adenine triphosphate (ATP) is released by platelet dense granules in response to interaction with tumor cells and can bind to P2Y2 receptors on endothelial cells, resulting in the opening of vascular junctions and TEM (97, 193). Similarly, autotaxin (ATX) derived from tumor cell-stimulated platelets and its product lysophosphatidic acid (LPA) interact with tumor cells αVβ3 and LPA receptors (LPAR), respectively, and promote TEM and bone metastasis of breast cancer (194). LPA also increases the permeability of cerebral microvascular endothelial cells directly (195). Furthermore, 12(S)-HETE, a product of arachidonic acid metabolism derived from tumor cells and interacting platelets, induces cytoskeletal rearrangement in endothelial cells, leading to their retraction (196–198). VEGF-A from activated platelets might also induce endothelial permeability and TEM, as does VEGF-A delivered by inflammatory MAMs in lungs (186). Direct contact between tumor cell-platelets clusters and endothelial cells also induces endothelial permeability. Interaction of endothelial VCAM-1 with tumor cell VLA-4 and/or endothelial ICAM-1 with platelet αIIbß3 triggers an “outside-in” signaling cascade in endothelial cells that induces the digestion of tight junctions, cytoskeletal rearrangement, and endothelial retraction (199, 200). Caspase-dependent apoptosis of endothelial cells has also been observed in response to bacteria-activated platelets (201). Although endothelial necroptosis has been characterized as a novel mechanism of TEM during metastasis, platelet do not seem to contribute (191).

Concomitant with inducing vascular permeability, tumor cells need to undergo dynamic changes of cell shape to move through the vascular wall. Although it is not a prerequisite for intravasation, EMT of CTCs is associated with the acquisition of mesenchymal markers, allowing greater motility (202), as does the subsequent formation of proteolytically active protrusions called invadopodia through RHO- and ROCK-dependent polymerization of actin fibers at their leading edge (203–205). The acquisition of this invasive phenotype by tumor cells is supported by their association with platelets, as shown by the fact that cancer cells exposed to activated platelets have a higher capacity for ECM degradation and tissue infiltration (206). This phenotype is sustained far longer than the transient interaction between tumor cell-platelet, whose emboli are dissolved within 24 hours (15, 207). Evidence suggests that this process takes place in two-wave kinetics. Initially (within 16 hours), CD97-mediated interaction with platelets induces release of platelet LPA and activates RHO in tumor cells, promoting tumor cell invasiveness (97). Later on (from 40 hours), platelets induce a gene expression signature in tumor cells that initiates EMT and metastatic seeding, including pro-metastatic mmp9, ccl2, and serpine1 (14). Labelle et al. elegantly showed that both the physical interaction with platelets, leading to NF-kB activation in tumor cells, and the paracrine signaling of TGF-β1 released by platelet cooperate to induce this EMT program (14). TGF-β1 is stored in platelet granules (208) and released upon tumor cell dependent platelet activation and direct receptor-ligand interactions, including HMGB1:TLR4 (91). Although the effect of platelet on tumor cell protrusion has not been described, the upregulation of PDGF receptor α (PDGFRα) in tumor cells undergoing EMT has been associated with invadopodia formation and stabilization (205). PDGF is readily released by the α-granules of activated platelets, suggesting that they might initiate invadopodia formation by tumor cells.



Later Phases of Metastasis: Angiogenesis, Proliferation, and Dormancy

Despite extensive evidence for the facilitation of metastasis by platelets prior to completion of extravasation, the evidence for platelet involvement in later stages of metastasis as a general rule is tenuous. Although platelet depletion decreased the proliferation and viability of tumor cells in mice (209), our lab and others observed that anticoagulant therapy, blockade of platelet activation and of tumor cell-platelet adhesion molecules failed to affect tumor growth both at the primary and at the secondary site (9, 12, 91, 209, 210). Extravascular platelets can be detected in primary tumors, where they support tumor cell proliferation and local invasion (33, 211, 212). It is not known whether they are similarly present in metastases. Although this would seem likely, such evidence has not been confirmed in metastasis models.

A potential role of platelets in angiogenesis has been reported. They support vessel maturation by promoting endothelial junction formation/endothelial VE-cadherin expression (211) and pericyte coverage of vessels (33). Additionally, platelets store or take up anti-angiogenic (e.g., endostatin, thrombospondin-1, and CXCL4) and pro-angiogenic factors (e.g., such as vascular endothelial growth factor (VEGF), epidermal growth factor (EGF), and PDGF), which are segregated in different types of α-granules and selectively released (96, 211, 213–217). The release of pro-angiogenic molecules has been observed both at the primary and at the metastatic site and is associated with better blood perfusion and vessel stability (209, 211). MPs from activated platelets can also support angiogenesis (218). Platelet could potentially affect tumor growth. Growth factors contained in platelet granules and PMPs might promote tumor cell proliferation (96), noting that anti-proliferative effects of PMPs were also reported (219). These data raise questions of whether platelet pro-angiogenic and pro-mitogenic effects might impact tumor progression, highlighting the need of further research in this field.

In addition Magnus et al. have shown that TF expression by tumor cells is associated with exit from tumor cell dormancy (220), but its possible role in metastatic dormancy is not clear. Effects of TF on metastatic dormancy might be due to intracellular signaling downstream of the TF receptor but could be completely independent of tumor cell-platelet interactions. Nevertheless, Albrengues et al. have elegantly shown that NETs support the awakening of dormant disseminated tumor cells in the lungs by cleaving subendothelial laminin, which in turns interacts with α3β1 integrin on dormant cancer cells and induces cell cycle progression (221). Taking into consideration that activated platelets induce NETosis through soluble mediators (184), sustained and systemic platelet activation in cancer patients might contribute to cancer recurrence through activation of dormant cells. Further research is needed to determine whether there is a contribution of platelets to metastatic dormancy.

Altogether, platelets interacting with a tumor cell are active biosuppliers of many assets needed to survive in the blood stream, adhere to the endothelium and extravasate. Hence, cancer cells that can induce the deposition of microclots on their surface have the potential to initiate metastasis, irrespective of cancer type, site of metastasis, and oncogenic mutations. This might explain the widespread pro-metastatic effect of platelet activation across many different cancer types.




MEGAKARYOCYTES AND METASTASIS

Whereas, the contribution of platelets to metastasis has been extensively characterized, the role of their precursor megakaryocytes is less well-defined. In general, cancer is associated with increased megakaryopoiesis. Mice with ovarian tumors have higher numbers of bone marrow and spleen megakaryocytes, which correlated with their increased platelet counts. A similar correlation between bone marrow megakaryocytes and platelet count is found in women with ovarian cancer (33). Higher counts of bone marrow megakaryocytes, pro-platelets and platelets were found in pediatric chronic myeloid leukemia (222) and in metastatic breast cancer (223). Higher numbers of pulmonary megakaryocytes were also observed in patients with lung metastases (224). The increase of megakaryocytes during neoplasia might be partially traced back to TPO, whose plasma concentration is significantly higher in cancer patients and is predictive of poorer response and survival (225, 226). Tumor cells might directly secrete TPO (227) or alternatively induce its production by stroma cells. In ovarian cancer, interleukin-6 (IL-6) produced by the primary tumor stimulates the production of TPO by hepatic cells, the physiological source of TPO, which in turn induces megakaryocyte maturation and platelet production in the bone marrow (33), as a systemic effect and possibly prior to metastatic dissemination. Similarly, highly metastatic mammary adenocarcinomas are associated with increased numbers of bone marrow megakaryocytes in rats, yet in the absence of bony metastases (228). Other pre-clinical evidence suggests that bone marrow megakaryopoiesis takes place after tumor cell colonization. Jackson et al. have shown that the number of megakaryocytes in the bone marrow increased after intracardial injection of breast cancer cells in mice (metastatic cancer to bones), but not after orthotopic injection in the mammary fat pad (localized cancer) (223). They further showed that tumor cell interaction with osteoblasts led to the release of soluble factors that induced proliferation of megakaryocytes (223).

Megakaryocytes are found in the main sites of blood-borne metastasis such as bone marrow, lungs and liver, as well as the circulation (229). Evidence is pointing to a role for megakaryocytes in cancer metastasis, although both pro- and anti-metastatic effects have been observed. Shirai et al. have shown that reduction of TPO synthesis in hepatic cells through silencing of the THPO gene results in slower metastatic progression of PyMT mammary tumors in mice and in lower numbers of metastatic lung nodules (230). In contrast, Tpo−/− mice lacking more than 90% of bone marrow megakaryocytes develop more widespread and aggressive metastasis than their wild type counterpart (223), suggesting an anti-metastatic role of megakaryocytes. On the same line, TPO-driven megakaryopoiesis in the bone marrow decreases the incidence and size of tumor bone lesions (231). Interestingly, the number of circulating megakaryocytes has a trend to be associated with better survival and lower risk of metastatic disease in prostate cancer patients (229). There are different possible explanations for these contrasting roles of megakaryocytes during metastasis. On one hand, megakaryocytes can support metastasis through thrombopoiesis, and thrombocytosis is associated with cancer progression (16–20). Stone et al. have shown that paraneoplastic thrombocytosis in cancer patients can result from increased megakaryopoiesis through the IL-6/TPO axis (33). Importantly, high concentrations of plasma IL-6 (>10 pg/mL) are associated with lower overall patient survival, and inhibition of IL-6 synthesis by tumor cells restores normal platelet numbers and improves disease control (33). Similarly, an anti-IL-6 monoclonal antibody (sarilumab) used for treatment of rheumatoid arthritis is associated with a decreased platelet count (232). On the other hand, megakaryocytes can support the formation of (pre-)metastatic niches that affect tumor skeletal growth. In the bone marrow vascular niche, megakaryocyte crosstalk with osteoblasts, osteoclasts, and endothelial cells controls bone homeostasis [as reviewed by (37)]. Megakaryocytes release a plethora of osteoblast growth factors, such as fibroblast growth factor (FGF)-2 and TGF-β (37), that can support metastatic growth. Concomitantly, megakaryocytes suppress bone resorption by inhibiting osteoclast activity, with possible anti-metastatic consequences due to reduced release of bone matrix-bound growth factors and suppression of the well-described vicious cycle of osteolytic bone metastasis (233). Additionally, megakaryocytes store in their granules and secrete an array of pro- and anti-angiogenic factors (37, 213, 214, 216), which could control the vascularity of bone niches during skeletal metastasis. During bone metastasis, tumor cells hijack this crosstalk. In tumor bearing-mice, mature bone marrow megakaryocytes, and platelets express and release higher levels of the anti-angiogenic thrombospondin (TSP)-1 (234). Furthermore, the direct contact of megakaryocytes with prostate cancer cells induces cell cycle arrest and apoptosis (231). Hence, the direct interface of megakaryocytes with tumor cells can result in both pro- and anti-metastatic consequences.

In conclusion, the role of megakaryocytes during metastasis has only started to be appreciated. Although separating the direct effect of megakaryocytes on disseminated tumor cells from their thrombopoietic function will be challenging, further research is needed to reconcile the observed pro- and anti-metastatic effects of megakaryocytes and to understand the role of megakaryocytes on metastasis to secondary thrombopoiesis sites, such as lungs and liver.



HYPERCOAGULABILITY IN CANCER PATIENTS

A common complication of cancer is the onset of a hypercoagulable state that promotes thromboembolism (TE), which is the second leading cause of cancer-related morbidity and mortality (235, 236). Cancer patients have a 4- to 7-fold higher risk of TE than the general population (237), in particular if undergoing chemotherapy (238). Emboli in the circulation can lead to arterial thromboembolism (ATE), manifesting as myocardial infarction and ischemic stroke, and venous thromboembolism (VTE), which leads to events such as deep venous thrombosis and pulmonary embolism. Although ATE affects an average of 4.7% of all cancer patients (236), VTE events are far more common in cancer patients. The incidence of VTE varies between different types of cancer, with the highest incidence in pancreatic cancer (30–57% of patients) (239), followed by brain tumors (up to 31.7%) (240), and lung cancer (up to 21.5%) (241). Cancer-associated VTE causes a 3 to 10-fold higher risk of death and is consistently associated with worse prognosis, including lower overall survival and higher mortality (242). Advanced-stage tumors are largely associated with a greater risk of TE and cancer patients with TE have higher risk of tumor progression (236, 242). TE can be the first manifestation of an undiagnosed cancer and 90% patients with VTE have underlying metastatic cancer at the time of the event (108, 243). These associations highlight the link between thrombosis and the metastatic cascade and point to the pro-coagulant properties of metastatic cells as the underlying mechanism of VTE in cancer patients.

The expression of hemostatic factors and adhesion proteins in CTCs and tumor biopsies has been associated with poor prognosis. TF expression in malignant cells is an independent prognostic factor of tumor progression and VTE risk across a range of cancer types, including pancreatic (244, 245), glioma (246), colorectal cancer (247), breast cancer (248), and non-small cell lung cancer (249, 250). CD97 was highly expressed on CTCs from blood of metastatic prostate cancer and in their bone metastases (97). Similarly, expression of selectin ligands by tumor cells leads to a poorer prognosis (251).

Pro-thrombotic MPs have been proposed to play a major role in the pathogenesis of disseminated VTE in cancer patients. Not only do cancer patients have higher levels of circulating pro-coagulant MPs than healthy people, but cancer patients with VTE also have significantly higher plasma numbers of TF-expressing MPs and increased pro-coagulant MP activity in comparison to cancer patients without VTE (101, 108, 109, 252, 253). The concentration of TF-bearing MPs was associated with a higher risk of TE and higher mortality rate in some studies (101, 106, 108, 252), but not in others (110, 253). Also, the detection of TF+ MPs failed to predict the occurrence of TE events (252). Thus, the prognostic value of tumor-derived TF+ MPs remains controversial, suggesting the existence of TF-independent pathways of thrombosis induced by extracellular vesicles.

In contrast, a growing body of literature on PMPs supports their potential contribution to VTE in cancer patients. Previous reports have shown increased plasma levels of PMPs in cancer patients vs. healthy controls, with increased levels correlated with tumor grade (254–256). Importantly, high plasma PMP levels are correlated with poor overall survival from prostate cancer and higher risk of metastasis in both prostate and gastric cancer, where PMPs can be used as predictors of metastatic disease with high sensitivity and specificity (255, 257). Cancer patients with a history of VTE have higher plasma levels of PMPs than cancer patients with no prior VTE events (113, 256). These vesicles are derived from both resting and activated platelets and only a minority expressed TF (113, 256). Importantly, Bucciarelli et al. observed that PMPs could be an independent predictor of overall VTE risk, supporting the use of PMPs as a biomarker to identify patients at high risk of VTE, with or without cancer. Although further research is needed to understand the casual relationship between PMPs, VTE, and cancer metastasis, these reports suggest that plasma PMPs could be used as prognostic factors for cancer diagnosis, progression and VTE occurrence, and might be employed to guide the implementation of preventive thromboprophylaxis in high risk patients, irrespective of cancer status.



DRUG PLATELETS, DRUG METASTASIS?

Considering the central role of platelets in the onset of metastasis and VTE, it follows that anti-coagulant drugs might be used to prevent VTE or metastasis altogether. Several families of anti-coagulant drugs that can target different aspects of the coagulation cascade, including thrombosis (aspirin and antagonists of P2Y12 and PARs) and coagulation factors (heparins, factor X inhibitors), have been evaluated in clinical trials as possible adjuvant therapies for cancer patients (Table 1). By affecting the normal hemostatic process, these drugs are often associated with side effects such as hemorrhage (275, 276) and therapies with higher efficacy, safety, and ease of administration have been evaluated over time.


Table 1. List of clinical trial comparing the effect of adjuvant anti-coagulant drugs to control (no-treatment or placebo treatment) in terms of cancer progression, metastatic disease, and survival.

[image: Table 1]

Historically, vitamin K antagonists (VKAs) such as warfarin were employed as the standard of care in cancer patients when they were the only anticoagulant pharmaceutical available. Despite promising pre-clinical data, long-term use of VKAs failed to show any effect on the risk of metastatic disease in most studies (258–263), and was generally associated with a higher risk of bleeding and higher mortality rate than other anticoagulants (277, 278). Low molecular weight heparins (LMWHs) were introduced later on. They showed a higher efficacy than unfractionated heparins and could be self-administered subcutaneously at home instead of intravenously in hospitalized patients (279). LMWHs were found to reduce cancer-related mortality and prolong survival of cancer patients with better prognosis at the start of randomization [e.g., disease control; (265, 266, 268)], consistent with its prevention of metastatic disease. However, increased overall survival and reduced VTE recurrence due to LMWHs has only been identified in some studies (264, 266, 267), and not others (269, 270), questioning further clinical evaluation of LMWHs as possible metastasis/VTE-preventive agents. These results could be partially due to the advanced cancer stage of enrolled patients, where pre-existing occult metastasis could not be affected by anti-coagulant therapy. Additionally, the anti-metastatic effect of LMWHs might be equally due to their inhibition of coagulation factors (e.g., thrombin and factor Xa) and their binding to selectins and integrins, affecting interactions between tumor cells, immune cells, and the vascular wall directly (280). The pleiotropic effects of LMWHs make it difficult to draw definitive conclusions from these trials.

More recently, other anticoagulants have also shown discouraging results in clinical trials. Despite promising pre-clinical data, the ADP P2Y12 receptor antagonist prasugrel (TRITON-TIMI 38 trial) (281, 282) and the P2Y12 inhibitors thienopyridines (clopidogrel and prasugrel) (283) increased the incidence of newly diagnosed solid cancers and the risk of cancer-related death. Similar effects were seen upon treatment with the PAR1 antagonist vorapaxar (TRACER trial) (284) and the factor Xa inhibitor apixaban (APPRAISE-2 trial) (285). The reason of this effect is still not clear, and additional data are needed to address the safety of these and other anticoagulant drugs.

Less controversial results come from clinical trials evaluating NSAIDs as an adjuvant therapy for cancer patients, which have been overall associated with longer progression-free survival and reduced risk of distant metastasis (271–274, 286). The strongest case is presented by the cyclooxygenase (COX)-1 and−2 inhibitor aspirin. Long-term aspirin treatment (≥5–10 years) has proven to reduce cancer incidence and mortality, in particular due to reduction in colorectal adenomas and cancer (22, 287–291). This is possibly related to the inhibitory effect of aspirin on COX-2, which is involved in the early carcinogenesis of colorectal adenocarcinoma (292), or to other COX-independent targets that are affected by higher doses of aspirin. Aspirin treatment is also associated with an increased T cell infiltration in ovarian cancer, potentially paving the way to use aspirin in combination with checkpoint inhibitors for tumor control (293). In addition to its effect on primary cancers, the meta-analysis of case-control studies and randomized control trials by Rothwell et al. has shown that regular use of aspirin reduced the risk of metastatic cancer, particularly pulmonary metastasis (271, 286). Results were particularly impressive for patients with no evidence of metastasis at randomization, for whom the risk of developing in-trial metastasis was more than halved (HR = 0.45, 95% CI 0.28–0.71, p = 0.0009). Further this reduction occurred in many cancer types for which COX-2 is not known to be important in its carcinogenesis. The risk of cancer-related deaths was significantly reduced by low-dose aspirin (<300 mg/day), which is mainly anti-thrombotic, but not high-dose aspirin (≥300 mg/day), which is both anti-thrombotic and anti-inflammatory (286), reinforcing the hypothesis that aspirin prevents metastasis through its effect on platelet aggregation. More recently, Yang et al. have found a reduced number of blood CTCs in colorectal cancer patients treated with aspirin, consistent with its effect on tumor cell survival in the circulation and metastatic seeding (294). Our group has conclusively shown that this metastasis-preventive effect of aspirin relies on the inhibition of COX-1 and its downstream product TXA2 in platelets, which is responsible for the generation of a favorable intravascular niche promoting the survival and metastatic seeding of disseminating tumor cells (9). Importantly, we showed that untreated mice infused with aspirin-treated platelets harbor significantly fewer lung metastasis, supporting the notion that the anti-metastatic effect of aspirin does not rely on extra-platelet targets. In light of these results, we propose that more selective inhibitors of TXA2, such as the dual TXAS inhibitor and TP antagonist picotamide, would achieve the same anti-metastatic result while sparing other gastroprotective COX-1 products, resulting in a better anti-thrombotic profile and less side effects. Future clinical trials might address the efficacy and safety of picotamide as adjuvant therapeutic intervention in cancer patients.

Other families of anti-platelet drugs, such as inhibitors of αIIbβ3 (e.g., tirofiban and eptifibatide) and selectins (e.g., crizanlizumab and rivipansel), have FDA indications for the treatment of cardiovascular events, but their effect on cancer progression has not been evaluated yet. Additionally, reduction of paraneoplastic thrombopoiesis through IL-6 neutralization might represent a valuable approach to reduce metastatic spreading (33).

In conclusion, clinical trials so far have shown that there is no linear relationship between anticoagulation and metastasis prevention, but the effect largely depends on the drug used, the cancer type and the risk-benefit balance. These considerations have delayed the introduction of anticoagulant drugs as adjuvant therapy in cancer patients. A relatively weak and low-cost anticoagulant like aspirin has been by far the most successful drug in reducing the risk of metastatic cancer, in addition to reducing cancer incidence. It is possible that the inhibition of platelet COX-1/TXA2 signaling achieved by aspirin and TXA2 inhibitors, but not other anti-platelet drugs, is essential to disrupt the formation of intravascular pro-metastatic niches, which are required for early metastatic seeding. Although other anti-coagulant might affect later stages of metastasis, this effect might not be sufficient to achieve metastasis prevention (9). Although a more complete benefit-harm evaluation will have to be made in the future, the risk of major bleeding associated with long-term aspirin treatment, especially for exposure shorter than 5 years, might be counterbalanced by a reduced risk of vascular events and a significant reduction of cancer-related deaths (22). In 2015, the international Phase III clinical trial Add-Aspirin has started to address the effect of low (100 mg/day) or medium (300 mg/day) dose of aspirin or placebo on patients with non-metastatic solid tumors (breast, colorectal, gastro-esophageal, and prostate cancer) over a period of 5 years of more. Following up on excellent results on tolerability and toxicity, this trial will help understand the rate of survival, cancer recurrence, metastasis appearance, and the overall benefit-harm profile associated with aspirin use (295, 296).



CONCLUSION AND FUTURE PERSPECTIVES

This review highlights the multifaceted interplay between tumor cells, megakaryocytes and platelets during hematogenous metastasis. Undoubtedly, the ability of tumor cells to interact with platelets confers a strong positive drive toward metastatic dissemination. The activation of platelets by tumor cells in the blood stream converts the physiologically “resting” intravascular niche into an active tumor-permissive environment, characterized by repressed immunosurveillance, and activated endothelial and myeloid cells. The advantage provided by platelets to the metastatic process can explain why cancers evolve to promote paraneoplastic megakaryopoiesis and thrombopoiesis to support their progression. The current knowledge on the contribution of platelets and megakaryocytes to metastasis opens promising therapeutic avenues. In particular, targeting platelets rather than the more genetically instable tumor cells might be a promising strategy for metastasis prevention. In support of this, experimental studies clearly indicate that abrogation of platelet interaction with tumor cells ultimately reduces metastasis across a wide range of cancer types and metastatic sites. We would expect thromboembolic complications to be reduced as well. How to target platelets, however, in cancer patient care is still a work-in-progress. For some anticoagulants, the extremely deleterious side effects due to the impairment of hemostasis is overshadowing any survival advantages associated with decreased cancer progression. Lessons from previous clinical trials suggest that the best strategy would be to target tumor cell-platelet interactions while leaving physiological platelet functions and stroma-platelet crosstalk unaffected. Further research is required to expand our understanding of the molecular mechanisms underlying these processes and to develop safer adjuvant or neoadjuvant therapies for cancer patients.
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Myeloid cell heterogeneity remains poorly studied in breast cancer, and particularly in premalignancy. Here, we used single cell RNA sequencing to characterize macrophage diversity in mouse pre-invasive lesions as compared to lesions undergoing localized invasion. Several subpopulations of macrophages with transcriptionally distinct profiles were identified, two of which resembled macrophages in the steady state. While all subpopulations expressed tumor-promoting genes, many of the populations expressed pro-inflammatory genes, differing from reports in tumor-associated macrophages. Gene profiles of the myeloid cells were similar between early and late stages of premalignancy, although expansion of some subpopulations occurred. These results unravel macrophage heterogeneity in early progression and may provide insight into early intervention strategies that target macrophages.
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INTRODUCTION

It is well-established that breast cancer progression occurs in a stepwise fashion beginning with hyperplasia, in situ carcinoma, invasive carcinoma, and ultimately progressing to metastatic disease (1). Accumulating evidence suggests that changes in the stromal microenvironment, including immune cells, play a central role in the initiation and progression of early stage disease (2). The microenvironment surrounding pre-invasive lesions is comprised of vasculature, myoepithelial cells, fibroblasts, extracellular matrix and immune cells, all of which interact with each other and premalignant cells to coordinate localized invasion and subsequent progression (3, 4). In particular, macrophages have been shown to have tumor-promoting roles in mouse models of early progression, where they are recruited to hyperplasias (5–7). Pro-tumorigenic functions of macrophages have made them attractive therapeutic targets, however, the mechanisms by which macrophages and other immune cells regulate early progression are poorly understood.

Macrophages exhibit an enormous amount of plasticity in both normal tissues and in cancer, and their function is largely dictated by their surrounding microenvironment. In the mouse mammary gland, macrophages are critical for proper ductal development and primarily function in tissue homeostasis (8). In cancer, monocyte-derived macrophages are recruited to tumors in a CCL2-dependent fashion where they are educated to promote tumorigenesis. Studies from mouse models have shown that distinct subpopulations of these tumor-associated macrophages (TAMs) function to promote angiogenesis, tumor cell invasion, immune suppression, as well as dissemination and growth at metastatic sites (9, 10). While myeloid cells including TAMs have been studied during the metastatic cascade, less is known about how macrophages function during localized invasion of premalignant lesions.

A number of recent studies have used single cell transcriptomics to define the immune microenvironment within tumors in various types of cancers, including breast (11–13). However, few studies have applied this approach to address the composition or functional role of macrophages in early ductal lesions, and particularly during the switch to invasive breast cancer. In this study, we utilized a p53−/− mouse model of early breast cancer progression in which pre-invasive cells progress through ductal hyperplasia, low-grade mammary intraepithelial neoplasia (MIN) and high-grade MIN/invasive tumors in a predictable timecourse (14, 15). Single cell RNA-sequencing of CD45+ cells was performed to define unique populations of macrophages in premalignant lesions and lesions undergoing localized invasion. Our studies revealed several macrophage subpopulations that express genes common to both normal macrophages and TAMs, and highlight new gene signatures that define the premalignant niche.



MATERIALS AND METHODS


Mice

BALB/cAnHsd (Balb/c) mice were purchased from Envigo. PN1a lesions were derived from Trp53−/− mice (Balb/c) (16) and were maintained by serial transplantation into the cleared fat pads (#4 contralateral mammary glands) of 3 week-old female Balb/c mice as previously described (16, 17). Mice were housed in a pathogen-free facility under the NIH Guide for the Care and Use of Experimental Animals with approval from the Tulane School of Medicine Institutional Animal Care and Use Committee.



Transplantation, Whole Mount Analysis and H&E Staining

For transplantation, mammary glands containing PN1a tissue were removed from donor mice at 8 weeks post-transplantation, minced into 1 mm fractions with a scalpel and re-transplanted into the cleared fat pads of 3 week-old female Balb/c mice as previously described (18). At 8 or 16 weeks post-transplantation, inguinal mammary glands containing PN1a outgrowths were fixed in cold 4% paraformaldehyde for 2 h and stained with carmine alum overnight (six mammary glands per timepoint). The next day, glands were dehydrated and imaged on a Leica M165 FC stereoscope (Leica Biosystems) as previously described (19). After imaging, mammary glands were embedded in paraffin, sectioned, and stained with hematoxylin and eosin (H&E) as previously described (20). H&E images were captured using an upright Nikon Eclipse microscope (Nikon Instruments). For tumors, mice were palpated twice weekly until tumors were measurable, and then measured three times a week. When tumors reached 1.2 cm in size, mice were euthanized and excised tumors were fixed with 4% PFA overnight and embedded in paraffin for subsequent immunostaining.



Immune Cell Enrichment

Mammary glands containing PN1a lesions from 8 week (hyperplasia) and 16 week (high grade MIN with invasion) post-transplantation mice were excised with care to exclude the lymph node [four mice (eight mammary glands) per timepoint]. Glands were visualized under a Leica M165 FC stereoscope (Leica Biosystems) to confirm outgrowth. Then, mammary glands were pooled, minced and incubated in DMEM/F12 containing 2 mg/ml collagenase A (Roche) and 2 units of DNase (Sigma-Aldrich) at 37°C for 12 min with agitation (200 × rpm). Digested cells were neutralized with media containing 10% FBS, centrifuged at 450 × g for 5 min, and filtered through a 70 μm filter (BD Biosciences). The cell filtrate was then centrifuged at 450 × g for 7 min and the cell pellet was treated with ACK lysis buffer (Thermo Fisher) for red cell depletion, and neutralized with media containing 10% FBS. After centrifugation, single cells were resuspended in PBS containing 0.5% BSA/2 mM EDTA and incubated with mouse CD45 microbeads (Miltenyi Biotec) at 4°C for 15 min according to the manufacturer's protocol. Single CD45+ cells were enriched and purified as recommended by the manufacturer and prepared for sequencing.



Single Cell RNA Sequencing

Five thousand individual cells with a viability of >88% was targeted for GEM generation and barcoding using 10x GemCode™Technology, which allows for partitioning thousands of cells into nanoliter-scale Gel Bead-In-Emulsions (GEMs), applying ~750,000 barcodes to separately index the transcriptome each cell. Full-length barcoded cDNA was generated and amplified by PCR, followed by enzymatic fragmentation, end-repair, A-tailing, and adaptor ligation. Single cell libraries were run using paired-end sequencing with single indexing with the NextSeq 550 platform. Data was collected as “.locs” files and downstream analysis was performed.



scRNA-Seq Data Analysis

Single cell data (week 8 = 3,439 cells; week 16 = 4,412 cells) were aligned to mm10 using CellRanger v.3.1.0 (10x Genomics) (21), and downstream processing was performed using Seurat v3.1.1 (22). Cells with fewer than 250 features or higher than 10% mitochondrial gene content were removed prior to further analysis. Genes with fewer than three cells expressing then were removed, and the data were then log-normalized. Post-filtering analysis was performed on 3,075 cells (week 8) and 4,029 cells (week 16). Mitochondrial gene content and identifier count were regressed out. Principal component analysis was performed using the top 2,000 variable genes. This analysis was used to identify the number of significant components before clustering. Clustering was performed by calculating a shared nearest neighbor graph, using a resolution of 0.6. Subsetting into different cell types was performed using known markers for T-cells, myeloid cells, B cells and NK cells. Re-clustering was then performed using a similar method to that described above on each identified immune cell type. Myeloid cell re-clustering was based on expression of Cd14 mRNA (23, 24), which included clusters 0, 2, 5, 6, 8, 9, 10, 11, and 12. Genes used to define each cluster (differentially expressed genes, DEGs) were determined using known cell type markers and using the FindAllMarkers function, which uses a Wilcoxon Rank Sum test to identify differentially expressed genes between all clusters in the dataset. Clusters 0, 2, 3, 4, 6, and 8 (Figure 3) were selected for DEG analysis across macrophage cell populations, and the top 20 DEGs are provided in Supplementary Table 1. Cell cycle scoring was performed using the CellCycleScoring function, using the gene lists provided by Seurat. Myeloid cell dendrograms were generated using the BuildClusterTree function in Seurat, using default arguments. Diffusion mapping was performed using the DiffusionMap function from the “destiny” R package (25). For analysis using the Immunologic Genome Project (Immgen) database, the top 20 genes in each cluster were analyzed for similarities to the indicated myeloid cell types using the My Geneset portal at immgen.org (26). Pathway analysis was performed using Enrichr (27). Gene ontology analysis was performed using the Gene Set Enrichment Analysis software (28, 29), on genes chosen using the FindMarkers function in Seurat. A complete list of genes utilized on each GSEA analysis are provided in Supplementary Table 2. Gene Ontology dot plots were generated using ggplot2 in R (29).



Immunostaining

Paraffin embedded glands (n = 3) or tumors (n = 3) were cut into 5 μm sections, deparaffinized, rehydrated and subjected to antigen retrieval using 10 mM sodium citrate buffer. Following antigen retrieval, sections were blocked for 1 h in 7% donkey serum and stained with antibodies that detect Lyve-1 (1:60 R&D Systems, AF2125), CSFR1 (1:15 R&D Systems, AF3818), CD206 (1:1000, Abcam ab64693), and Gas6 (1:200 R&D Systems, AF986) at 4°C overnight. Slides were stained with Alexa Fluor-conjugated secondary antibodies (1:400; Thermo Fisher), mounted with ProLong™ Diamond Antifade Mountant (Thermo Fisher), and imaged on a Nikon Eclipse Ti2 confocal microscope with NIS Elements AR 5.20.02 software. For quantification, 10 random fields of view (FOV) were captured at 20X magnification for each mammary gland (three glands per timepoint), and the number of positive cells were counted. Two way ANOVA was used for statistical analysis when comparing the number of positive cells infiltrating within the lesion as compared to the number of positive cells surrounding the lesion.




RESULTS


Single Cell Profiling of the Immune Microenvironment of Pre-invasive and Invasive Lesions

We previously showed that macrophages are recruited to pre-invasive lesions with a high tumor-forming potential (PN1a) as compared to those that rarely form tumors (PN1b). In this model, p53−/− hyperplastic cells are transplanted into the cleared fat pads of pre-pubertal Balb/c mice where they form ductal hyperplasias by 8 weeks post-transplantation, low grade MIN by 12 weeks, and progress to high grade MIN/invasive ductal carcinoma by 16 weeks (14, 16). We also showed that macrophages at the pre-invasive stage expressed a number of tumor-promoting cytokines and displayed pro-invasive phenotypes ex vivo (19). These studies were performed by co-culturing primary PN1a cells with bone marrow-derived macrophages (BMDMs), a model that may not recapitulate the diverse macrophage subpopulations localized to different regions of heterogeneous premalignant lesions. While these lesions are relatively homogeneous at 8 weeks post-transplantation, 16 week lesions consist of well-differentiated areas, poorly differentiated regions, as well as areas of invasion (Figure 1A). In the present study, we sought to identify and characterize potential macrophage diversity in these premalignant lesions.
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FIGURE 1. Single cell identification of immune cells during early breast cancer progression. (A) Whole mounts (top) and H&E staining (bottom) depicts PN1a outgrowths with ductal hyperplasia (DH) at 8 weeks (left), MIN (middle) at 16 weeks, or invasive lesions (right) at 16 weeks post-transplantation (n = 6). Arrows depict area of invasion. Scale bars = 200 μm (top) or 50μm (bottom). (B) UMAP distribution of CD45+ cells isolated from PN1a lesions at 8 weeks (blue) or 16 weeks (red) post-transplantation. (C) UMAP of CD45+ cells as 16 distinct clusters. (D) Feature plots depicting Cd3e (T cells), Cd14 (myeloid cells) Cd20 (B cells) and Nkg7 (NK/NKT cells) mRNA expression.


To identify individual populations of macrophages during different stages of progression, CD45+ immune cells were isolated from PN1a lesions at 8 weeks (pre-invasive) or 16 weeks (invasive) post-transplantation, and single cell RNA sequencing (scRNA-seq) was performed using a 10x Genomics platform. Initial quality control analysis revealed the identification of ~2,000 genes per cell, yielded from an average of 10,000 reads, with an ~5% of these reads mapping to mitochondrial genes (Supplementary Figure 1A). Principal component analysis identified potential cell doublets or low quality cells, which were then removed from further analysis (Supplementary Figure 1B). An additional filtering step was employed after data clustering (UMAP), given the identification of outlier clusters with reduced number of cells (Supplementary Figure 1C). Post-filtering data clustering analysis demonstrated a similar distribution of cell clusters across week 8 and week 16, and distinguished 16 distinct subpopulations of CD45+ cells (Figures 1B,C). Further expression analysis of genes that define innate and adaptive immune cell lineages identified Cd3e-expressing cells (T cells, clusters 1 and 3), Cd19 or Cd20-expressing cells (B cells, clusters 7 and 15), and Nkg7-expressing cells (NK/NKT cells, clusters 1 and 4). Myeloid cells were defined by Cd14 expression and were present in nine separate clusters (clusters 0, 2, 5, 6, 8, 9, 10, 11, and 13) (Figures 1C,D, Supplementary Figures 1D,E) (23). When analyzing the abundance of cell lineages at each timepoint, the majority of the CD45+ cells were myeloid cells or T cells, both of which ratios increased in invasive lesions (16 weeks) as compared to pre-invasive (8 weeks) (Supplementary Figure 1F). Altogether, these data demonstrate the initial steps into a comprehensive identification of major immune populations during the progression from pre-invasive to invasive cancer.



CD14-Expressing Cells Are Comprised of Monocytes, Macrophages, Dendritic Cells, and Other Myeloid Cells

To distinguish different cell types in the myeloid lineage, unsupervised re-clustering of CD14+ immune cells was performed. As a result, Cd14-expressing myeloid cells were classified into 11 distinct populations (myeloid 0–10) (Figure 2A). Cell density analysis shows that clusters 3, 4, and 8 are more abundant in pre-invasive lesions (week 8), while clusters 2, 5, 6, 7, 9, and 10 are increased in number in invasive lesions (16 weeks) (Figure 2A). These data indicate that the abundance of subpopulations of myeloid cells varies across these two stages of progression. In addition, myeloid clusters 0 and 1 display similar numbers at weeks 8 and 16, suggesting that a fraction of myeloid cells remain unchanged during PN1a progression.


[image: Figure 2]
FIGURE 2. Myeloid subclusters based on CD14 expression. (A) Graph depicts the number of cells in each myeloid cell cluster as a percentage at week 8 (dark blue) and week 16 (light blue). (B) UMAPs depict the distribution of CD14+ myeloid cells at week 8 (left) or week 16 (right), identifying 11 distinct myeloid clusters (MC 0–10) and their abundance at each timepoint. (C) Violin plots demonstrate the distribution of various genes in each myeloid cluster that are commonly expressed in macrophages (Adgre1, Cd68, Csfr1, Mafb, Cd14), monocytes (Ly6c2), other myeloid cells (S100a8), and dendritic cells (Flt3, Xcr1, Ccr7). (D) Dendrogram shows similarities among subclusters and enrichment for each cluster at week 8 or week 16. (E) Diffusion map for myeloid subclusters demonstrating a branch point at cluster 1, which represents Ly6c2+ monocytes.


In order to survey the identity of the myeloid subclusters, we utilized a series of biased and unbiased gene expression tools (Figure 2B, Supplementary Figures 2, 3). The ImmGen Databrowser was used to preliminarily classify myeloid cluster cell types based on the top 20 differentially expressed genes (26). This analysis shows genes enriched for monocytes (MC1), macrophages (MC 0, 2, 3, 4, 6, 8), and dendritic cells (MC 9, 10), although cluster 2 appears to be constituted by a mixed population of cells. Myeloid cluster 5 is enriched for genes expressed by various cell types, and myeloid cluster 7 is enriched for both monocytic and granulocytic cell genes (Supplementary Figure 3). These suggestive cellular identities were further validated with analysis of genes known to delineate different myeloid lineages (Figure 2C). Myeloid clusters 0, 2, 3, 4, 5, 6, and 8 express general macrophage markers, such as Adgre 1 (F4/80), Cd68, Csfr1, and Mafb, supporting a macrophage fate. Cells in cluster 1 highly express the monocyte marker Ly6c2, suggesting that they represent inflammatory monocytes. Flt3, Xcr1, and Ccr7 are almost exclusively expressed by myeloid clusters 9 and 10, consistent with gene expression profiles associated with dendritic cells. Cluster 5 is highly enriched for proliferation genes such MKi67, Pclaf , and Stmn1, and additional analysis confirmed that these cells are primarily in G2/M of the cell cycle, suggesting that this subcluster represents a proliferative population (Supplementary Figures 2, 4A). While myeloid cluster 7 does not express macrophage markers, these cells highly express Cd14, S100a8, Cxcr2, Il1b, and Cebpb (Figure 2C, Supplementary Figure 4B), all of which have been reported in myeloid-derived suppressor cells (MDSCs) (30, 31). Additional functional assays are required to determine whether these cells are indeed MDSCs.

Total gene expression correlation analysis suggests that all myeloid cells broadly organize into three branches (Figure 2D). Cells predominantly present during week 8 (MC3, MC4, MC8) branch separately from those that are present, exclusively or not, at week 16 (MC1, MC2, MC5, MC6, MC9, MC10). The exception is myeloid cluster 7, which clusters separately from all subpopulations, suggesting a more distinct state for these cells. Further cellular diffusion analysis, which can predict cellular state transitions and potential developmental trajectories, shows that myeloid cells from cluster 1, which appear to be Ly6cHI monocytes, may be related to all other clusters (Figure 2E). This analysis suggests that all of the myeloid subpopulations are related to cluster 1.



Premalignant Lesions Contain Phenotypically Distinct Tissue Resident and Infiltrating Macrophages

Myeloid clusters 0, 2, 3, 4, 6, and 8 express a number of genes characteristic of macrophages found in both normal mammary gland and mouse tumor models, suggesting that there are six putative macrophage subpopulations that respond to signals in developing PN1a lesions. To distinguish resident from infiltrating macrophages, we examined a set of differentially expressed genes among these clusters (Figures 3A,B). These genes were chosen based on the top 10 differentially expressed genes across all myeloid cells (Supplementary Figure 2), the top 20 differentially expressed genes amongst macrophage clusters (MC0, 2, 3, 4, 6, 8) (Supplementary Table 1), as well as some commonly reported markers in the literature. Myeloid cluster 0 highly expresses Cd209g, Lyve1, Tim4d, Gas6, and Mrc1 (CD206), which have been shown to define a subset of tissue resident macrophages in the mammary gland and other tissues (32–35). Ccr2 is expressed in myeloid clusters 2, 3, and 6, suggesting that these macrophages are recruited to the developing lesions (36, 37). Cluster 3 highly expresses Itgax (CD11c), Cx3cr1, and Tmem119, which have been described as ductal-associated macrophages in the normal mammary gland (38, 39). These cells are enriched for phagocytic genes such as Axl and Hexb, as well as genes that define pro-inflammatory macrophages (Cd86, Tnf ) and immunosuppressive function (Il1b and Tgfb1). Interestingly, cluster 3 also highly expresses Cxcl16, which was shown to define a subset of tumor-associated macrophages in Neu-driven mouse tumors characterized by Cxc3r1 and Mmp14 (40). Cluster 6 highly expresses tissue reparative/wound healing genes shared by MC0, such as Mrc1 and Gas6, as well as pro-inflammatory genes common to MC3, including Tnf, Ccl7, and Ccl2. Trem2, Fabp5, and Lgals3 are highly expressed in cluster 8, which have been shown to be enriched in lipid-associated macrophages (41). Interestingly, the macrophage populations lacked Cd274 (PD-L1), which has been described in tumor-associated macrophages (TAMs) (42) (Supplementary Figure 5).
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FIGURE 3. Differential gene expression in macrophage subpopulations. (A) Heatmap depicts differential gene expression of selected genes for macrophage clusters (MC 0, 2, 3, 4, 6, and 8). (B) Violin plots demonstrate the expression of selected genes across myeloid cell clusters. (C) Table summarizing the expression of macrophage genes and other defining genes identified by differential gene expression (Supplementary Figure 2, Supplementary Table 1), and putative classification of each macrophage subpopulation.


While some macrophage markers are expressed in myeloid clusters 2 and 4, these populations show weak expression for many of the genes analyzed. Upon further examination of the top 10 differentially expressed genes, cluster 2 highly expresses Marcks, Klf6, and Actb, all of which regulate cell motility and can modulate inflammation by mediating monocyte migration to inflammatory sites (Figure 3C, Supplementary Figure 2, Supplementary Table 1) (43, 44). High expression of Cebpb and low expression of Adgre1 suggests that these cells are not fully differentiated, and may represent infiltrating monocytes transitioning into macrophages. Notably, cluster 2 expresses Cd74, which associates with MHCII during antigen presentation (45), and Ccl7, which is involved in monocyte and macrophage recruitment and chemotaxis (Figure 3, Supplementary Figure 5) (46). Myeloid cluster 4 expresses Cd68 and Csfr1, but weakly expresses (or lacks) Adgre1, Mafb, Ccr2, and Mrc1 (Figures 2B, 3). This population is enriched in genes involved in antigen presentation, such as Cd74 and Aif1, as well as the lysosomal protease Hexb. Interestingly, the melatonin receptors Mt1 and Mt2 are also highly expressed in cluster 4, which have been shown to inhibit LPS-induced macrophage polarization in vitro (47) (Figure 3C, Supplementary Figure 2). Figure 3C summarizes these findings and lists potential defining genes for each macrophage subset.

To gain further insight on the macrophage subpopulations, immunostaining was performed on PN1a lesions at different stages of progression, including established tumors (Figure 4, Supplementary Figure 6). In 8 and 16 week lesions, Lyve-1+CSFR1+ cells (MC0) reside in regions surrounding the lesions or in the stroma, whereas Lyve-1−CSFR1+ cells are also found within the lesions and intercalating between hyperplastic cells (Figure 4A, Supplementary Figure 6A). This finding is consistent with reports of stromal-associated Lyve-1+ tissue resident macrophages in the normal mammary gland (35). Cells found within the ductal cells (week 8) or MIN lesions (week 16) are predominantly CD206−CSFR1+, suggestive of myeloid clusters 3, 4, or 8 (Figure 4B, Supplementary Figure 6B). As these cells infiltrate into the lesions, potentially at regions of inflammation and necrosis, they are more likely cells from myeloid cluster 3 (Ccr2+), although additional markers are needed to confirm. CD206+CSFR1+ macrophages (MC0, MC2, MC6) are primarily located in areas surrounding the lesions in pre-invasive stages (DH week 8, MIN week 16), however are also present in areas of invasion and persist in established tumors. Notably, rare CD206+CSFR1Lo cells are detected in invasive regions as well as established tumors (Figure 4B, Supplementary Figure 6C). Lastly, Lyve-1−Gas6+CSFR1+ cells, which likely represent cells in myeloid cluster 6, localize to invasive regions (Figure 4C, Supplementary Figure 6A). These results support the existence of tissue resident and recruited macrophages in early progression, though additional specific markers are required to validate each subpopulation.
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FIGURE 4. Co-localization of putative macrophage populations. PN1a lesions showing ductal hyperplasia (DH) (week 8), MIN (week 16) or areas of invasion (16 week) were stained with various antibodies and DAPI and imaged by confocal microscopy. Putative myeloid cell clusters representative of the staining are listed (far right column) (A) CSFR1 (green) or Lyve-1 (red). White arrows: CSFR1+Lyve-1+ (MC0); green arrows: CSFR1+Lve-1−. (B) CSFR1 (green) or CD206 (red). White arrows: CSFR1+CD206+ (MC0, MC2, MC6); green arrows: CSFR1+CD206−(MC3, MC4, MC8). (C) CSFR1 (green), Gas6 (red) or Lyve-1 (purple). White arrows: CSFR1+Gas6+Lyve-1−(MC6); purple arrows: CSFR1+Gas6+Lyve-1+(MC0). Scale bars = 100 and 25 μm for inset (n = 3 per timepoint).




Macrophages in the Premalignant Microenvironment Are Defined by Pro-inflammatory and Tumor-Promoting Pathways

Our cellular identification approach and gene expression analysis suggest that there are six distinct macrophage subpopulations in premalignant PN1a mammary glands. Myeloid clusters 0 and 3 share genes found in macrophages in the normal mammary gland (35, 38, 39, 48), whereas clusters 2, 6, and 8 express genes that have been described in established tumors (37, 41, 49, 50). Cluster 8 decreases substantially in invasive lesions (Figure 2A), indicating that lipid-associated macrophages do not expand during progression to tumors in this model. In contrast, clusters 2 and 6 both increase substantially during localized invasion (16 weeks) as compared to pre-invasive stages (8 weeks) (Figure 2A). Thus, we focused our studies on further defining myeloid clusters 0, 2, 3, and 6.

To gain insight on the function of these subpopulations, gene set enrichment analysis (GSEA) was used to identify pathways and ontology terms associated with differentially expressed genes across combinatorial analysis of myeloid clusters 0, 2, 3, and 6 (MC0 × MC3, MC0 × MC6, MC3 × MC6, MC2 × MC0, MC2 × MC3, MC2 × MC6). Gene ontology revealed that cluster 3 is enriched for pathways involved in tissue remodeling and integrin signaling, as well as Il-1β-mediated inflammation, as compared to other clusters (Figure 5, Supplementary Table 3). In particular, differentially expressed genes in cluster 3, including Mmp12, Mmp14, Itgav, Pdgf, and Vcam1, have been shown to modulate vascular remodeling (Figure 5A). Genes in these pathways are significantly downregulated in cluster 6, which in contrast are enriched for pathways involved in T cell activation, chemotaxis, and MAPK/ERK signaling (Figure 5B). Differentially expressed genes include numerous inflammatory chemokines that mediate macrophage recruitment (Ccl2, Ccl3, Ccl7, Ccl8) as well as genes that inhibit inflammation (Gas6, Ptp1b, Igf ) (5, 46, 49). While numerous pathways, such as T cell activation and proliferation, Leukocyte chemotaxis, and Response to TNF, implicate anti-tumor activity, ERK signaling in macrophages has been shown to be tumor-promoting by exerting both anti-inflammatory and pro-invasive properties (51). Cluster 2 upregulates genes involved in cell adhesion and the actin cytoskeleton, supporting the idea that these cells are infiltrating monocytes transitioning to macrophages. This subpopulation also differentially expresses a number of genes involved in cell growth and differentiation, such as Anxa2, Notch2, Rpbj, and Myadm (Figure 5D). These cells appear to contribute to inflammation through STAT/IRF/NFκB signaling. Finally, cluster 0 is enriched for pathways involving endocytosis, endosomes, and the ECM (Figure 5C), consistent with stromal-associated tissue resident macrophages in the mammary gland (35). This subpopulation differentially expresses genes that have been shown to be tissue-reparative (Hmox1, Gas6) (49, 52) and tumor-promoting (Pf4, Fgfr1, and Nrp2) (53–55).
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FIGURE 5. Gene set enrichment analysis identifies unique gene ontology in macrophage subpopulations. (A–D) Graphs and enrichment plots show significantly changed gene ontology (GO) terms from GSEA analysis of each macrophage cluster compared to each other (MC0 × MC3, MC0 × MC6, MC3 × MC6, MC2 × MC0, MC2 × MC3, MC2 × MC6). Graphs depict GO terms that are increased (FDR < 1) in myeloid clusters 3 (A), 6 (B), 0 (C), or 2 (D). Enrichment plots illustrate selected significantly upregulated GO terms with representative genes that are significant.


Global gene expression analysis (Enrichr) was also performed to define enriched functional pathways across all myeloid clusters (27) (Supplementary Table 4). Myeloid cluster 3, which is enriched in pre-invasive lesions (week 8), is defined by pathways involved in focal adhesion signaling, based on the expression of a number of integrins, and matrix metalloproteinases (MMPs), consistent with a role in tissue remodeling. PPAR signaling, Retinol Metabolism and Glutathione Metabolism pathways are unique to cluster 8 in pre-invasive lesions, supporting the hypothesis that these cells are lipid-associated macrophages (41). Myeloid cluster 4 is enriched for C1qb, C1qa and C1qc, which have been shown to have anti-inflammatory properties in macrophages (56), and may suggest that complement genes drive the cluster. Interestingly, cluster 6 is uniquely characterized by Igf signaling, which has been shown to be active in alternatively activated macrophages (57). Altogether, these results demonstrate diverse subpopulations of macrophages, all of which appear to have tumor-promoting characteristics (10, 34, 58).



Macrophages Are Characterized by Unique Pathways During Localized Invasion

We anticipated that we would observe vast plasticity amongst macrophages in pre-invasive lesions as compared to lesions undergoing localized invasion. While distinct macrophage subpopulations were identified during early progression, their gene expression profiles are strikingly similar at week 8 as compared to week 16 post-transplantation (Figures 2A, 6F).

To identify potential differences in gene expression in pre-invasive as compared to invasive lesions, analysis within the same cell populations but across pre-invasive and invasive time points (week 8 × week 16) was performed. Global pathway analysis (Enrichr) suggests that networks that mediate the immune response (Macrophage Markers, Inflammatory Response Pathway) are enriched in cell clusters more abundant at week 8, while genes associated with tumor-promoting pathways (MAPK signaling pathway, EGFR signaling pathway, TGFβ Signaling Pathway) are enriched at week 16 (Supplementary Table 5). Interestingly, pathway enrichment (GSEA) of differentially expressed genes across myeloid clusters 0, 2, 3, and 6 indicates a significant enrichment in genes involved in ribosomal biogenesis in invasive lesions as compared to pre-invasive (Figure 6, Supplementary Table 6), a process that has been shown to be hyperactivated during cancer initiation and progression (59–61). Gene ontology shows that cluster 0, putative tissue resident macrophages, are enriched for pathways involving calcium modulation and endocytosis at week 8, whereas cells present at week 16 upregulate genes involved in proteolysis and cell death (Figure 6A). Cells in myeloid cluster 2 show enrichment for genes involved in cytoskeleton organization and defense response at week 8, as compared to genes associated with cell adhesion and migration at week 16 (Figure 6B). Cluster 3 shows a significant increase in genes involved in ECM remodeling and endosome-associated pathways at week 8, while week 16 is defined by pathways involved in inflammation (Figure 6C). Lastly, week 16 cells in myeloid cluster 6 is dominated by genes involved in ribosomal biogenesis and translation followed by immune stimulatory pathways, while cells in week 8 are characterized by pathways involving the innate immune response (Figure 6D, Supplementary Table 6). Importantly, across all cells in myeloid clusters 3 and 6, Cebpb and Tgfb are both significantly upregulated in invasive lesions as compared to pre-invasive (Figure 6E). Given the role of C/EBPβ and TGFβ in mammary epithelial cells, breast cancer, and immune suppression (62–67), these findings suggest that these macrophage populations may have immunosuppressive function in established tumors.
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FIGURE 6. Gene expression in pre-invasive as compared invasive lesions. (A–D) Plots show p-value (<0.05), FDR (<1) and enrichment score (NES) for genes significantly upregulated at 16 or 8 weeks for myeloid clusters 0 (A), 2 (B), 3 (C), or 6 (D). (E) Violin plots demonstrating gene expression of Cebpb and Tgfb1 at week 16 as compared to week 8 in myeloid clusters 3 and 6. (F) UMAP shows myeloid clusters 0–10 at week 8 (blue) and week 16 (red) of progression. Defining genes are displayed for each macrophage cluster, and potential functions are hypothesized.





DISCUSSION

Macrophage heterogeneity in cancer has emerged as an important factor in predicting outcome and response to therapy (12, 34). Macrophages are recruited to tumors where they are activated to exert pro-tumorigenic functions, and thus, targeting macrophages or reversing tumor-induced polarization has been pursued as a potential therapeutic strategy (68). While a number of studies have focused on understanding macrophage heterogeneity in primary and metastatic tumors, less is known about how macrophage diversity contributes to the premalignant niche. To gain insight on myeloid diversity in early mammary lesions, we utilized a transplantable mouse model that progresses through several stages of premalignancy in a predictable timecourse. We hypothesized that we would observe genes that mediate anti-tumor immunity in ductal hyperplasias, and that there would be an expansion and diversification of pro-tumorigenic macrophage populations in lesions undergoing localized invasion. To our surprise, we identified 6 macrophage subpopulations that are very similar in ductal hyperplasias as compared to high grade lesions undergoing localized invasion. Three of these populations are CCR2+ (Figure 3), suggesting that 3 subpopulations infiltrate into tumors, and at least one subpopulation (potentially two) is tissue resident. All of these populations express tumor-promoting genes, although two of them resemble macrophages described in the normal mouse mammary gland. Future studies are required to address whether these macrophage subsets differ from those in the normal mammary gland, and whether they are fetal-derived (tissue resident) or bone marrow-derived.

Both tissue resident and infiltrating macrophages have been described in tumors, although less is known about how tissue resident macrophages in primary and metastatic tumors contribute to tumor progression. Zhu et al. showed that embryonically-derived pancreas resident macrophages promote pancreatic ductal adenocarcinoma progression by exerting pro-fibrotic responses (52). In the normal mammary gland, tissue resident macrophages are initially embryonically-derived and function to regulate postnatal mammary gland development and maintain tissue homeostasis (7, 8, 48). Macrophages reside in the adipose stroma or directly adjacent to the ductal epithelium (38, 48, 69). A recent study identified a subpopulation of resident macrophages in the normal mammary gland defined by Lyve1 expression, which associate with ECM-rich regions in the adipose stroma, and function in tissue remodeling (35). In the present study, myeloid cluster 0 largely resembles these stromal macrophages, both of which are defined by high expression of Lyve1, CD209g, Mrc1, and Gas6 (Figure 3). Gene enrichment set analysis shows that endosome and ECM pathways are highly enriched in this cluster, and our co-localization studies show that these macrophages appear to associate with stromal cells surrounding ductal hyperplasias and invasive lesions (Figure 4, Supplementary Figure 6). Genes enriched in cluster 0 are consistent with an alternatively activated/tissue reparative phenotype, and lack a strong inflammatory or antigen presentation signature. Gas6 in particular has strong anti-fibrotic roles in a number of chronic diseases, and primarily functions in the clearance of apoptotic cells during the innate immune response (49, 70). Similarly, Nrp2, which is also highly expressed in cluster 0, was recently shown to facilitate tumor growth by promoting efferocytosis to allow for clearance of apoptotic tumor cells (71).

Myeloid cluster 3 is also enriched for pathways involved in tissue remodeling, including various MMPs and other proteases (Figure 5). We found that these cells remarkably resembled gene expression profiles of tissue resident ductal-associated macrophages (DMs) described in the normal mammary gland, which can intercalate in the ductal epithelial layer and primarily function in tissue remodeling (38, 39). DMs were shown to be initially embryonically-derived, with some turnover from the blood, and persisted in tumors from MMTV-Pymt, MMTV-Neu and MMTV-Wnt transgenic mice. Similar to DMs, cluster 3 highly expresses Itgax, Cx3cr1, and Tmem119, is negative for Mrc1, and shows an enrichment for genes involved in the lysosome, IL-1β signaling, and ECM homeostasis. Unlike the Lyve1+ macrophages (MC0), these cells express a number of genes involved in inflammation such as Cd86, Tnf and Il1b, suggesting the importance in regulating the immune response. Our co-localization studies found a population of CD206− cells within ductal hyperplasias and recruited to the centers of MIN lesions. Notably, areas of necrosis can be detected in expanding high grade MIN PN1a lesions (Figure 1A), and these CD206− cells appear to infiltrate to these regions (Figure 4A, Supplementary Figure 6), supporting the notion of cells from myeloid cluster 3 being recruited to sites of inflammation. The receptor tyrosine kinase Axl, which binds Gas6 and functions in the clearance of phagocytic cells during the innate immune response (70), is also enriched in this population. Interestingly, Axl is overexpressed in human breast cancers and a number of Axl inhibitors are currently in clinical trials (72–74). Although Axl marks classically activated macrophages in innate immunity, Axl inhibition in immune cells was shown to induce an anti-tumor response in mouse models, which was potentiated by PD-1/PD-L1 inhibitors. (75–78). Thus, it is tempting to speculate that AxlHI macrophages have alternative roles in immune suppression, which is supported by enriched expression of Tgfb1 in cluster 3, although functional assays are required to address this idea.

Myeloid cluster 6 shares genes common to both tissue resident macrophages and TAMs (Figure 3A). High expression of Timd4, Gas6, and Mrc1 may suggest that these cells are derived from myeloid cluster 0 or have tissue reparative properties. Indeed it has been suggested that tissue resident macrophages are a source of TAMs (38, 52), although lineage tracing studies are required to address this question. Gene ontology analysis revealed that ERK/MAPK signaling is enriched in cluster 6 (Figure 5), which has been shown to be required for macrophage polarization to an anti-inflammatory/wound healing phenotype (79–81). Likewise, Igf signaling is unique to this subpopulation and has been shown to be secreted by alternatively activated macrophages (57), and Gas6, which inhibits pro-inflammatory cytokines during the innate response, has been shown to stimulate tumor cell invasion by interacting with Axl on adjacent tumor cells (17, 73). Despite these similarities with cluster 0, gene set enrichment analysis defined this subpopulation as inflammatory, exemplified by highly expressed chemokines involved in monocyte or macrophage recruitment to tumors. In addition, numerous pathways involving regulation and activation of T cells are differentially expressed, suggesting an immune-stimulatory phenotype. Interestingly, Ccl8 is highly enriched in cluster 6, which has been shown to be an important factor for mammary cancer cell dissemination (82), suggesting a potential role in tumor cell invasion. More recently, breast tumor cells induced CCL8 expression in infiltrating TAMs, which in turn induced Siglec1 and enhanced monocyte recruitment and tumor cell motility (12). In our studies, myeloid cluster 6 strongly expresses Ccr2, as well as numerous chemokines such as Ccl2, Ccl3, Cxcl1, and Ccl24 (Figure 5C) that may recruit additional monocytes or macrophages to tumors. Together, these results suggest that myeloid cluster 6 contributes to localized inflammation, recruits other immune cells to tumors, and may ultimately contribute to localized invasion.

While most of the myeloid subpopulations express numerous macrophage markers, cluster 2 was characterized by low expression of Adgre1 and CD68, suggesting that these cells are not fully differentiated. In support, they highly express Cebpb, which is found in many myeloid cells and is required for monocyte differentiation (83). This cluster appears to be driven by genes that regulate cell motility, such as Actb, Anxa2, Tagln2, and Marcks. Infiltrating macrophages are highly dependent on MARCKS, which regulates actin dynamics and affects cytoskeletal movement (44, 84). Both Marcks and Klf6, also differentially expressed in cluster 2, modulate inflammation by inducing the secretion of pro-inflammatory factors from neighboring cells (85, 86). Similar to cluster 6, inflammatory chemokines, such as Ccl8, Ccl7, Ccl2, Ccl3, and Ccl24 are differentially expressed, although to a lesser degree to that of cluster 6 (Figure 5). These findings support the notion that these cells are recruited to sites of invasion where they are differentiated into macrophages and contribute to local inflammation.

Our studies identified a number of macrophage subpopulations during the switch to invasive cancer, most of which appear to contribute to local inflammation. These macrophage subpopulations are comprised of a mix of both anti-tumor and pro-tumor genes, and it is feasible to speculate that polarization to a tumor-promoting phenotype is immature. Understanding how these populations contribute to tumor progression will have critical implications for targeting myeloid cells in early and late stage breast cancers. Collectively, our investigation of myeloid cell heterogeneity in the premalignant microenvironment demonstrate a complex balance between cell identity and differential gene expression (Figure 6F), which together serve as a basis for future functional characterization during breast cancer progression.



DATA AVAILABILITY STATEMENT

The datasets generated for this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: the NCBI BioProject (PRJNA656862).



ETHICS STATEMENT

The animal study was reviewed and approved by Animal Care and Use Committee at Tulane School of Medicine.



AUTHOR CONTRIBUTIONS

AI: data curation, data analysis and interpretation, manuscript writing. MM: data analysis and interpretation. ZG: experimental design, data curation. MR: experimental design, data curation, data analysis and interpretation, funding. CB: data curation and data analysis. KS: conceptualizaiton, experimental design, data analysis and interpretation, manuscript editing, funding. CS: data analysis and interpretation, manuscript writing, funding. HM: conceptualization, data analysis and interpretation, manuscript writing, funding. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by an F31 fellowship (CA239445-01) to MR; NIH R01CA215052 and R01HD095858 to KS; CSHL and Northwell health affiliation, The Rita Allen Scholar Award, AACR-Breast Cancer Research Foundation Award, The Pershing Square Sohn Prize for Cancer Research, and NIH R01CA248158-01 to Cods; Carol Lavin Bernick Grant and NIH R01CA212518 to HM.



ACKNOWLEDGMENTS

The authors would like to thank Dr. Daniel Medina at Baylor College of Medicine for the PN1a transplantable model, Dr. Kejing Song at the Tulane Center for Translational Research in Infection & Immunity NextGen Sequencing Core, and Dr. James Jackson at Tulane School of Medicine for critical scientific discussion.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2020.569985/full#supplementary-material

Supplementary Figure 1. Strategy for defining immune cells in pre-invasive and invasive lesions. (A) Quality control filtering to eliminate cell doublets and contamination with mitochondrial DNA. (B) Principal component analysis identification of cell outliers at each time point. (C) UMAP distribution of immune cells at 8 and 16 weeks post-transplantation, demonstrating poorly represented clusters (filtered out). (D) Feature plot depicting Cd19 mRNA expression, which overlaps with Cd20 shown in Figure 1D. (E) Violin plot demonstrating the distribution of Cd14 across all clusters. (F) Graph depicts the number of cells in each cell type based on Cd14 (myeloid), Cd3e (T cells), Nkg7 (NK cells), Cd20 (B cells) mRNA expression.

Supplementary Figure 2. Differential gene expression of myeloid cells. Heatmap representation of the top 10 differentially expressed genes in myeloid clusters 0–10.

Supplementary Figure 3. Classification of myeloid clusters using the ImmGen Databrowser. Box plots show myeloid clusters based on the top 20 differentially expressed genes: dendritic cells (DC), macrophages (MF), monocytes (MO), granulocytes (GN), and mast cells (MC).

Supplementary Figure 4. Characteristics of myeloid clusters 5 and 7. (A) Violin plots for MKi67, Pclaf and Stmn1, and UMAP illustrating cells in different stages of the cell cycle show that myeloid cluster 5 is a proliferating cell population. (B) Violin plots depict Cxcr2, Il1b, and Cebpb expression in myeloid clusters 0–10.

Supplementary Figure 5. Gene expression across myeloid clusters for selected genes. (A) Violin plot for Cd274 (PD-L1) across myeloid clusters 0–10. (B) Feature plots for Cd74, Ms4a7 and Hexb show distribution of expression across myeloid clusters.

Supplementary Figure 6. Quantitation of putative macrophage markers. Graphs depict the number CSFR1+ cells expressing (A) Lyve-1 or Gas6, or (B) CD206, located within ductal regions (“within lesion”) or regions surrounding the hyperplastic/MIN cells (“surrounding lesion”). (C) Images depict immunofluorescent co-staining using antibodies to CSFR1 (green) or CD206 (red) and stained with DAPI of PN1a established tumors (# of mice). White arrows: CSFR1+CD206+; green arrows: CSFR1+CD206−; red arrows: CSFR1−CD206+. Scale bars = 100 and 25 μm for inset. Graph shows the quantitation of CD206+ or CD206− CSFR1+ cells within tumors. All graphs show the number of cells per field of view (FOV) after counting 10 random FOVs ± SEM (n = 3 per timepoint). Two way ANOVA was performed to determine statistical differences between groups. *p = 0.05, **p = 0.001, ****p < 0.0001.

Supplementary Table 1. Top 20 differentially expressed genes (DEGs) across macrophage populations (MC0, MC2, MC3, MC4, MC6, MC8).

Supplementary Table 2. Gene set enrichment analysis (GSEA) for selected macrophage populations. Differentially expressed genes across pairs of analyzed myeloid clusters were uploaded into GSEA for the identification of enriched pathways, as demonstrated in Figures 5, 6.

Supplementary Table 3. Significant Gene Ontology terms in from GSEA analysis of selected macrophage clusters.

Supplementary Table 4. Analysis of cluster-specific pathways. p-value defines the significance of enrichment for genes in each cluster in each pathway.

Supplementary Table 5. Analysis of enriched pathways and their distribution across time points. p-value defines the significance of enrichment for genes in each cluster in each pathway.

Supplementary Table 6. Top 50 differentially expressed genes in pre-invasive as compared to invasive lesions for selected macrophage clusters.
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Tumor-associated macrophages (TAMs) are major innate immune cells that constitute up to 50% of the cell mass of human tumors. TAMs are highly heterogeneous cells that originate from resident tissue-specific macrophages and from newly recruited monocytes. TAMs’ variability strongly depends on cancer type, stage, and intratumor heterogeneity. Majority of TAMs are programmed by tumor microenvironment to support primary tumor growth and metastatic spread. However, TAMs can also restrict tumor growth and metastasis. In this review, we summarized the knowledge about the role of TAMs in tumor growth, metastasis and in the response to cancer therapy in patients with five aggressive types of cancer: breast, colorectal, lung, ovarian, and prostate cancers that are frequently metastasize into distant organs resulting in high mortality of the patients. Two major TAM parameters are applied for the evaluation of TAM correlation with the cancer progression: total amount of TAMs and specific phenotype of TAMs identified by functional biomarkers. We summarized the data generated in the wide range of international patient cohorts on the correlation of TAMs with clinical and pathological parameters of tumor progression including lymphatic and hematogenous metastasis, recurrence, survival, therapy efficiency. We described currently available biomarkers for TAMs that can be measured in patients’ samples (tumor tissue and blood). CD68 is the major biomarker for the quantification of total TAM amounts, while transmembrane receptors (stabilin-1, CD163, CD206, CD204, MARCO) and secreted chitinase-like proteins (YKL-39, YKL-40) are used as biomarkers for the functional TAM polarization. We also considered that specific role of TAMs in tumor progression can depend on the localization in the intratumoral compartments. We have made the conclusion for the role of TAMs in primary tumor growth, metastasis, and therapy sensitivity for breast, colorectal, lung, ovarian, and prostate cancers. In contrast to other cancer types, majority of clinical studies indicate that TAMs in colorectal cancer have protective role for the patient and interfere with primary tumor growth and metastasis. The accumulated data are essential for using TAMs as biomarkers and therapeutic targets to develop cancer-specific immunotherapy and to design efficient combinations of traditional therapy and new immunomodulatory approaches.
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Introduction

Tumor-associated macrophages (TAMs) are key innate immune cells in tumor microenvironment (TME) that regulate growth of primary tumors, antitumor adaptive immune response, tumor angiogenesis, extracellular matrix remodeling, intravasation in the vasculature, extravasation in metastatic sites; they establish beneficial conditions for metastatic cells in the secondary organs, and interact with various types of therapies (1, 2). Signaling, epigenetic and metabolic mechanisms cooperate to form functional TAM phenotypes (3).

TAMs represent the major component of the innate immune system in TME and can constitute up to 50% of the tumor mass (4). Two main directions of polarization of TAMs can be defined—classically activated M1 (main markers—HLA-DR, CD80/86) and alternatively activated M2 (main markers—CD206, CD163, CD204, stabilin-1) phenotypes (1, 2, 5) (Table 1). These typical M2 markers are surface receptors that are responsible for the non-inflammatory clearance of microenvironment from apoptotic bodies, ECM components, soluble mediators of activation of cancer cells and angiogenesis (6–12). In addition to scavenging function (10, 11, 13), stabilin-1 acts as an intracellular sorting receptor that targets chitinase-like proteins SI-CLP and YKL-39 to the secretory pathway (14–19). SI-CLP and YKL-39, in turn, regulate monocyte recruitment and angiogenesis (15, 17, 18, 20).


Table 1 | Variety of TAM markers in cancer.



It is commonly accepted that M1-like macrophages exhibit antitumor activity contributing to the activation of adaptive immune response and inflammation, while M2-like macrophages, in contrast, suppress immune function in tumor microenvironment, induce angiogenesis, and support tumor growth and metastasis (21). However, this nomenclature is based on the in vitro phenomenon and only schematically reflects vectors of the macrophage polarization in vivo, including their polarization in the complex TME. In each cancer type, TAMs can have cancer-specific phenotypes, and can be represented by the heterogeneous populations. Moreover, TAM subtypes can be distinct in various intratumoral compartments, for example in tumor nest and in tumor stroma. Individual TAM phenotypes can be defined by set of markers that not necessarily give clear classification into the M1 and M2 subtypes. The most common histological markers of macrophages belong to the class of transmembrane receptors (mostly of scavenger type); however, new biomarkers that belong to classes of cytokines, growth factors, enzymes, transcription factors, and chitinase-like proteins allow more precise phenotypic and functional characterization of TAMs (Table 1).

TAMs originate from two major sources—tissue-resident macrophages and circulating monocytes recruited in tumor cite by growth factors and chemokines, such as M-CSF, CCL2, and CCL5 (21). Local resident macrophages can recognize cancer cells, and it is believed that they have intrinsic ability to eliminate sporadically transformed cells. Different origin can define TAM diversity in the TME. Transformed cells can escape local innate immune control and give origin to cancer cell clones that efficiently recruit monocytes from blood circulation and reprogram resident TAMs. The number of experimental model systems demonstrated that growing tumor can program resident and recruit macrophages to support tumor progression (22, 23). Both monocyte-derived macrophages and resident macrophages (of adult hematopoietic or embryonic origin) accumulate within an expanding tumor (24, 25). Recent study demonstrated that tissue-resident interstitial macrophages in mouse lungs contribute to the pool of TAMs and support tumor growth in vivo, while monocyte-derived TAMs contribute to tumor progression in the form of metastasis (26). Interestingly, chemotherapeutic treatment resulted in depletion of both resident and monocyte-derived macrophages, but monocyte-derived macrophages were able to recover and provided phagocytosis-mediated tumor clearance (26). However, not all tumors can do it efficiently, and monocytes and macrophages can also retain their ability to recognize tumor as an unwanted-self structure and inhibit its growth and spread (27, 28). In mouse model of ovarian cancer, CD163+ Tim4+ macrophages from omentum, which have embryonic origin and are uniquely independent of bone marrow-derived monocytes, contributed significantly to the metastatic spread (29). Depletion of CD163+ resident macrophages in tumor-bearing mice with lipid nanoparticles reduced tumor growth and progression (29). We can hypothesize that TAM heterogeneity is defined both by their high plasticity and by their origin from independent specific lineages. The contribution of each of these factors in the final tumor-specific TAM heterogeneity is a highly relevant topic for the investigation.

TAM diversity reflects and defines their specific role in different cancers. A number of studies demonstrated that high infiltration of TAMs in human tumors is associated with poor clinical outcome (1, 2). However, the role of TAMs in tumor growth, lymphatic and hematogenous metastasis and treatment outcomes is specific for each type of cancer. By studying patients, the role of TAMs cannot be defined by loss-of-functions and gain-of-function experimentation, and correlation of TAM amounts, their intratumoral localization and functional phenotypes with clinical parameters is a primary source to draw the conclusion. Therefore, precise definition and accurate selection of clinical parameter are essential. Lymphatic and vascular invasions, characterized by cancer cells’ presence within a definite, endothelial-lined space, are parameters that are potential indicators of the ability of cancer cells to metastasize to the lymph nodes and blood vessels, respectively (30, 31) Vascular invasion may reflect the risk of recurrent disease and prognosis (30). There are survival rates that define the probability of the appearance of one or more of tumor progression parameters. For example, progression-free survival (PFS) is calculated as a period of time between the dates of diagnosis and earliest progression (local recurrence or distant metastasis or death) or last follow-up for patients without progression (32). Similarly, disease-free survival (DFS) is a period of time between the dates of treatment of definite cancer and any signs or symptoms of that cancer; overall survival (OS)—the period where patients still alive for a certain period of time after they were diagnosed with or started treatment for a cancer (33).

In this review we summarize the data about TAM correlation with clinical parameters of widely distributed, dangerous and frequently metastasizing types of cancer: breast, colorectal, lung, ovarian, and prostate. We analyzed the role of TAMs in primary tumor growth and metastasis, and the role of TAMs in the tumor response to therapy with particular focus on tumor relapse and metastatic outbreak. We focus not only on the total amount of TAMs in tumor mass, but we made an accent on the functional TAM biomarkers that can be also distinct in different tumor types.



TAMs and Breast Cancer

Breast cancer (BC) is the leading cause of cancer-related female deaths in the world. More than 2 million female breast cancer cases have been diagnosed in 2018 worldwide that led to 630,000 deaths (34). Breast cancer is the most studied malignant disease; many diagnostic and therapeutic approaches have been developed for BC patients, and there are a number of ongoing clinical trials. Due to improved treatment and earlier detection, the mortality rate has decreased in most Western countries in recent years, especially in younger age groups (35). The diagnosis of breast cancer is based on the staging system, which, apart from purely anatomical information (tumor, node, metastasis), includes also prognostic information related to tumor biology such as tumor grade, estrogen receptor (ER), progesterone receptor (PR), human epidermal growth factor receptor 2 (HER2), and gene expression data if available (36). Metastatic BC remains virtually an incurable disease with a median overall survival (OS) of around 3 years and 5-year survival of only 25% (37). The most common first metastatic site is the bone, followed by lung, brain, and liver (38, 39). Breast cancer metastasizes also through the lymphatic system to the regional lymph nodes defined as locoregional metastasis (40).

Breast cancer comprises five molecular subtypes that have distinct prognosis and treatment strategies. These five subtypes include: luminal A (ER+, PR+, Ki67 < 20%), luminal B (ER+, PR+ or PR-, Her2+ or Her2-, Ki67 > 20%), triple-negative (ER-, PR-, HER2-), and HER2-enriched breast cancer (ER+, PR+), HER2+) (41). The absence of receptors on the surface of tumor cells of breast cancer is one of the signs of aggressive status and poor prognosis (42). The most aggressive subtypes include HER2 neu-positive and triple-negative breast cancer (TNBC) (42).

BC is characterized by intratumor heterogeneity which is important for disease prognosis and therapy efficacy (43, 44). This is one of the essential difference between human tumors and mouse models, where tumor is mostly homogenous and does not reflect intratumor structures in patients. There are various approaches to describe intratumor morphological and functional heterogeneity. One of these approaches is based on the distinguishing between tumor nest (TN) and tumor stroma (TS) (45). Macrophage infiltration in TN is defined as the tumor-infiltrating macrophages within epithelial cancer cells; TAMs in TS were located in fibrous tissue surrounding the tumor nest (45).

Another approach identifies five intratumor morphological structures based on morphology of cancer cells: tubular, alveolar, solid, and trabecular structures, and discrete groups of tumor cells (44, 46). The level of morphological heterogeneity is distinct in five different molecular subtypes of breast cancer. Tumors with the presence of all five morphological structures were most frequently identified in luminal subtype in comparison with TNBC (47). TNBC was characterized by minimal out of all BC tumor intratumor heterogeneity and frequent presence of only one morphological structure (47). It was demonstrated that breast tumors with alveolar and trabecular structures often demonstrate increased risk of lymph node and distant metastasis, poor response to neoadjuvant chemotherapy (NAC), and decreased metastasis-free survival (48, 49). The distribution of macrophages varied within these morphological structures. CD68 expression was found in TME only of alveolar and trabecular structures and was absent in solid, tubular, and discrete groups (50). Gene expression of SI-CLP, CD206, and Stabilin-1 was also differentially distributed within distinct morphological structures (50).

One more classification of heterogeneity in BC is based on the level of the stromal–parenchymal interactions (51–53). In human breast cancer five distinct morphological compartments characterized by the interaction of tumor cells and immune component can be defined: areas with soft fibrous stroma; areas with coarse fibrous stroma; areas of maximum stromal and-parenchymal relationship; parenchymal elements, and gaps of ductal tumor structures (52, 53). Accordingly, TAM infiltrate localized in specific intratumor compartment or in certain molecular subtype of BC has a different clinical value in patient prognosis. The correlations of TAMs in distinct compartments with parameters of breast cancer progression are discussed below.


TAMs in Breast Tumors and Metastasis

Two main parameters are used to analyze the clinical significance of TAMs in human cancers—the amount of TAMs defined most frequently by CD68 expression and phenotype of macrophages, defined by different specific M1 and M2 markers (Figure 1, Table 1).




Figure 1 | Representative IHC images for the intratumoral macrophages that express CD68 as general macrophage marker and selected M2 markers. Examples of CD68 and M2 markers (CD163, CD206, stabilin-1) are presented for breast, colorectal, lung, ovarian, and prostate cancers. These examples are reproduced from the following publications: for breast cancer (9); colorectal cancer (54, 55); lung cancer (56, 57); ovarian cancer (58); prostate cancer (59). Image for CD206 expression in prostate cancer was kindly provided by Dr. K. Danilko, Bashkir State Medical University. For all published images copyright licenses have been obtained from the publisher.



Breast cancer was the first cancer type in which the tumor-supporting role of TAMs was demonstrated in various animal models (60). One of the first studies demonstrating the negative role of TAM infiltration in the pathogenesis of BC was the immunohistochemical analysis (IHC) of 101 invasive breast carcinoma samples (England, 1996) (61). In this study in a univariate Cox proportional hazard model, increased CD68+ macrophage count was a significant indicator of reduced relapse free survival (RFS) and reduced overall survival (OS) (61). Extensive experimental and clinical data, performed in European, American and Asian cohorts of patients, confirmed the importance of TAM infiltration in the pathogenesis of breast cancer and will be discussed below.

Most of the studies of the amount and phenotype of TAMs in human tumor tissues were performed by using IHC analysis. A number of studies showed that the increase in TAM number, defined by the expression of pan-macrophage marker CD68 correlated with a greater degree of severity of the tumor process (Table 2). Thus, the results of meta-analysis of 16 studies (Chinese, Finnish, Swedish, Korean, UK, and USA cohorts) with a total 4,541 BC patients indicated that breast cancer with high TAM infiltration was significantly correlated with characteristics of aggressive biological behavior, such as tumor size, histological grade, ER and PR status, basal phenotype, vascular invasion (68). This meta-analysis showed that high TAM infiltration was not found to be associated with lymph node status (N0 vs. N1-3) and HER-2 status (68). Several clinical studies performed on Chinese cohorts of patients with breast cancer demonstrated the association of increased stromal infiltration of CD68+ macrophages with larger tumor size, higher histological grade, hormone receptor negativity in BC patients (45, 65). High numbers of CD11c+ macrophages in tumor stroma were associated with a larger tumor size in 367 primary BC patients from the Korean cohort (66) (66). Recent study of 60 primary BC specimens obtained from the Egyptian cohort of patients showed that high CD68+ stromal TAMs significantly correlated with nodal metastasis and vascular invasion (62). In a retrospective study of 1,579 breast cancer specimens (Chinese cohort), high density of both CD68+ TAMs significantly correlated with lymph node metastasis (65).


Table 2 | Representative studies demonstrating the association of TAMs with tumor progression parameters in breast cancer.



The amount of CD68+ macrophages in tumor stroma in different cohorts of patients (Chinese, Finnish, Swedish, Korean, UK, and USA cohorts) was an independent prognostic factor for reduced OS, DFS, and RFS of patients with breast cancer (45, 63, 68–71) (Table 2). In the two independent cohorts (totaling 677 patients) the presence of CD68high/CD4high/CD8low signature in tumors was found to be an independent predictor of decreased OS and RFS (72).


Subpopulations of TAMs in Breast Cancer Progression

The role of TAMs in the pathogenesis of cancer depends on their phenotype and functional polarization (23). A number of experimental studies in vitro and in mouse models demonstrated that M2-polarized macrophages in breast cancer stimulate proliferation of cancer cells, mediate immunosuppression, and induce angiogenesis (73). Major pro-tumor activity of TAMs was demonstrated in PyMT mouse mammary cancer model where TAMs promoted angiogenesis and vascular remodeling in tumors, while macrophage depletion inhibited the angiogenic switch and tumor growth (74). Experimental data correlate very well with the clinical studies demonstrating a supportive role of M2-like TAMs in tumor progression in patients.

Most commonly used M2 markers for the analysis of TAM phenotype in BC include CD163, CD206, CD204, stabilin-1 (Tables 1, 2). Additional markers, expressed also on other cell types, were used to characterize functional TAM phenotype—CD47, COX-2, MMP9, TIE2, YKL-39, YKL-40, PD-L1 (Table 1).

Clinical studies showed that CD163+ macrophages in tumor stroma positively correlated with poor histological grade, larger tumor size, Ki67 positivity and LN metastasis in patients with BC (64, 65, 69). A lot of studies from different cohorts of BC patients indicated CD163+ macrophages are predictors of poor survival. Exome-capture RNA sequencing data from 50 primary breast tumors (USA cohort) and their patient-matched metastatic tumors in brain, ovary, bone and gastrointestinal tract revealed that CD163+ macrophages were significantly more abundant in metastatic sites compared to primary tumors primary tumors (75). High amount of intratumor CD163-expressing TAMs, identified by flow cytometry in BC patients from a French cohort, was predictive for reduced survival (76). In a Finnish cohort of 278 BC patients high numbers of both CD163+ and CD68+ cells were associated with short OS of the patients (64). CD163 can be an independent macrophage biomarker indicating poor prognosis for breast cancer patients. Thus, in a study of 371 invasive breast carcinoma specimens from a USA cohort of patients, multivariate analysis revealed that high expression of stromal CD163 is an independent predictor of poor patient OS (63). In this study, the absence of quantitative parameters such as threshold numbers that were used to characterize the expression pattern of CD68 and CD163 in each quartile can potentially be a source of misunderstanding and finally contribute to reproducibility issues (63). In a Chinese study, which enrolled 1,579 non-metastatic BC specimens, CD163+ TAMs but not CD68+ TAMs were associated with poor OS (65), that might be related to the origin of TAMs. IHC analysis of 367 primary invasive BC specimens obtained from patients of a Korean cohort without hematogenous metastasis showed that CD163+ macrophages in tumor nest were an independent prognostic marker of reduced OS and DFS (66).

CD206 is the first identified marker of alternatively activated macrophages, that is induced by IL-4 and used as most specific M2 marker (77). In tumors, CD206 is frequently used to identify switch of TAM phenotype in response to new therapeutic agents and antitumor approaches in experimental models; however, CD163 is predominantly used as M2 markers in clinical studies. Thus, CD206 (M2) macrophages were significant predictor of lower PFS in patients from different racial groups (Latinas and Caucasians) (32).

Specific role of CD204 was found in the Japanese cohort, where high number of CD204+ but not CD68+ or CD163+TAMs was associated with worse relapse-free survival and breast cancer-specific survival (67). However, data about the specific prognostic value of CD206 and CD204 for BC patients is still limited.

Combinations of markers can be also used to identify correlations of TAM amount/phenotype with clinical parameters and metastatic potential BC. For example, the high number of CD68+/COX-2 TAMs in the tumor stroma (TS) and high number of COX-2/CD163 in both tumor nest (TN) and TS were observed in tumors of patients with poor survival that was demonstrated by using multiplex immunofluorescence (63). High expression of MMP-9 in the CD68+/CD163+ TAMs was associated with worse OS in ER+ tumors (78). High expression of CCL18+ and SIGLEC1+ TAMs (markers identified by RNA-seq) in 456 breast cancer (USA) was significantly associated with shorter disease-specific survival (DSS) (79). It was noted that TIE2+/CD31+ subpopulation of macrophages abundantly infiltrated metastatic LNs from human breast cancer biopsies but not reactive hyperplastic LNs (80). On the other hand, the amount of stabilin-1+ (M2 marker) TAMs in human breast cancer was mostly abundant on stage I disease (9).



TAMs in Different Tumor Compartments Are Differentially Associated With Breast Cancer Progression

The importance of TAM localization within different compartments of the tumor for BC pathogenesis was demonstrated in several studies. The localization of TAMs in tumor stroma (TS) and tumor nest (TN) showed controversial clinical value of TAMs in tumor progression and prognosis (62). Thus, high CD68+ TAMs infiltrating TS were significantly associated with larger tumor. High CD68+, and CD163+ TAM density in TS was significantly associated with LN metastasis (62). Positive correlation with OS was identified for CD68+ macrophages infiltrating TS, but not TN and for CD163+ macrophages in TN and TS structures (63, 69). Interestingly, high expression levels of CD68+ TAMs in the tumor core were significantly associated with shorter OS at the 10-year follow-up while CD68+ TAMs in the tumor periphery were not significantly associated with OS (70). Infiltration of higher number of CD11c+ macrophages in TS was higher in cases with favorable OS, but infiltration in TN did not correlate with OS (66). In the same study the infiltration of higher numbers of CD68+ or CD163+ macrophages in tumor stroma in BC patients didn’t depend on the OS, while infiltration in tumor nest was higher in patients with unfavorable OS (66). For metastatic BC patients, the numbers of CD163+ macrophages in tumor nest were an independent prognostic marker of reduced OS and DFS (66).

The importance of TAM localization in different compartments of tumor was confirmed in several studies of Russian cohort of patients. Our studies demonstrated that in patients with lymph node metastasis the amount of CD68+ macrophages in ductal gaps was lower compared to metastasis-free patients (53). Based on the intratumor morphological heterogeneity the high number of CD68+stabilin-1+ macrophages in solid structures estimated by immunofluorescent analysis was associated with an increased frequency of LN metastasis in luminal B HER2- BC (50). Solid structures demonstrated an elevated expression of factors involved in the mesenchymal type of collective cell invasion (81). So, CD68+stabilin-1+ TAMs localized in solid tumors potentially may contribute to the invasion and the induction of epithelial–mesenchymal transition (EMT) (50).

As was mentioned above, TAMs can be strongly associated with the features of BC molecular subtypes. However, presented results are somehow controversial. Thus, high CD68+TAM infiltration in triple-negative breast cancer (TNBC) had a significantly higher risk for developing distant metastasis and lower rates of DFS and OS (82). In TNBC patients, high CD163+ TAM infiltration and low level of E-cadherin were independent prognostic factors of OS and DFS (83, 84). Oppositely, the analysis of TAMs in 200 cases of basal-like BC (which is similar to TNBC) showed that increased stromal infiltration of CD68+ or CD163+ macrophages correlated with higher 5-year recurrence and 5-year breast cancer mortality (45).

A high level of infiltration of intratumor CD68+ TAMs was an independent prognostic factor for poor DFS in the hormone receptor-positive subgroup, but not in the hormone-receptor negative subgroup (85). At the same time, tissue microarray (TMA) of samples with BC revealed that CD68+ macrophage infiltrates were independently associated with improved RFS for patients with ER-negative tumors (86). In contrast, poor OS correlated with high expression of CD68 in ER− cases, while high expression of CD163 was associated with improved OS in ER− cases but not in ER+ cancers (78).

In Swedish, Norway, Chinese, and Egyptian cohorts of patients, CD163+ macrophages positively correlated with estrogen and progesterone receptor negativity, triple-negative/basal-like breast cancer and inversely correlated with luminal A breast cancer (62, 66, 69, 87). Association between high density of CD163+ TAMs and hormonal receptor negativity was also revealed in a meta-analysis of 1,672 specimens of non-metastatic invasive BC (65).

In common, higher infiltration of TAMs, expressed both pan-macrophage marker CD68 and specific M2 markers, is associated with more aggressive molecular subtypes of breast cancer. Taken together, TAM abundance correlated with unfavorable clinicopathological features and survival in patients with breast cancer. Their polarization and localization in different tumor compartments should be taken into account for determining the prognostic and/or predictive role of TAMs.




TAMs and Breast Cancer Treatment

Treatment of breast cancer is multimodal and includes surgery, radiation therapy, chemotherapy, and molecular treatments (88). Choice of therapy depends on individual course of the disease, including lymph node involvement, hormone receptor status, HER2 overexpression, and patient age and menopausal status. For HER2-positive patients, trastuzumab, an anti-HER2 monoclonal antibody, demonstrates improvement of the survival and administered in combination with chemotherapy. Patients with ER- or PR-positive breast cancer receive endocrine therapy, such as an aromatase inhibitor and selective modulator of estrogene receptors (tamoxifen) (89). For patients with high-risk disease, chemotherapeutic treatment includes an anthracyclines and taxanes, while for low-risk disease, anthracyclines are more commonly used (90). TNBC, the most aggressive type, including BRCA ½ positive patients, should be treated with platinum-based chemotherapy (carboplatin or cisplatin) in neoadjuvant regime which showed more advantages in comparison with standard schemes (91). The most important parameter for the assessment of successful chemotherapeutic treatment and improved survival is the achievement of a pathologic complete response (pCR) (92). After therapy, tumor relapse can happen in up to 40% of patients with breast cancer (93). In case of TNBC, only 30–45% of patients can achieve pCR compared to patients with ER-positive tumors (94). Below we describe how TAMs correlate with different types of therapy and show the perspectives of TAM targeting (Table 7).

The accumulation of TAMs in breast tumors after neoadjuvant chemotherapy (NAC) was identified both in animal models and in analysis of different patient cohorts (72, 95). In a study of 311 BC patients of Swedish cohort flow cytometry analysis revealed higher percentage of tumor-infiltrating CD45+CD11b+CD14+ macrophages from women who received NAC (paclitaxel and fluorouracil–doxorubicin–cyclophosphamide) compared to the tumors from women treated with surgery alone (72). In a small cohort of patients (seven patients, USA) who received paclitaxel-based NAC the amount of CD68+ TAMs in the tumor after NAC was higher than in biopsy specimens obtained before NAC (95). Increased accumulation of TAMs after paclitaxel (PTX) treatment was detected also in tumors of PyMT-mice (95).

Predictive value of macrophages for the response to chemotherapy is still controversial. Using CIBERSORT algorithm to summarize the results of 56 studies, totaling 10,988 cases of breast cancer, it was found that M2 macrophages are strongly associated with a lack of pathological complete response (pCR) and resistance to chemotherapy (96). Positive correlation of low CD68 expression with pCR was shown in patients with BC who received trastuzumab in NAC regime (97). Gene chip analysis revealed that high CD68/CD8 ratio is also a predictive biomarker for reduced rate of pCR in 311 breast cancer patients from a Swedish cohort that underwent neoadjuvant chemotherapy (PTX and fluorouracil-doxorubicin-cyclophosphamide) (72). In contrast, in 108 patients with BC (UK cohort) who received NAC (capecitabine plus docetaxel preceded by adriamycin and cyclophosphamide), high levels of CD163+ TAMs significantly correlated with a pCR both in tumor and metastatic axillary LNs (98). However, no correlation was found between CD68 expression and pCR (98) (Table 7). The semiquantitative method applied in this study for immunohistochemical analysis is useful for description of intergroup differences in CD68+ and CD163+ expression; however, it cannot guarantee the reproducibility of tissue scoring in further studies (98). It can be also hypothesized, that CD163+ TAMs differ in their origin from other CD68+TAMs.

We recently analyzed the predictive role of new TAM-released pro-angiogenic and monocyte chemotactic factor YKL-39 in patients who received PTX- or taxotere-based NAC (17). We found that high gene expression of YKL-39, in biopsies obtained before NAC, positively correlated with increased risk of distant metastasis and poor response (stabilization or progressive disease) to therapy (17) (Table 7). In our other study that included 68 female patients with BC (Russian cohort) who received anthracycline-containing NAC, the absence of clinical response is associated with the presence of M2+ macrophage phenotype (YKL-39-CCL18+ or YKL-39+CCL18−) (20). In our study of patients who underwent neoadjuvant chemotherapy (multiple schemes) CD68+ TAMs in areas with parenchymal elements negatively correlated with lymphatic metastasis (52).

In contrast to YKL-39, high epithelial and stromal PD-L1 expression in biopsies obtained before NAC (PTX-based or platinum-based) correlated with increased rate of pCR after NAC, especially in hormone-positive and Her2-postive breast cancer (99).

Several studies in mouse models confirmed the effectiveness of treatment based on the combinations of chemotherapeutic agents and inhibitors of macrophage activity in tumor. Thus, in vivo in MMTV-PyMT (PyMT) tumor-bearing mice, treatment with paclitaxel (PTX) in combination with CSF1 and cKIT receptor tyrosine kinases inhibitor (PLX3397) but not with PTX alone resulted in a significant reduction in CD31+ vessel density, reduced pulmonary metastases, and activation of cytotoxic T cell response (72). Using the same mouse model, it was found that TAMs are the source of the cathepsins during PTX treatment. Combining PTX with cathepsin deletion [by JPM-OEt (JPM), a pan-cathepsin inhibitor] significantly improved therapeutic efficacy of PTX, inhibited tumor growth and metastatic burden, and improved late-stage survival (95). In this study the addition of low-dose cyclophosphamide enhanced antitumor efficacy of treatment (95). In another study using MMTV-PyMT transgenic mice, PTX showed more pronounced antitumor effect in combination with the selective class IIa histone deacetylase (HDACIIa) inhibitor TMP195 which modulates macrophage phenotypes promoting phagocytosis of cancer cells (100).

In mice bearing chemoresistant MCF-7 breast cancer xenograft treatment with combined chemotherapy (CMF—cyclophosphamide, methotrexate, 5-fluorouracil) and anti-CSF-1 Fab [murinized, polyethylene glycol-linked antigen-binding fragment (Fab) against mouse (host) CSF-1] reversed chemoresistance of MCF-7 xenografts, reduced angiogenesis, macrophage recruitment, suppressed tumor growth, down-regulated expression of the chemoresistance genes, and improved survival rates (101). In cyclophosphamide-treated mouse mammary tumors and in human breast cancer that underwent NAC (cyclophosphamide), the M2 subpopulation of TAMs (CD206+TIE2hiCXCR4hi) was found around the blood vessels, where they promoted tumor revascularization and relapse (102).

It was found that TAMs mediate the resistance of breast cancer during endocrine therapy by tamoxifen. MCF-7/THP-1 co-injected mice showing more extensive growth were characterized by tamoxifen resistance in contrast to MCF-7-injected animals (103). In vitro generated TAMs from THP-1 cells showed M2 phenotype (CD163+) when cultured with conditioned medium from tamoxifen-resistant MCF-7 cell lines (104). The possible mechanism of the resistance is a feedback loop between TAM-released CCL2 and PI3K/Akt/mTOR signaling activated in cancer cells (104). Clinically, in ER-positive and Her2-negative breast cancer, CD163+ TAMs more abundantly infiltrated tamoxifen resistant tissues in comparison with tamoxifen sensitive tissues (105).

Currently, there is no consensus about the effect of TAMs on the efficiency of chemotherapy in patients with breast cancer. However, most of mouse models demonstrated the negative role of TAMs in the tumor response to chemotherapeutic treatment.




TAMs and Colorectal Cancer

Colorectal cancer (CRC) is the fourth most commonly diagnosed malignancy and the fifth leading cause of cancer-related deaths in the world. In 2018 more than one million new cases of colorectal cancer were diagnosed and almost 550 thousands deaths were registered worldwide (34). Five-year survival of patients with CRC is still below 60% in most European countries (106).

Major pathological parameters used for the prognosis of CRC include TNM stage, microsatellite status tumor grade, and lymphovascular invasion. The mutation status of KRAS, BRAF, and NRAS has a predictive value for the response to anti-EGFR therapy in metastatic context (107). The most common site of metastasis with the worst prognosis is the liver. Other sites of metastasis include the lung, bone, multiple sites, and brain (108).

Similar to breast cancer, colorectal tumors display intratumor heterogeneity that is based on the abnormalities in three different main molecular pathways: (1) chromosomal instability (CIN) (more than 50% of cases), (2) microsatellite instability (MSI) (6–15% of cases), and (3) CpG island methylating phenotype (CIMP), or epigenetic instability (up to 20% of cases) (107, 109).

Although the colon cancer and rectal cancer are usually epidemiologically registered as CRC, they should be considered as two separate diseases due to their topography, surgical challenge, therapy, complications, and relapse pattern (108, 110). Rectal cancer is characterized by more frequent local relapses than colon cancer. Additionally, colon cancer is divided to the left and right cancer types (108). The Consensus Molecular Subtypes (CMS) classification of colon cancer was proposed in 2015 by Justin Guinney and colleagues, who analyzed the data of gene expression of 4,151 colon cancer patients (111). Four types of CMS are proposed: 1) CMS1 (MSI, immune type, 14% of total CRC) is characterized by hypermutation, high microsatellite instability, pronounced immunogenicity, mutations of the BRAF gene; 2) CMS2 (canonical, 37% of total CRC) is an epithelial type characterized by activation of Wnt and MYC signaling pathways and high frequency of copy number changes in somatic cells; 3) CMS3 (metabolic type, 13% of total CRC) is an epithelial type characterized by metabolic dysregulation and mutations of the KRAS gene and by heterogeneous microsatellite and chromosomal instability; 4) CMS4 (mesenchymal type, 23% of total CRC) is characterized by activation of the TGF-β signaling pathway, epithelial–mesenchymal transition, severe stromal infiltration, active neoangiogenesis, and poor prognosis. One subtype with mixed characteristics (13% of total CRC) is also distinguished, that can be also a transition phenotype or special case of intratumor heterogeneity (111). Both CMS1 and CMS4, which are immunogenic, showed high levels of infiltrating CD8+ cytotoxic lymphocytes and CD68+ TAMs (112). Stromal cell infiltration was significantly higher in tumors with CMS4 compared to other CMS. In contrast, the canonical (CMS2) and metabolic (CMS3) subtypes with intermediate prognosis exhibit less pronounced immune and inflammatory responses (112). Despite high heterogeneity of CRC, the prognostic role of TAM infiltrate in the context of different molecular subtypes or histological localizations remains to be investigated.


TAMs in Colorectal Tumors and Metastasis

In colorectal cancer (CRC), a number of in vitro studies showed pro-tumor activity of macrophages that induce growth and invasive behavior in colon cancer cells (113–115). For example, human colon cancer cell lines (HCT116, WiDr, SW480, and RKO) co-cultured with monocyte cell lines (THP-1 and U937) showed enhanced invasiveness compared to control tumor cells alone (113). Co-cultured HT-29 or HCT116 colorectal cell lines with TAMs (THP-1 cells stimulated by conditioned media from CRC cell lines) demonstrated enhanced EMT supporting migration, invasion, and circulating tumor cells (CTC)-mediated metastasis. Invasive phenotype of CRC tumor cells was regulated by TAM-derived IL-6 which activated the JAK2/STAT3 pathway and resulted in increased FoxQ1 expression. In turn, the production of CCL2 by tumor cells was enhanced that promoted macrophage recruitment (114). The limitation of these studies was the use of proliferative THP-1 cells which differ significantly from human primary blood monocytes. In vitro condition medium (CM) from LPS-treated macrophages containing IL-1b, IL-6, and TNF-α induced proliferation of HCT116 colon cancer cell line, increased NF-kB activity and VEGF secretion in cancer cells (116). In another study, HCT116 and HT29 colorectal cancer cells cultivated with M2 macrophages expressed reduced levels of E-cadherin but increased levels of vimentin and showed enhanced invasive ability (115). It was also found that TAMs can produce ECM proteins (the abundance of collagen types I, VI, and XIV) in CRC, that induce ECM remodeling (117).

In contrast, there is a series of convincing evidence obtained by Beelen R. and Bögels M. that indicates that macrophages in CRC have M1 phenotype with antitumor activity (27, 28, 118). Thus, they found that human monocytes incubated with the conditioned media of colon carcinoma cells (HT29, HCT116, RKO, SW620 and SW948) show high production of pro-inflammatory cytokines (IL-6, IL-12, and TNF-α) and increased gene expression of the chemokine ligand CXCL13 but decreased expression of anti-inflammatory cytokine IL-10 and the pro-angiogenic cytokine IL-8 (27). Human monocytes stimulated with conditioned media of breast carcinoma cell lines (SKBR3, MCF7 and ZR-75–1) stimulated in macrophages enhanced production of IL-10 and expression of mannose receptor 1 (MR1), CCL17, and CCL22, that are M2-associated chemokines (27). In rat model of CRC tumors, administration of flavonoids rutin and luteolin, that reduce monocyte migration, resulted in reduced number of intratumoral ED1+ immature macrophages without affecting ED2+ resident macrophages (28). Rutin and luteolin administration enhanced tumor size and increased peritoneal metastases (28). Incubation of co-culture of BMDMs and CRC cancer cells (CC531s) with MG4-c1, MG4-c2a, or MG4-c2b mAb led to increased tumor cytotoxicity and decreased tumor cell growth (118). In CRC rat model, resident liver macrophages (Kupffer cells) were involved in cytotoxic effect eliminating tumor cells under monoclonal antibody treatment (118).


Favorable Role of Total Amount of TAMs in Prognosis of CRC

CD68+ TAMs serve as a good prognostic factor for patients with CRC in different cohorts of patients (Table 3, Figure 1). Thus, IHC analysis of Japanese cohort of 30 patients with CRC showed that low levels of CD68+ TAMs in invasive front and tumor stroma were associated with more advanced colorectal cancer, while high amount of TAMs was found in patients with good prognosis (126). In European cohorts of patients, similar correlations have been identified. Tissue microarray of 100 patients with colon cancer (Germany) demonstrated that amounts of CD68+ macrophages were decreased at higher stage tumors (127). Analysis of 210 samples with primary colorectal cancer (Bulgaria) showed that lower number of CD68+ TAMs in tumor invasive front significantly correlated with the presence of metastases in local lymph nodes, with distant metastases and with more advanced tumor stage (III and IV stages) (119). Lower number of CD68+ cells in tumor border was also found in patients where tumor cell invaded the blood circulation, lymph vessels or were characterized by perineural invasion and lower grade of inflammatory infiltration. High level of TAM infiltration in tumor invasive front was an independent favorable prognostic factor for overall survival (119). High intraepithelial and stromal expression of CD68 predicted long-term OS and correlated with significantly less tumor budding at the invasive front and absence of lymph node metastasis in the Greek cohort of 201 patients with primary CRC (120). In a Swedish cohort of 488 patients with colon and rectal cancer, high infiltration of CD68+ macrophages was associated with high survival of patients (121). Significant positive association between DFS and CD68+ cells was demonstrated in the USA cohort of 188 patients with colorectal cancer liver metastasis (128).


Table 3 | Representative studies demonstrating the association of TAMs with tumor progression parameters in colorectal cancer.



IHC analysis of CD68 expression in CRC tissue in Chinese cohorts of patients revealed similar correlations. Thus, a study of 160 patients with stage IIIB and IV colon carcinoma demonstrated that high density of CD68+ macrophages in invasive front of tumor was associated with higher 5-year survival rate and lower hepatic metastasis (122). However, in this study, the exact quantitative parameters have to be interpreted carefully, since the semiquantitative method applied relies on a subjective visual assessment that could affect reproducibility (122). In 521 patients with stage II colon cancer after radical resection, low CD68+ TAM density was significantly associated with perineural invasion (124). This finding was confirmed by using validation cohorts (314 eligible patients) (124). IHC staining of 118 CRC tissues demonstrated positive association of intratumoral CD68+ TAM count with depth of invasion, lymph node metastasis, and tumor staging. Besides, a significant association between CD68 expression and MMP-2 and MMP-9 expression in CRC was found (113). The difference of this study was the fact that CD68+ TAM infiltration was estimated only in intratumor compartment where they have very low density. For M1 macrophages expressing NOS2, their high infiltration was demonstrated to be significantly associated with improved cancer-specific survival in patients with colon cancer of the Swedish cohort (54).



Negative Role of M2-Like TAMs in Prognosis of CRC

In contrast to the total amount of macrophages defined mostly by CD68 marker, M2-like phenotype of macrophages is rather indicative for the negative prognosis of patients with CRC (Table 3). IHC analysis of Chinese cohort of 81 patients with CRC showed that high expression of stromal CD163 at tumor invasive front was significantly associated with tumor grade, lymphovascular invasion, tumor invasion, lymph node metastasis, and TNM stage and correlated with poor RFS. High level of CD163 was also associated with reduction of E-cadherin and high expression of vimentin in cancer cells, an indication of EMT (114). In the same cohort high CD163+/CD68+ ratio in the tumor front, but not in tumor stroma, was closely correlated with enhanced lymphovascular invasion, tumor invasion, and TNM stage as well as recurrence-free survival (RFS) and OS of patients with CRC. Moreover, CD163+/CD68+ ratio in tumor front was also significantly associated with EMT program and CTC amount (115). A study of 150 patients of Spanish cohort demonstrated that CD163+ macrophages were found in tumor invasive front while CD80+ cells located in adjacent normal mucosa in less invasive T1 colorectal cancer that was detected by immunohistochemistry. At stage III CRC, higher CD68 and lower CD80/CD163 ratio was associated with decreased OS (129). Tissue microarray of samples obtained from 163 patients with rectal cancer from the South Eastern region in Sweden demonstrated that CD163+ biopsies have earlier local recurrence and poor survival (123, 130). One contradictory study was found. In 201 patients with primary CRC (Greece), improved survival was identified in tumors with strong stromal infiltration of CD163+ M2 macrophages, which presented 40% of the total macrophage population (120). CD163+ macrophages were also predictive of the lower tumor grade and less lymph node metastasis that was demonstrated by next-generation tissue microarray construction (120). In this study, expression scores were dichotomized according to the mean into low and high groups; however, the authors did not provide the information about mean number used as threshold, thereby limiting our ability to compare the obtained results with data from other studies (120).

Using two independent cohorts of Chinese patients with stage II CRC (521 patients and 314 patients) it was found that high CD206+ TAM density was significantly associated with stage II of CRC characterized by poor differentiation (124). A high CD206/CD68 ratio was significantly associated with poor differentiation, pathological T4 stage, lymphatic/vascular invasion, and perineural invasion. Besides, patients with CD206+ TAM density and high CD206/CD68 ratio had significantly worse DFS and OS (124). CD204+ TAMs were abundantly detected in high-grade colorectal adenomas in comparison with low-grade adenomas that was shown immunohistochemically in 88 tubular or tubulovillous adenomas (131). In advanced colorectal cancer (stage IV), patients with a high number of peritumoral or intratumoral stabilin-1+ macrophages had a shorter DSS that was found in the Finland cohort of 159 patients. Moreover, a low number of suppressive intratumoral stabilin-1+ macrophages in this cohort correlated with a low number of distant recurrences (125).

TAMs were also found to be involved in tumor progression by expressing several markers expressed also by other cell types. Interestingly, VEGF+ TAMs/stroma in colon cancer is indicative for the increased survival in comparison with patients with the absence of VEGF expression in stroma (132). Patients with CRC (Swiss cohort) tumors with VEGFA gene amplification have reduced CD68+ and CD163+ TAM infiltration, while high-grade tumors are associated with increased CD163+ and reduced CD68+ macrophage infiltration (55). In another study, high percentage of VEGFR1+ macrophages in lymph node metastasis was associated with worse outcome in patient with CRC (133). VEGFR1+ circulating monocytes in blood of patients with LM predicted reduced PFS and site of recurrence (liver) in CRC (133). In contrast, mTORC2 activity (pPKCα staining) in macrophages was negatively associated with tumor stage and LN metastasis in the Austrian cohort of CRC patients. Low mTORC2 activity in macrophages in tumors was significantly associated with lower survival rate (134).




TAMs and Colorectal Cancer Treatment

The main strategies in the treatment of colorectal cancer are surgery, radiation therapy (or chemoradiation), chemotherapeutic treatment (135). Chemoradiation and short-course radiotherapy have more advantages than chemotherapy alone and result in improved survival. Conventional chemoradiation regimens include fluorouracil or capecitabine. Addition of oxaliplatin to fluorouracil improved DFS (135). FOLFOX (oxaliplatin-containing regimens) and FOLFIRI (irinotecan-containing regimens) showed more efficacy than 5-FU alone (135). Neoadjuvant FOLFOX chemotherapy combined with radiotherapy followed by radical resection is the standard combined therapy in patients with locally advanced colon cancer (136). However, the treatment response to neoadjuvant CRT is variable from a pathological complete response (pCR) to total resistance. pCR was associated with the favorable survival, however, has ranged from 10 to 30% (137).

The presence of activating mutations in the KRAS, NRAS, and BRAF genes is the criterion to refuse the therapy with the anti-EGFR agents. Mutations in these genes occur in about 55–60% of colorectal cancers. Patients with KRAS, NRAS, or BRAF mutations do not benefit from anti-EGFR therapies (138). Targeted drugs, such as bevacizumab (human anti-VEGF antibody), cetuximab, and panitumumab (human EGFR monoclonal antibodies) have been proven to be effective against metastatic CRC in patients (139). Survival of patients with metastatic CRC increased with the addition of irinotecan or oxaliplatin to 5-FU. However, the recurrence rate remains high, especially in rectal cancer.

The role of TAMs in the efficiency of treatment is strictly limited in the studies of patients with CRC (Table 7). High CD68+ TAM infiltration in tumor tissue of 123 patients with metastatic CRC decreased the efficacy of bevacizumab plus FOLFIRI scheme (folinic acid, 5-fluorouracil, irinotecan) of chemotherapy (140). In stage II colon cancer with high CD206/CD68 ratio, adjuvant chemotherapy significantly improved the DFS rate from 38.9 to 68.0% at 3 years and from 33.1 to 66.0% at 5 years (124). Oppositely, for 208 patients resected for stage III colorectal cancer, high CD68+ TAMs in invasive front of tumor and in metastatic lymph node were associated with better DFS only in 5-fluorouracil-treated patients compared to untreated ones (141).

Clinical trial of bevacizumab plus FOLFIRI treatment in patients with metastatic colorectal cancer demonstrated that single-nucleotide polymorphisms in genes regulating TAM-related functions significantly associated with clinical outcome in metastatic CRC patients (142). CCL2 rs4586, CCL18 rs14304, and IRF3 rs2304205 correlated with PFS in KRAS mutant patients of the TRIBE cohort; TBK1 rs7486100 correlated with OS in KRAS wild-type patients of TRIBE cohort (142).

Most pieces of evidence are found in vitro or in animal models. In several studies TAMs were found to be involved in the resistance of tumor to 5-fluorouracile (5-FU). Thus, 5-FU treatment significantly increased the infiltration of CD68+TAMs in the mouse subcutaneous CT-26 tumors (143). In vitro putrescine (polyamine) secreted by TAMs significantly attenuated 5-FU-induced growth inhibition of SW-480 and HCT-116 cell lines (143). 5-FU treatment induces CCL22 secretion by M2 macrophages in vitro (144). Co-culture of colon cancer cells and M2 macrophages treated with 5-FU indicated that macrophages mediate cell migration and invasion in CRC cells inducing EMT and activating PI3K/AKT pathway (144). CCL22 neutralizing antibody increased the apoptosis in cancer cells. Clinically, CCL22 expression was elevated in patients with colorectal adenocarcinoma and was positively associated with CD163+ TAMs. Patients with higher CD163+ M2 macrophages and high expression of CCL22 in CRC tissue had worse overall survival (OS) (144).

Administration of oxaliplatin (OXP) with other potential antitumor drugs demonstrated antitumor effect in several mouse models of CRC. The expression of F4/80 and iNOS significantly decreased under oxaliplatin (OXP) treatment in tumor-bearing mice (145). OXP inhibited the M1-like macrophages polarization while had little effect on differentiation into M2-like macrophages in vitro (145). Administration of oxaliplatin combined with Toll-like receptor agonists R848 reversed the functional orientation of MDSCs towards M1-like macrophages and strengthened antitumor effect of oxaliplatin in vivo (145). In an abdominal implantation model of colon cancer intraperitoneal administration of OXP inhibits tumor cell growth by a decrease in CD11b+F4/80high macrophages in tumors (146). Treatment of CT26 tumor-bearing mice with combination of oxaliplatin with trifluridine/tipiracil (FTD/TPI), a new antimetabolite agent, induced TAM depletion and promoted CD8+ T-cell infiltration in tumors (147).

Contradictory results were found for cetuximab interaction with macrophages. In AOM/DSS-induced colon cancer mouse model, cetuximab (anti-EGFR antibody) treatment inhibited total F4/80+/CD11b+ TAMs and M2 (F4/80+/CD206+) TAM accumulation (148). Down-regulation of gene expression of M2 polarization markers, ARG1, IL-10, and IL-4, was observed in tumor. In vitro THP-1 cells stimulated with conditioned medium from HCT116 cell with EGFR knockdown acquired M1 phenotype (by upregulation of IL-12, CCR7, and TNF-α) and down-regulation of M2-related markers (IL-10, ARG1, CCL17, CCL22, and IL-4) (148). In contrast, cetuximab induced production of anti-inflammatory and tumor-promoting mediators, including IL-10 and VEGF activating M2-macrophages in co-culture of CRC cell line and human monocyte-derived macrophages (149).

In summary, there is still no agreement about the role of TAMs in the treatment of CRC. Such contradictory results clearly depend on the animal model, type of in vitro study, patient cohort, and type of anti-cancer drug. Most of presented studies indicate that TAMs enhance tumor resistance to chemotherapy in colorectal adenocarcinoma. Therefore, to achieve the maximum efficiency of chemotherapy in CRC, the combined approaches that include targeting of TAMs should be developed.




TAMs and Lung Cancer

Lung cancer is the leading cause of cancer-related death and the second most diagnosed cancer worldwide. More than two million new cases and more than 1.7 million deaths were registered in 2018 worldwide (34).

Lung cancer is highly heterogenic and can be localized in different anatomic compartments of the lung and manifests in variable symptoms (34, 150). There are two main histological types of lung cancer: non-small cell lung carcinomas (NSCLC) (85% of patients) and small-cell lung carcinomas (SCLC) (15%). These two types differed by growth, metastatic spread, and treatment strategy. NSCLC is classified into three subtypes: adenocarcinoma, squamous cell carcinoma, and large cell carcinoma (34, 150). Unfortunately, around 70% of patients are diagnosed at the advanced stages of the disease (stage III or IV) (34). Around 40% of the newly diagnosed patients have stage IV of NSCLC (151). The 60-month OS rate for NSCLC remains poor, from 50 to 70% in patients with early-stage operable disease, dropped to 2–5% in patients with stage IVA–IVB (150). The brain is the most frequent site of distant metastasis in lung cancer patients, and metastatic process is a major cause of morbidity and mortality. Brain metastases are found in 80% of SCLC and 30% NSCLC (152, 153).

The lung is one of the major barrier organs for the defense of the organism against foreign particles and pathogens. The lung anatomy and cellular composition are ideal to fulfil this defense function without induction of unnecessary inflammation (77). Numerous components of the immune system, including abundant alveolar macrophages (AMs), are involved in the maintenance of the immunological homeostasis. The role of AMs in lung cancer remains contradictory. Lung tumors activate tumor-supporting role of resident AMs by decreasing their antibody-mediated cytotoxicity and antigen processing and presentation ability and by enhancing their pro-angiogenic activity (154, 155). However, in numerous studies antitumor activity of AMs has also been demonstrated (155). The mechanism of AM programming by TME remains to be investigated.

We focused on TAMs located in lung tumor tissue and discussed the prognostic relevance of TAMs below.


TAMs in Lung Tumors and Metastasis

In lung cancer TAMs represent the most abundant immune cell component of TME (154) (Figure 1). TAMs in lung cancer promote cancer proliferation, epithelial–mesenchymal transition (EMT), invasion and metastasis, resulting in poor patient outcome (156, 157). Lung cancer cells activate macrophages and other non-malignant stromal cells, such as fibroblasts and vascular endothelial cells, in the TME to form a positive feedback between tumor cells and TAMs promoting tumor progression (158–160). However, the detailed mechanisms by which TAMs promote malignancy in lung cancer remain largely unclear.

Numerous studies confirmed that in lung cancer TAMs contribute to tumor progression and metastasis through the production of variety of chemokines and growth factors (156, 161–163). In vitro lung carcinoma cells (human NSCLC A549 cells) induce polarization of THP-1 cells to CD206+ M2 phenotype (156). In turn, M2 macrophages promoted EMT and invasion in lung cancer cells upregulating CRYAB expression on tumor cells and activating the ERK1/2/Fra-1/SLUG signaling pathway. Clinically, high expression of CRYAB on tumor cells was associated with lymph node metastasis and tumor stage (III–IV) (156). In human and mouse tumors TAM accumulation correlated with the expression of integrin αvβ3 on cancer cells, a known driver of epithelial cancer progression and drug resistance (164). In mouse model of Lewis lung carcinoma (LLC), macrophage depletion with clodronate in combination with genetic ablation of CCR2 and CX3CR1 (receptors responsible for monocyte recruitment) inhibited cancer cell growth and metastasis enhancing survival in mouse (160). In human lung cancer samples from 72 NSCLC patients, intratumor CD68+ TAM infiltration and CCR2 expression correlated with tumor stage and metastasis (160).


Total Amount of TAMs in Lung Cancer Progression

Lung macrophages are major component of lung tissue due to their essential role in the clearance of the infectious and non-infectious contaminants of the air (77). Due to their high abundance, their increased amount is not the critical factor for the progression of lung cancer. However, there are still some reports in Chinese cohorts where the correlation of CD68+ cells with clinical parameters of lung cancer was examined (Table 4).


Table 4 | Representative studies demonstrating the association of TAMs with tumor progression parameters in lung cancer.



Thus, in patients with NSCLC, the expression of CD68 in tumor tissue was significantly higher in comparison with normal tissue, and high amount of CD68+ macrophages positively correlated with a higher TNM stage, peritumoral LVD, and LN metastasis (56, 165). Association between infiltration of CD68+ macrophages and EGFR-status was demonstrated in study of 105 surgically resected tumor samples (50 EGFR mutated and 55 EGFR wild-type) (171). CD68+ cells within the tumor niche exhibited more intensive infiltration in wild-type EGFR than in mutated tumors, and were related to lymph node invasion (171).

Similar to breast cancer the intratumoral localization of TAMs can have distinct role on the prognosis. IHC analysis of 99 patients with NSCLC demonstrated that the number of CD68+ macrophages in the tumor islets was positively associated with OS, whereas the number of macrophages in the tumor stroma was negatively associated with OS (172). However, specific phenotypes in tumor islets and stroma were not identified in this study, and the role of CD68+ TAM amounts in lung cancer metastasis was not clarified.



Subpopulations of TAMs in Lung Cancer Progression

TAM phenotype in lung cancer is characterized mostly by M2-like markers, such as CD163, CD204, and MARCO. A number of studies demonstrated that M2 macrophage phenotype positively correlates with poor survival and efficient development of metastasis in lung cancer. In order to elucidate the biological and clinical significance of M2 TAMs, a comprehensive clinical study that assessed tissue distribution of CD163+ TAMs in tumor stroma, tumor islets, and alveolar space in 160 NSCLC patients from the Japanese cohort was performed (166). Thus, high stromal and alveolar density of CD163+ TAMs significantly correlated with the C-reactive protein (CRP) level in circulation, the Ki-67 proliferation index and invasive size, tumor differentiation, lymph node metastasis and pathological stage (166). The DFS and OS were significantly lower in patients with high infiltration of stromal and alveolar CD163+ TAMs. The islet CD163+ TAMs were not associated with these parameters (166). Availability of all quantitative parameters in this study used as thresholds for TAM density in stromal and alveolar compartments merits our attention as an example of scientific transparency and clarity (166).

A study of 335 patients with stage I–IIIA NSCLC from the Danish cohort revealed the association of the density of CD163+ macrophages in tumor nests and stroma with elevated CRP level and LN metastases, but no correlation with RFS or OS was found (167). The significant accumulation of CD163+ TAMs in malignant pleural effusion of lung cancer patients closely correlated with reduced PFS (173). CD163+ macrophages were the predominant macrophage subpopulation detected in bronchoalveolar lavage fluid (BALF) from lung cancer patients (174, 175). However, no significant correlation of CD163+ macrophages in BALF with clinical and pathological parameters was found, indicating prognostic role of CD163+ TAMs in tumor tissue, but not in BALF.

In contrast to other tumor types that are considered in the present review, most pronounced prognostic significance of CD204+ macrophages in lung cancer was shown in a number of studies of Japanese cohort of patients (Table 4). Thus, in 297 samples obtained from patients with NSCLC, high density of CD68+ or CD204+ TAMs (assessed independently by IHC) in tumor stroma, but not in tumor islets or alveolar space, positively correlate with an advanced disease stage and histological grade, pleural invasion, node status, and wild-type EGFR gene status, and poor DFS of NSCLC patients (168). Similarly, CD204+ macrophages in the tumor stroma of 201 patients with lung adenocarcinoma positively correlated with tumor differentiation, pathologic stage, T status, nodal involvement, lymphatic permeation, vessel invasion, and pleural invasion (176). Besides, the numbers of CD204+ macrophages significantly correlated with microvessel density and the numbers of Foxp3+ lymphocytes and the expression levels of IL-10 and MCP-1 (176, 177). High levels of CD14+CD204+ cells in the pulmonary vein (PV) of patients with NSCLC were identified in cases of early recurrence and were positively related to the expression of CD204 in the tumor stroma of 207 stage I lung adenocarcinoma patients from Japanese cohort (178).

Controversial data have been obtained in a Norway study of 553 primary NSCLCs. It was found that high levels of CD204+ M2 as well as CD68+/HLA-DR+ M1 and CD68+ infiltration in stromal and intratumor compartments were independently associated with improved NSCLC-specific survival (169). HLA-DR+/CD68+ M1 TAM level significantly decreased from pathological stage I to stage III. In lymph nodes, the intratumoral level of HLA-DR+/CD68+M1 was an independent positive prognostic indicator (169). Technologically, this study differed from the previous ones by using multiplex chromogenic immunohistochemistry in tissue microarrays.

MARCO was defined as one more M2 marker of TAMs in lung cancer. Multiplex immunofluorescent staining of tumor samples from NSCLC Swedish patients demonstrated the co-localization of CD68, CD163, and MARCO (179). Co-staining of PD-L1, MARCO, and CD68 revealed MARCO+ TAMs are in direct contact with PD-L1+ tumor cells and demonstrated co-localization of MARCO and PD-L1 in TAMs (179). RNA-seq analysis of 199 tumor tissues from the same Swedish cohort showed the positive correlation of MARCO gene expression with the expression of genes associated with immunosuppressive TAMs (CD163, CD204, IL4R, CHIA, TGFB1, and IL10), genes of regulatory T-cells (FOXP3, TGFB1, IL10, EBI3, PDCD1, and CTLA4), genes of exhausted T-cells (PDCD1, CTLA4, TIGIT, BTLA, HAVCR2, and LAG3), genes of cytotoxic T-cells (CD8A, PRF1, GZMA, and GZMB) and genes of immune checkpoint molecules PD-L1, VISTA, PD-1, and CTLA4 (179). MARCO-expressing TAMs which may be considered as a specific macrophage subpopulation contributed to an immunosuppressive mechanism protecting cancer cells.

The distribution of M1 and M2 macrophages in tumor islets and tumor stroma may differ and can be associated with survival rates in NSCLC patients (170). Thus high infiltration of M1 macrophages (CD68+iNOS+) in tumor islets was associated with increased overall survival (OS) in NSCLC, while high infiltration of total M2 macrophages (CD68+CD163+) in tumor islets and stroma was associated with reduced OS in NSCLC (170).

In lung cancer TAMs have a great heterogeneity, and a number of studies demonstrated the prognostic value of TAMs expressed specific markers. For example, TAMs isolated from 96 primary lung cancer tissues displayed the elevated level of cathepsin K, COX-2, MMP-9, PDGF-B, uPA, VEGFA, and HGF (180). MMP9 and VEGF expression was significantly higher in patients with LN metastasis and lymphovascular invasion (180). Recently, using LLC-induced tumors of MafB-GFP knock-in heterozygous mice, transcription factor MafB was detected to be specifically expressed in CD204+ TAMs (181). Immunostaining analysis of human lung cancer tissue revealed that MafB is expressed in the same region and mostly in severe samples together with CD204+ and CD68+ TAMs (181). In peripheral blood collected from patients with lung carcinoma, B7-H4-expressing CD68+ macrophages were found. The level of B7-H4-expressing macrophages was significantly higher in lung cancer patients in comparison with healthy donors and was related to tumor size, lymph node metastasis, and TNM stage (182). CD68+ macrophages also expressed the protein V-set and Ig domain-containing 4 (VSIG4), a novel B7 family-related macrophage protein which has the capacity to inhibit T-cell activation; however, no correlations of VSIG4+ TAMs with patient’s outcome was found up to this date (183). Triggering receptor expressed on myeloid cells (TREM)-1, a molecule crucial for the triggering and amplification of inflammatory response was found to be expressed on TAMs in NSCLC. TREM-1+ TAMs in tumor tissue of patients with NSCLC were associated with reduced DFS and OS (184). SPP1 expressed by TAMs was indicated as an independent predictor for OS and DFS, especially for stage I NSCLC (185). TMA analysis of 159 lung cancer tissue samples demonstrated that MVD was increased in patients with positive expression of SPP1 in TAMs compared with that in the SPP1-negative group (185). IHC analysis of 213 cases of human lung adenocarcinoma specimens revealed that PD-1 is preferentially expressed by CD163+ TAMs in the tumor stroma, and these stromal PD-1+ TAMs were an independent predictor of reduced survival in lung cancer patients (57). Furthermore, PD-1+ TAMs possess a unique transcriptional profile as compared to PD-1− TAMs as was shown in mouse allografts of lung adenocarcinoma (57).




TAMs and Lung Cancer Treatment

The primary treatment for early stage lung cancer (Stages I and II) is surgery which provides long-term survival in patients. Five-year OS after surgical resection is 60–80% for patients with stage I NSCLC and 30–50% for patients with stage II NSCLC (151). In patients with unrespectable tumors, primary radiotherapy is used. The platinum-based chemotherapy used in adjuvant regimen is beneficial for stage II NSCLC patients (151).

For advanced lung cancer (Stage IV) the treatment with platinum (cisplatin or carboplatin)-based chemotherapy in combination with taxanes (paclitaxel, docetaxel, or vinorelbine), antimetabolites (gemcitabine or pemetrexed), or vinca alkaloids (vinblastine) is recommended as a first-line therapy (151, 153).

Lung cancer cells can carry mutations in a number of proto-oncogenes including KRAS, EGFR, BRAF, PI3K, MEK, and HER2, making targeted drug to be attractive treatment strategy (152, 153). The first of the approved targeted drugs for NSCLC patients are anti-EGFR agents, tyrosine kinase inhibitor (TKI) Erlotinib (Tarceva) and gefitinib (Iressa). Gefitinib might be recommended as a first-line therapy for patients with EGFR mutations, while chemotherapy is preferred if EGFR mutation status is negative or unknown. Anti-VEGF inhibitor (Bevacizumab) is also used for the treatment of lung cancer (151). Bevacizumab in combination with first-line platinum-based chemotherapy showed significantly improved response rates, PFS, and OS compared to chemotherapy alone (153). Several clinical trials investigated therapeutic approaches that combine Immune Checkpoint Inhibitors (anti-CTLA4, anti-PD1, anti-PD-L1) and chemotherapy in NSCLC (152). However, resistance to these treatments frequently occurs that makes the development of new antitumor strategies based on immunomodulation highly relevant.

Contradicting results are available for the association between macrophage polarization and the antitumor effect of distinct drugs (e.g. chemotherapy, tyrosine kinase inhibitors) (Table 7). In patients with stage II/III NSCLC (USA cohort), treated by platinum-based NAC, density of CD68+ TAMs was higher than in untreated patients (186). In NAC treated patients higher levels of TAMs both in tumor nest and stroma were associated with better OS (186). In contrast, low total macrophage number defined by CD68 expression is an independent factor for better DFS in pN2 stage IIIA NSCLC patients receiving neoadjuvant chemotherapy (NAC) (cisplatin/docetaxel) from the Chinese cohort (187). However, high tumor islet/stromal macrophage ratio was significantly associated with longer DFS and OS (187). In a French study of 122 stage III-N2 NSCLC patients treated with cisplatin-based chemotherapy, no correlation of CD68+ TAMs with survival rates was found (188). These data indicated TAMs located in tumor nest (islets) as a favorable prognostic factor after platinum-containing chemotherapeutic treatment.

Several studies indicated the influence of chemotherapy on circulating monocytes in lung cancer. Thus, the absolute number of total CD14+ monocytes (taken before treatment) in peripheral blood of patients received adjuvant cisplatin-based chemotherapy was significantly increased in patients with progressive disease (PD) after chemotherapy in comparison to patients with partial response (PR) or stable disease (SD) (189). Percentage and absolute number of CD14+HLA-DR−/low MDSCs were significantly increased in patients with PD compared with patients with PR and SD after chemotherapy (189). Besides, the low amount of CD14+HLA-DR−/low cells was associated with longer PFS (189). Significant increase of IL-1beta (M1 cytokine) and significant decrease of IL-1ra (M2 cytokine) production by alveolar macrophages isolated from BALF after platinum-based chemotherapy were demonstrated in patients with small cell lung cancer from the Japanese cohort (190). It was also found that platinum-containing drug oxaliplatin induced immunogenic cell death (ICD) in LLC cells, activating dendritic cells with CD80+CD86+ phenotype and enhancing cytotoxic CD8+ T cells in LLC tumor tissues, which resulted in tumor regression in a mouse model of lung cancer (191). However, no effect of oxaliplatin on macrophages was investigated in this study (191).

Tyrosine kinase inhibitors (TKIs) were found to have an impact on the polarization of TAMs. In the study of 206 stage IIIb or IV NSCLC patients treated with EGFR-tyrosine kinase inhibitors (gefitinib or erlotinib), stromal TAMs were the predominant CD163+ TAMs (192). Among all patients as well as patients with EGFR mutation, TAM density was significantly related to poor PFS and OS (192). In contrast, in LLC-derived mouse model, Gefitinib (EGFR inhibitor) and Imatinib (tyrosine kinase inhibitor) inhibited the M2-like polarization of macrophages by reducing expression of CD206 and CD163 and M2-like genes (Arg1, Mgl2, Ym1, Fizz1, IL-10, CDH1, CCL2). This promotes anti-metastatic effect of Gefitinib and imatinib (193, 194). The combination of Gefitinib/simvastatin with anti-PD-L1-modified liposomes or with Vorinostat (histone deacetylase inhibitor) demonstrated better antitumor effect by repolarization of macrophages (inhibition of CD206, ARG-1 expression and activation of CD86, iNOS expression, and ROS production) and inhibition of revascularization (downregulation of VEGF, HIF-1a and CD31 expression) in lung cancer cell lines (195, 196). Vorinostat had an impact on TAM re-polarization. In mouse lung tumor tissues, the percentages of F4/80+ CD206+ cells and CD68+CD206+ cells were decreased at the 7th day after the administration of Imatinib (194).

Recent case report is available that suggested that TAMs in lung cancer can be a predictor of a positive response to anti-PD-1 antibodies (nivolumab) in patents with EGFR-mutated lung cancer (197). In this case report a 72-year old male patient with lung adenocarcinoma (cT1bN2M0, cStage IIIA) was harboring anEGFRexon19 deletion. The patient was subjected to right upper lobectomy after NAC. Twelve months after the surgery, recurrence of multiple brain metastases was identified, and the brain lesions were treated with γ-knife therapy. Thirteen months after radiosurgery, multiple lung metastases have been identified by CT. Chemotherapies, including EGFR tyrosine kinase inhibitors (TKIs), erlotinib, carboplatin plus paclitaxel, and docetaxel, were then administered consecutively. Erlotinib as second-line therapy was continued for seven months with a partial response. However, multiple lung metastatic lesions regrew. Although, the PD-L1 expression was negative, nivolumab was administered as sixth-line therapy. After seven cycles of nivolumab administration, the patient has continued treatment with nivolumab for more than two years with no evidence of tumor regrowth or serious immune-related adverse events (197). TAMs were analyzed in lung tumor by IHC, and CD68, CD206 and PD-L1 expression was detected (197). However, this study does not provide any evidence for the dynamic changes of TAM amounts or phenotypes in primary tumor and metastatic sites and also during different chemotherapy approaches. The presence of TAMs does not explain their role in the tumor spread and response to various chemotherapy approaches. In lung cancer patients of Italian cohort, CD163+CD33+PD-L1+ macrophages with epithelioid morphology (alveolar macrophage-like) defined by the authors as “complete immunophenotype,” were detected in all patients with hyperprogression. The authors suggested that CD163+CD33+PD-L1+ TAMs are statistically significantly associated with hyperprogression compared to patients without hyperprogression (198). However, it is hard to understand whether CD163+CD33+PD-L1+ TAMs can be also found in small amounts in patients without hyperprogression. These reports show that our knowledge about the role of TAMs in response to various types of chemotherapy as well as to immunotherapy in patients is strictly limited. They highlight the urgent need to intensify investigations in this field.

In summary, several lines of evidence show that TAMs can improve the response of lung cancer patients to chemotherapy, in particular their higher amount in tumor nest in case of platinum-based chemotherapy. Increased amount of circulating monocyte that can be recruited to tumor mass and differentiate into TAMs is rather a negative factor for the patient response to cisplatin-based chemotherapy. TAMs correlated with poor response to EGFR-tyrosine kinase inhibitor Gefitinib, while in mouse models Gefitinib induced re-polarization of TAMs to antitumor phenotype. The role of TAM in immunotherapy of lung cancer needs careful analysis. The mechanism of TAM interaction with of anti-lung cancer treatments has to be identified in order to develop new immunomodulating approaches.




TAMs and Ovarian Cancer

Ovarian cancer (OC) is the most lethal gynecological cancer (199). Around 300 thousand new cases of ovarian carcinoma are diagnosed worldwide in 2018, with around 184 thousand deaths (34). The origin of more than 90% of malignant ovarian tumors is epithelial. Epithelial OC is a heterogeneous disease with histological subtypes that differ by cellular origin, pathogenesis, and prognosis (199, 200). Epithelial OC consists of five main histotypes: high-grade serous (HGSOC; 62%), endometrioid (ENOC; 20%), clear cell (CCOC; 8%), mucinous (MOC; 5%), and low-grade serous (LGSOC; 5%) (199, 200). High-grade serous ovarian carcinoma (HGSOC) is often diagnosed at the late stages and exhibits the highest aggressiveness and mortality (201).

The biological behavior of ovarian carcinoma differs from other tumors by the pattern of hematogenous metastasis through transcoelomic dissemination of tumor cells via the peritoneal fluid (202, 203). In ascite, cancer cells detached from the primary tumor obtain EMT phenotype, form multicellular spheroids and attach preferentially on the abdominal peritoneum or omentum through a passive mechanism, carried by the physiological movement of peritoneal fluid (203). Floating spheroids form a continuously repopulated chemoresistant niche, that leads to the high mortality of patients with cure rate of only 30% (203).

There are no effective criteria to diagnose OC at early stages, and screening tests for ovarian cancer are limited in sensitivity. Therefore, up to 70% of cases are detected at the advanced stages (204). The five-year survival of patients with disseminated tumors is only about 25% at the stage III and not more than 5% at the stage IV stage (according to International Federation of Gynaecologists and Obstetricians (FIGO) (205). Despite a good response of disease to the first line of standard platinum/taxane-based chemotherapy (cisplatin or carboplatin and paclitaxel or docetaxel), development of recurrence associated with multidrug resistance is detected within a short period in 70% patients (206). Moreover, it was shown that these chemotherapeutic agents, as well as anthracyclines and cyclophosphamide, can contribute to metastasis (206). It is not excluded that such pro-metastatic effect can be due to the detrimental effects of the therapeutic agents on the components of TME, including TAMs. However, the effects of chemotherapeutic agents on TAMs in ovarian cancer remain to be investigated. So it is necessary to develop more effective approach to cure the patients who have acquired drug resistance during standard chemotherapy, and this approach has to include programming of intratumoral immunity.


TAMs in Ovarian Tumors and Metastasis

By analysis of the role of macrophages in OC progression both TAMs infiltrating tumor mass and TAMs intimately interacting with cancer cells in ascitic fluid should be taken into account.

The total number of TAMs as well as specific subpopulations in the tumor mass was examined in the patient cohorts from a broad spectrum of countries, including UK, Italy, Canada, China, Korea. The correlation of TAMs with clinical-pathological parameters (TNM stage, histotypes, lymph node metastasis, hematogenious metastasis) and survival rates was analyzed. Similar to breast cancer, a number of studies demonstrated positive correlation of TAMs with poor prognosis in OC. However, in contrast to breast cancer, CD68 was not frequently used as TAM marker to evaluate TAM levels (Table 5, Figure 1). Thus, in the study of 332 patients with high-grade serous ovarian carcinoma (HGSOC) from the UK cohort, stromal CD68 expression was found to be positively associated with survival rates (207). In 112 ovarian cancer patients from the Chinese cohort, intratumoral CD68+ TAM density significantly increased with increasing cancer stage and grade, however, displayed no prognostic significance in both the Kaplan–Meier survival and multivariate Cox regression analyses (208).


Table 5 | Representative studies demonstrating the association of TAMs with tumor progression parameters in ovarian cancer.




Subpopulations of TAMs in Ovarian Cancer Progression

The association of macrophage polarization with survival of ovarian cancer patients was demonstrated in numerous studies that used M1 and M2 markers for the phenotyping of TAMs or M1/M2 ratio (Table 5). Meta-analysis of nine studies (eight from Chinese cohorts and one from USA cohort), including 794 patients, revealed that higher M1(iNOS+ or HLA-DR+)/M2(CD163+) ratio, but not just CD68 or CD163 expression in tumor tissues, was associated with a favorable OS (211). Besides, elevated M1/M2 ratio predicted better PFS of ovarian cancer (211). In contrast, worse PFS was associated with high density of CD163+ TAMs and higher ratio of CD163/CD68. High density of CD163+ and CD68+ TAMs was observed in OC with advanced TNM stage (211). IHC analysis of 110 Chinese patients with stages III–IV epithelial ovarian cancer revealed that PFS and OS rates were higher in the low-CD163 expression group than in the high-CD163 expression group (209). CD68 expression did not show significant differences, while the high CD163/CD68 ratio was a negative predictor for PFS and OS (209). In the study of the Chinese cohort that enrolled 112 OC patients, the M1 (HLA-DR+)/M2(CD163+) ratio also positively correlated with 5-year survival rates (208). Decrease in M1/M2 ratio was observed in cancer specimens from Stage I through Stage IV. At the same time, high number of CD163+ TAMs was associated with increasing cancer stage and the size of the residual site (208). In patients from the Italian cohort a positive relationship between the M1(CD14+CD80+)/M2(CD14+CD163+) ratio and OS and PFS was found in patients with HGSOC and patients with other histotypes or ovarian metastases (210). High serum levels of CD163 in Korean patients with EOC were associated with advanced stage and with short DFS and OS (212). The density of CD206+ macrophages was not prognostic, but a higher ratio of CD206+/CD68+ cells was strongly associated with worse PFS and poorer OS that was found by IHC analysis in a cohort of 199 HGSOC patients from the Canadian cohort (58).

There is evidence about the differences in TAM clinical value between different histological types of ovarian cancer. Thus, the numbers of CD68+ macrophages, as well as the numbers of macrophages positive for M2 markers (CD163 and CD204) in borderline and malignant tumors were significantly higher in both serous and mucinous ovarian tumors than in benign tumors (213). As for serous carcinoma, total CD68+ macrophage infiltration together with CD163 expression was significantly increased in high-grade serous ovarian cancer (HGSOC) compared to low-grade serous ovarian cancer (LGSOC) (214). At the same time LGSOC had significantly lower microvessel density assessed by CD31 and lower MMP9 expression (214).

Other studies found the associations of macrophages expressed different specific factors with clinical and pathological parameters in ovarian cancer (Table 1). In peripheral blood of 51 patients with pathologically diagnosed ovarian cancer the proportion of PD-L1+ CD68+ cell among CD68+ cells and the intensity of PD-L1 staining on CD68+ cell were significantly higher in the ovarian cancer group in comparison with the healthy group (215). Besides, these parameters were increased at the late stage cancer (stages III–IV) compared to early stage cancer (stage I–II) (215). IHC and immunofluorescent analysis of tumor samples from 102 OC patients of Chinese cohort showed that reduced ratio of M1(HLA-DR+ or iNOS+)/M2(CD163+ or VEGF+) TAMs and the increased densities of COX-2+ TAMs were the predictors of poor prognosis (216).

B7-H4 (the member of the B7 family of T cell costimulatory molecules, is a negative regulator of T cell responses) was found to be expressed by TAMs in ovarian cancer. Primary ovarian tumor cells express intracellular B7-H4, whereas TAMs have surface B7-H4 expression (217). B7-H4+ tumor macrophages expressed higher levels of CD86 than B7-H4-tumor macrophages, but the expression of other molecules responsible for T cell activation (HLA-DR, HLA-ABC, CD40, and CD80) did not differ. In vitro and in vivo, B7-H4+ TAMs, but not cancer cells, suppressed T cell immunity. Blocking B7-H4, but not arginase, inducible nitric oxide synthase or B7-H1 restored the T cell stimulating capacity of the macrophages and contributed to tumor regression in vivo (217).

Gene chip analysis showed that human TAMs express significantly higher levels of insulin-like growth factor 1 (IGF1) than undifferentiated M0 myeloid cells (218). In vitro TAMs may increase the proliferation and migration of ID8 mouse EOC cells by upregulation of IGF1. Blockade of the IGF1 pathway in ID8 cells with an IGF1 neutralizing antibody effectively inhibited the proliferation and migration of ID8 cancer cells (218). Using histological data obtained from 395 EOC patients, it was found that CD163+ TAM infiltration correlates with higher expression of ZEB1 that drives EMT in ovarian cancer cells (219). ZEB1 expression was identified in TAMs, and ZEB1+TAMs correlated with poorer survival and higher expression of CCR2 and MMP9 in patients with EOC. Mouse TAMs that expressed Zeb1 were prone to the polarization toward an F4/80low pro-tumor phenotype and accelerated tumor growth (219). IHC study of 108 samples from patients with EOC demonstrated that CD68+ TAM infiltration and high-mobility group box protein 1 (HMGB1) expression closely correlated with lymph node metastasis and with poor OS (220). In vitro, TAMs isolated from ascites of EOC patients and HMGB1 facilitated lymphangiogenesis by inducing LEC proliferation, migration, and capillary-like tube formation (220).



Ascitic TAMs in Metastasis of Ovarian Cancer

In ovarian cancer TAMs have a clinical significance not only by infiltrating tumor mass but also by the interacting closely with cancer cells in ascites. Ascite, which is a hallmark of OC, contains a large number of components of unique peritoneal TME, including tumor spheroids and immune cells, such as TAMs and T cells (201, 202). Experimental mouse models have demonstrated that TAMs constitute a major cell fraction in ascites that support the survival of cancer cells and promote cancer progression, chemoresistance, and immunosuppression (202, 204, 221–223).

Interestingly, TAMs were found to maintain transcoelomic metastasis by tumor spheroids (221). As was shown, in tumor spheroids isolated from 128 patients (USA cohort) with advanced stage OC, higher amounts of CD68+ macrophages were found in poorly differentiated OC compared with more-differentiated OCs, and their amount correlated with lymphovascular invasion (LVI) and ascite volume. High number of CD68+ macrophages in these spheroids was significantly associated with lower 5-year OS of patients (221). In a mouse model of ovarian cancer, EGF, secreted by TAMs, promoted early transcoelomic metastasis. Immunostaining of mouse tumor spheroids isolated from ascite, confirmed that EGF was specifically detected in TAMs that were surrounded by EGFR+ tumor cells. Pharmacological blockade of EGFR or neutralizing antibody for ICAM-1 in TAMs blunted spheroid formation and ovarian cancer progression in mouse models. These findings suggest that TAMs play an essential role in spheroid formation during the process of transcoelomic metastasis of OC (221).

The possibility to isolate high amount of pure macrophages from the ascitic fluid enables high throughput analysis of their transcriptome and proteome. The transcriptomic and proteomic analysis of TAMs in ascites of OC patients was performed in detail by the group of R. Muller (224–226). Transcriptomic analysis (RNA-seq) of TAMs isolated from 18 ascites of ovarian cancer patients (Germany cohort, serouse, and clear cell carcinoma) revealed two signatures of expressing genes: signature A, characterized by the hyperexpression of pro-tumor markers (CD163, PCOLCE2, IL6) related to ECM remodeling and signature B with low expression of pro-tumorigenic and immunosuppressive markers and an upregulation of genes linked to interferon signaling (225). It was shown that subgroup A of TAMs correlated with a short OS, while subgroup B linked to a favorable clinical outcome in OC patients (225).

RNA-seq analysis also revealed that CD163+ or CD206+ TAMs isolated from the ascites of HGSOC patients (Germany cohort) have elevated expression of protumorigenic growth factors and cytokines, e.g. CCL18, KITLG, SEMA6B, S100B, and VEGFB and downregulated tumor suppressive mediators, e.g. CXCL10, CXCL11, IL15, TNFSF10, and TNFSF14 (226). The increased expression of proteins involved in ECM remodeling (ADAMTS2, CTSB, FBLN5) and complement factors (C1QC and CR1L) was also found in CD163 or CD206-expressing TAMs. TAMs from ascites also produce CCL5, CXCL8, IL1RN, CCL18, CXCL2, CXCL3, acting as a chemokines for the monocyte/macrophage recruitment (226). The gene expression of IL10, TGFbeta1, S100A8, S100A9, and IL10RA was upregulated in TAMs compared to tumor cells isolated from the ascites of OC patients (227).

Surprisingly, flow cytometry analysis identified that neither CD163 nor CD206 distinguishes TAMs (from ascite of 79 OC patients) from resident peritoneal macrophages (pMPHs) (from 11 patients undergoing hysterectomy for non-malignant diseases (ovarian cyst, uterine myomatosis, endometriosis) (224). RNA-seq data confirmed that TAMs closely resemble pMPHs (224). Both TAMs and pMPHs expressed a number of macrophage markers, including phagocytosis-associated receptor genes (CD36, MSR1, SCAR family genes,TIMD4, CD163), FCGR genes, complement receptor genes (CD93/C1Q-R1, C3AR, CR1, C5AR1), and polarization marker genes (IL10). However, upregulation of ECM remodeling genes (COL family genes, LUM, PCOLCE2) was selectively observed only in ovarian cancer TAMs (224). The limitation of this study may be due to the comparison of TAMs from OC patients and pMPHs from the patients with non-malignant diseases, but not pMPHs from healthy donors.




TAMs and Ovarian Cancer Treatment

Patients with stage I ovarian cancer undergo surgery. Treatment of stages II–IV of epithelial OC includes complete surgical resection, followed by platinum-based chemotherapy. Another option is NACT, interval cytoreductive surgery, followed by adjuvant platinum/taxane chemotherapy (228, 229). Platinum and taxane combination as chemotherapeutic treatment showed improved survival in early stage OC of high-grade lesions (216). In the past 2 years the interest to the problem of the interaction of chemotherapy and TAMs in OC has been increased and some novel data were accumulated.

Cisplatin is a most frequently used conventional drug in ovarian cancer patient (228). In vitro, cisplatin stimulated human macrophage-like THP-1 to become classically activated (CAMs) and to produce CCL20, chemokine ligand 20 (macrophage inflammatory protein-3 (MIP3A), that activates CCR6 on ovarian cancer cells, promoting EMT and migration (230). Cisplatin has only limited effect on the polarization of CAMs, by increasing IL-1β expression, but not affecting other typical M1 (TNFα, iNOS) and M2 (IL-10, ARG-1, CCL18) polarization markers. The specific blockade of CCL20 on CAMs as well as inactivation CCR6 on tumor cells by siRNA diminished cisplatin-induced cancer cell migration. Thus, a novel pro-migration mechanism driven by the crosstalk between cisplatin and CAMs, allow to consider the CCL20-CCR6 axis for therapeutic targeting to reduce chemotherapy-induced metastasis in advanced stage ovarian cancer (230). In vitro in co-culture of THP-1 macrophages and A2780 cancer cells, cisplatin downregulated expression of CD274, IL-6 and HLA-DRA without inducing M2-type markers in M1-type macrophages, while doxorubicin caused the decrease in HLA-DRA and increase in CD206 (231). In M2 macrophages, downregulation of CD163 and IL10 under doxorubicin treatment was observed (231).

Recently molecular profiling of more than 500 genes was performed, and 22 immune subsets were estimated with computational analysis CIBERSORT in 13 studies that enrolled 2,218 patients with HGSOC, who underwent platinum-based chemotherapy. As was found, a high fraction of M1 and M0 macrophages was associated with favorable OS, whereas the M2 macrophages conferred worse OS that was found by CIBERSORT approach (232). In the study from Netherlands, which enrolled 69 peritoneal samples from patients with HGSOC who underwent NAC, an increase in CD3+ cells in peritoneal metastases of HGSOC was observed and an increase of CD3+ and CD8+ cells was associated with improved PFS and OS; however, no correlation between TAM number and outcome was found after NAC (233). Patients with HGSOC from the Italian cohort treated with adjuvant cisplatin-based chemotherapy (cisplatin/carboplatin + Taxol + bevacizumab) had a significantly higher M1/M2 ratio in platinum-sensitive tumors compared to platinum-resistant tumors (210) (Table 7).

Paclitaxel is the antitumor agent which enables the rearrangement of microtubules resulting in cell cycle arrest in tumor cells (2). Paclitaxel can also program the immune system for tumor inhibition. The microarray analysis of tumors derived from OC patients undergoing paclitaxel chemotherapy revealed that paclitaxel exposure results in the increase in genes linked to the M1 macrophage activation profile (IFNg-stimulated macrophages) in comparison with gene profile before treatment (234). In vitro TAM phenotype skewed to M1-like one mediated by TLR4 innate immunity receptor. This study endows new evidence that the antitumor effect of paclitaxel occurs in part via reactivation of the immune response against cancer, with repolarization of TAMs toward the M1-like antitumor phenotype (234).

In vitro and in vivo treatment with paclitaxel and carboplatin increased MCP-1 expression in ovarian cancer cells that is known to be responsible for inducing macrophage migration (235). Chemotherapy with paclitaxel or carboplatin may generate debris in ID8 ovarian cancer cells which triggers macrophage production of the proinflammatory cytokines TNF-α, MIP-2/CXCL2, MIP-1β/CCL4, CCL2/MCP-1, as well as sICAM-1/CD54 and G-CSF (236). Cytokine storm induced by debris-stimulated macrophages was prevented by the dual cyclooxygenase-2 (COX-2) and soluble epoxide hydrolase (sEH) inhibitor PTUPB. Indeed it may be an approach to suppress debris-stimulated ovarian tumor growth by preventing the therapy-induced surge of cytokines and lipid mediators (236). Hyaluronic acid-based nanoparticles encapsulating miR-125b (HA-PEI-miR-125b) specifically target TAMs in the peritoneal cavity of a syngeneic ID8-VEGF ovarian cancer mouse model and repolarize macrophages to an immune-activating phenotype (increased CD80 and iNOS and reduced CD206 and ARG1 expression) (237). Intraperitoneal administration of paclitaxel in combination with HA-PEI-miR-125b nanoparticles enhanced the antitumor efficacy of paclitaxel mediating by the significant reduction in the ascite fluid and peritoneal VEGF levels (237). Docetaxel treatment increased the infiltration of macrophages in ID8 tumor-bearing mice. Docetaxel in combination with BLZ945 (CSF-1R inhibitor) treatment significantly inhibited tumor growth, reduced the abundance of TAMs, increased CD8+ T cell infiltration and prevented lung metastasis in a mouse epithelial ovarian cancer (238). Imminofluorescence/confocal analysis of 24 patients with OC (Belgium cohort) who underwent platinum-based neoadjuvant chemotherapy (carboplatin and paclitaxel) revealed an increase in vessel width, TAMs, and M2-like macrophages after NAC (239). Blood vessel width was correlated with M2 presence. The additional use of bevacizumab (anti-VEGF therapy) resulted in more pronounced increase in the number of TAMs and M2 macrophages compared to paclitaxel–carboplatin alone (239).

A phase 1/2 study of 18 patients who had platinum-resistant ovarian cancer (the Netherlands) showed that gemcitabine reduced myeloid-derived suppressor cells and increased immune-supportive M1 macrophages (240). Combination of gemcitabine and Pegintron (IFN-alpha) stimulated higher portions of circulating CD4+ and CD8+ T-cells but not regulatory T-cells. All patients vaccinated with p53 synthetic long peptide (SLP) vaccine showed strong specific T-cell responses. Combination of gemcitabine, the immune modulator Pegintron and therapeutic peptide vaccination is a new approach of combined chemo-immunotherapeutic regimens to treat ovarian cancer that has anti-cancer programming effect on innate and adaptive immune systems (240).

In summary, published data about the interaction of TAMs with anti-ovarian cancer treatment are highly diverse. Most of the results were generated in animal models or in vitro, while data from clinical studies is strictly limited. In vitro and animal studies demonstrated opposite effects of treatment on TAMs that depend on both experimental models and chemotherapeutic agent with different mechanisms of action. For example, cisplatin, which is a DNA intercalating agent, supported tumor-promoting functions of TAMs, while paclitaxel, affecting microtubules, induced pro-inflammatory program in TAMs. Mouse pre-clinical models and clinical trials provided promising data for the combination of chemotherapy and TAM-blocking agents that opens the perspectives for using integrated approachs in the treatment of ovarian cancer.




TAMs and Prostate Cancer

Prostate cancer (PC) represents the second most frequent malignancy in men with an estimated over 1.5 million new cases diagnosed annually worldwide and ranks as the fifth leading cause of cancer-associated mortality globally (241). The incidence and mortality rates of PC are trending upwards due to population aging and urbanization, thereby having a significant social and financial burden on global healthcare system (242).

PC belongs to hormonally driven malignancy, whose primary progression relies on functional activity of androgen receptors (243). Accordingly, three stages in prostate carcinogenesis are distinguished: precancerous intraepithelial neoplasia, androgen-dependent, and followed by aggressive androgen-independent PC (244). Adenocarcinoma is the most common prostatic tumor, whereas other histological subtypes such as urothelial, small cell, squamous cell, and basal cell carcinomas are diagnosed quite rarely (245). The major routes for PC progression include extracapsular extension and spread to pelvic lymph nodes, as well as metastasis to lungs and bones (246). Furthermore, given the abundant innervation of prostate peripheral zone, primary tumors arising in this area tend to escape the organ through perineural invasion (247).

Routine screening of PC involves an evaluation of serum levels of prostate specific antigen (PSA), a serine protease produced by prostate epithelium, while the gold standard for diagnosis confirmation is prostate biopsy analysis (248). Apart from the TNM staging system, Gleason score is used to characterize the PC metastatic potential on the basis of differentiation patterns. Thus, high-grade PC (Gleason score over 7) has higher risk of metastasis as compared to less aggressive primary tumors with Gleason score below 6 (249).

Given the hormone dependent nature of PC, androgen deprivation therapy (ADT) has been regarded as a standard treatment approach for patients with PC (250). Despite the initial efficacy and improvement in OS rates, prolonged hormonal treatment is eventually associated with the emergence of aggressive castration-resistant prostate cancer (CRPC) associated with high mortality and poor patient outcomes (251). Current evidence suggests that inflammatory microenvironment, especially TAMs, is involved in the onset of prostate carcinogenesis and acts as an essential modulator of further malignant progression, metastasis, and overall therapeutic response (252).


TAMs in Prostate Tumors and Metastasis

In human prostate cancer, the inflammatory component of local TME is considered as an essential modulator of malignant progression and determinant of the overall therapeutic response (253). To date, a number of investigations have focused on the patterns of macrophage infiltration in prostate cancer specimens in attempts to validate its clinical and pathological significance (254) (Table 6). The primary analysis of TAMs in 85 prostate carcinomas (Sweden, 2000) demonstrated significant increase of the cell profile area and volume density of CD68+ macrophages in cases with higher Gleason score (260). A positive correlation was also found between the size of individual macrophage and angiogenesis measured as the number of von Willebrand factor-positive microvessels in the most vascularized area (260). In the same cohort, increased density and cell profile area of CD68+ TAMs were recognized as predictors of shorter cancer-specific survival (CSS) (260). Next study of a cohort of 81 prostate cancer patients from USA cohort revealed an increase of macrophage density in tumor versus adjacent benign tissue (255). Interestingly, a negative association between the amount of CD68+ TAM infiltrate in total tumor tissue and TNM clinical stage was found, while TAM density within cancer cell area positively correlated with Gleason score (255). Such contradicting results may reflect the heterogeneous distribution of TAMs in the tissue samples and highlights the importance of the compartment-specific macrophages in prostate tumorigenesis. High levels of CD68 in biopsy specimens of 859 patients from the USA cohort with benign prostatic hyperplasia were associated with increased risk for overall clinical progression (261). Several independent investigations confirmed high expression of CD68 in advanced prostate cancer. Thus, IHC study of 131 Japanese prostate cancer patients detected abundant CD68+ macrophage infiltration in tumor mass in patients with higher serum prostate-specific antigen (PSA) and Gleason score (59). The relapse-free survival rates in the same cohort were significantly lower in patients with greater TAM counts (59). Appropriate reporting of methodology, quantitative assessment and statistical analysis in this study could be necessary to ensure the quality of data interpretation in accordance with scientific rigor (59). Tissue microarray (TMA) containing 332 radical prostatectomy specimens (USA cohort) revealed greater abundance of CD68+ cells in malignant areas in comparison to benign tissues, as well as increase in mean TAM numbers in Gleason grade 4 versus grade 3 (262). IHC analysis of 100 specimens of prostate adenocarcinoma of the Turkish cohort demonstrated positive correlation between the density of CD68+ TAM infiltration and such clinical–pathological parameters as tumor stage, Gleason score, extracapsular extension, perineural invasion, and positive surgical margins (256). Furthermore, a study involving 93 prostate cancer patients from the Italian cohort identified that high expression of CD68 in primary tumor identified by IHC was an independent predictor of biochemical recurrence (defined as elevation of PSA level) after radical prostatectomy (263). Increased CD68+ macrophage count was observed in metastases from the lymph nodes, liver, bladder, rectum, and seminal vesicles in comparison to the corresponding primary tumors collected from 59 prostate cancer patients from the Norway cohort (264). Recent study of representative TMA collected from over 400 patient cohort from Germany confirmed the increase of CD68+ cell numbers in prostate cancers with Gleason score over 8 (265). Microarray analysis of 9,393 prostate cancer samples demonstrated that elevated expression signature of TAMs is strongly associated with worse distant metastasis-free survival (266). Thus, a number of studies indicated that higher CD68+ macrophage abundance in tumor tissue reflects aggressive tumor behavior and unfavorable patient outcomes in prostate cancer.


Table 6 | Representative studies demonstrating the association of TAMs with tumor progression parameters in prostate cancer.




Subpopulations of TAMs in Prostate Cancer Progression

Not only total macrophage amount but also specific macrophage subtypes were found to be correlated with clinical and pathological characteristics of prostate cancer patients (Table 6). IHC analysis of tissue specimens derived from 93 Italian prostate cancer patients has identified that high amount of CD163+ TAMs was associated with extracapsular extension (Gleason score > 7) and worse biochemical recurrence-free survival rates (257). Increased infiltration of CD163+ cells correlated with higher Gleason score and incidence of metastasis, as well as lower rates of CSS in a cohort of 234 Swedish prostate cancer patients (258). These findings were further confirmed in a study involving 592 patients with diagnosed prostate cancer from the Swedish cohort demonstrating greater CD163+ macrophage infiltration in aggressive tumors with Gleason scores ranging from 8 to 10 (267). The risk of death from prostate cancer in the same cohort was almost twofold higher in patients with high amount of CD163+ TAMs versus those with lower numbers (267). Positive correlation between the number of CD206+ macrophages and Gleason scores was found in Chinese cohort of 42 prostate adenocarcinoma patients (268). TMA of 192 prostate cancer samples from the USA cohort revealed greater amount of CD206+ TAMs in primary adenocarcinoma and lymphatic metastases in comparison to benign prostate tissues (269). IHC analysis of 373 prostate biopsy samples (Japanese cohort) demonstrated significantly lower numbers CD204+ TAMs in cases with prostate cancer in comparison to benign specimens (270). Negative correlation between the density of CD204+ TAMs and the clinical T stage was confirmed in the retrospective study of 135 PC patients from the Japanese cohort (259). Inverse association was demonstrated between the expression of MSR-A in primary tumors and the presence of lymph node metastases in the USA cohort of 90 prostate cancer patients (271). YKL-40 is an emerging TAM biomarker that is produced by both macrophages and cancer cells and enhances inflammation in TME (272). YKL-40 is also a strong inducer of tumor angiogenesis (273). In macrophages, YKL-40 is induced by IFNγ and can be considered as M1 biomarker (14, 16). Significantly higher concentrations of YKL-40 were detected in the serum of 153 patients (from Denmark) with metastatic prostate cancer compared to healthy donors (274). Accordingly, elevated plasma YKL-40 levels at the time of diagnosis were predictive of shorter OS rates in the same cohort of patients (274).




TAMs and Prostate Cancer Treatment

To date, androgen deprivation therapy (ADT) is accepted as a standard treatment approach for patients with advanced prostate cancer (250). Despite initial efficacy and improvement in the OS, prolonged hormonal treatment is eventually associated with aggressive castration-resistant prostate cancer (CRPC) (251). Multiple lines of evidence indicate crucial role of TAMs in therapeutic response and in post-treatment recurrence of prostate cancer (275). In comparison with tumor tissues from hormone-naïve prostate cancer patients, CRPC samples displayed higher number of CD68+ macrophages expressing cathepsin S enzyme known to be involved in angiogenesis and remodeling of extracellular matrix (276). IHC analysis of 75 prostate cancer specimens (Canadian cohort) was performed in two groups of patients—patients pre-treated with Cyproterone (antiandrogen agent) or Leuprolide (gonadotropin-releasing hormone analogue) in combination with Flutamide (nonsteroidal antiandrogen) before radical prostatectomy and patients who underwent surgery only. Increase in the amount of CD68+ TAMs within tumor tissues of pre-treated patients compared to the untreated group was demonstrated (277). Increased CD68+ and CD163+ macrophage infiltration was found in a cohort of 60 Chinese prostate cancer patients receiving preoperative Bicalutamide-based ADT (278). TMA analysis was performed for retrospective cohort of 366 prostatectomized patients (Canada) divided into two groups—hormone ablation-treated patients (luteinizing hormone-releasing hormone-agonists and/or antiandrogen prior to surgery) and hormone-naïve patients. This analysis confirmed significantly higher amount of CD163+ TAMs in treated group of patients in comparison with hormone-naïve patients (279). Mouse model of prostate cancer further confirmed dramatic recruitment of TAMs in response to ADT. Substantial overexpression of VEGF-A, MMP-9, and ARG1 was found in tumors of castrated animals treated by ADT (279). Also, concentrations of CSF1, major macrophage differentiation, and chemotactic factor, were enhanced in the serum of animals in response to ADT treatment (279). In parallel, co-culture of Myc-CaP prostate cancer cells and RAW264.7 macrophages treated with antiandrogen Enzalutamide resulted in significant increase in the expression of M2 markers—VEGF-A, MMP- 9, ARG1, IL-10, and CSF1 (279). Importantly, higher levels of CD163+ macrophages were detected in the prostate cancer sections (Chinese cohort) resected after preoperative ADT in comparison to the corresponding tissues collected before therapy (280). IHC study of 126 prostate cancer patients (Italian cohort) using pelvic lymph node metastases samples obtained from those patients who received neoadjuvant hormonal treatment flutamide combined with Leuprolide acetate before radical prostatectomy was performed (281). Double IHC revealed the co-localization of CD68+ TAMs and TARC/CCL17 (thymus- and activation-regulated chemokine), chemokine regulated Treg function, in treated patients in contrast to the untreated group (281).

Clinical trial on 17 patients (USA) with Gleason score 7–10 prostate cancer, treated with anti-PD-1 therapy, revealed significant upregulation of inhibitory molecules PD-L1 and VISTA on CD68+ TAMs in tumor after treatment in comparison with baseline tumor (10-fold and fourfold increase in expression, respectively) (282). The authors suggested that VISTA expression is a compensatory pathway limiting efficiency of ipilimumab therapy of prostate cancer (282), and targeting of VISTA on TAMs can be suggested as next therapeutic approach to develop.

Monitoring of serum YKL-40 concentrations can also be considered as promising prognostic approach for the management of CRPC. Thus, post-treatment increase of serum YKL-40 was an independent prognostic factor of earlier death in 106 metastatic prostate cancer patients (Denmark cohort) treated with total androgen ablation or parenteral estrogen (283). Retrospective analysis of 109 patients with CRPC receiving first-line chemotherapy with docetaxel revealed significance of high pre-treatment YKL-40 serum levels as predictive parameter of shorter OS and DSS (284).

These data demonstrate the essential role of TAMs in prostate cancer progression and emphasize on the promise of targeting TAMs to prevent the recurrence of disease and achieve sustained improvements in patient outcomes. Further in-depth investigations must be done to characterize macrophage phenotypes within certain intratumor compartments of prostate cancer and determine their potential diagnostic and therapeutic value.




Conclusions

In our review we compile existing lines of evidence about the clinical role of TAMs in the context of metastasis (including survival rate) and antitumor treatment in different cohorts of patients that come out of a number of courtiers worldwide. We compared the role of TAMs in worldwide leading types of malignant diseases: breast, colorectal, lung, ovarian, and prostate cancers that very frequently give life-threatening distant metastasis. Systematic analysis of TAM biomarkers identified that CD68, and in some cases CD163, are the best markers for the quantification of TAMs in tumor tissue, while several other surface receptors (scavenger receptor stabilin-1, mannose receptor CD206, CD204, MARCO) and chitinase-like proteins (YKL-39, YKL-40) are very informative biomarkers of functional TAM polarization.

In patients with breast, ovarian, and prostate cancer, increased amount of TAMs is a clear indicator for rapid tumor growth, aggressive metastatic process, and limited efficiency of therapy (Tables 2–6) (Figure 2). In lung and ovarian cancer, the major parameter associated with prognosis was not the total amount of CD68+ macrophages, but M1/M2 index. The prevalence of M1 macrophages was favorable for the patients, indicating that in lung tumor M1 TAMs have the ability to limit tumor progression. Moreover, in lung cancer, high amount of TAMs in tumor nest correlated with the chemotherapy efficiency. The most distinct from other types of cancer was colorectal cancer, where high amounts of TAMs were indicative of the favorable prognosis and restricted ability of primary tumors to grow and to metastasize (Figure 2). In contrast to the total amount of macrophages, M2-like phenotype of TAMs is rather indicative for the negative prognosis for patients with CRC.




Figure 2 | TAMs in primary tumor growth and metastasis. Role of TAMs in primary tumor growth, hematogenous metastasis, and lymphatic metastasis is illustrated. Green arrow indicates supportive role of TAMs for each process, and orange arrow indicates the suppressive role of TAMs. The role of each specific macrophage marker in the individual type of cancer is indicated within the arrows.



TAMs may contribute to resistance to therapy facilitating tumor progression by suppression of T cell immunity, the maintenance of tumor cell survival, and the stimulation of tumor revascularization. Chemotherapy can stimulate antitumor immunity, thereby increasing the pathological complete response (pCR) to the treatment. There is no agreement about the role of TAMs in chemotherapy response. The results are contradictory and depend on the animal model, type of in vitro study, patient cohort, and type of anti-cancer drug (Table 7). Therefore, to achieve the maximum efficiency of chemotherapy, the molecular mechanisms of the interaction of chemotherapeutic agents with TAMs have to be investigated. Understanding of these interactions will also allow developing targeting strategies for TAMs. The investigation of TAM-mediated tumor resistance to therapy is of particular relevance in the era of the development of immunomodulatory approaches aimed to enhance T-cell immunity, to inhibit macrophage recruitment into a tumor, to modify polarization of TAMs, and to enhance phagocytosis of cancer cells by TAMs.


Table 7 | The association of TAMs with the effect of chemotherapy in patients.
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In primary breast tumors, cancer cells hematogenously disseminate through doorways in the vasculature composed of three-cell complexes (known as Tumor MicroEnvironment of Metastasis) comprising a perivascular macrophage, a tumor cell overexpressing the actin-regulatory protein Mammalian Enabled (Mena), and an endothelial cell, all in direct physical contact. It has been previously shown that once tumor cells establish lymph node metastases in patients, TMEM doorways form in the metastatic tumor cell nests. However, it has not been established if such lymph node-TMEM doorways actively transit tumor cells into the peripheral circulation and on to tertiary sites. To address this question in this short report, we used a mouse model of lymph node metastasis to demonstrate that TMEM doorways: (1) exist in tumor-positive lymph nodes of mice, (2) are restricted to the blood vascular endothelium, (3) serve as a mechanism for further dissemination to peripheral sites such as to the lungs, and (4) their activity can be abrogated by a pharmaceutical intervention. Our data suggest that cancer cell dissemination via TMEM doorways is a common mechanism of breast cancer cell dissemination to distant sites and thus the pharmacological targeting of TMEM may be necessary, even after resection of the primary tumor, to suppress cancer cell dissemination.

Keywords: breast cancer, lymph node, blood vessel, lymphatic vessel, cancer cell dissemination, tumor microenvironment of metastasis (TMEM)


INTRODUCTION

Cancer cell intravasation, a critical step in the metastatic cascade, does not occur along the entirety of cancer-associated vasculature, but is restricted instead to specialized intravasation doorways, called Tumor MicroEvironment of Metastasis (TMEM). TMEM doorways are composed of a perivascular macrophage, a tumor cell highly expressing the actin-regulatory protein Mammalian Enabled (Mena), and an endothelial cell, all in direct physical contact with each other (1–3). Prior studies have shown that the number of TMEM doorways in primary breast tumors is prognostic of distant metastasis, independent of lymph node status, and other currently used prognosticators (4–6). Mechanistically, perivascular macrophages in TMEM doorways are capable of secreting vascular endothelial growth factor-A (VEGFA) in a high concentration in a Tie2-dependent manner. As a consequence, VEGFA-mediated breakdown of the underlying endothelial-specific junctions results in transient, localized vascular permeability, which allows for the passing of highly-invasive cancer cells into the circulation (7, 8). Indeed, the targeted pharmacological inhibition of TMEM activity by using the selective Tie2 inhibitor rebastinib, has been shown to eliminate cancer cell dissemination and metastasis in vivo (9, 10).

TMEM-mediated vascular permeability and breast cancer cell intravasation have been observed through multiphoton intravital imaging (IVI), and are determined to last approximately 20 min not only in primary tumors (8), but also in newly formed TMEM doorways of established metastatic lesions in lungs (11). Moreover, we have recently reported that TMEM assembly occurs in established lymph node metastasis of breast cancer patients, and that TMEM doorways are always associated with blood, and not with lymphatic, vessels in both primary tumors and their respective lymph node metastases (12). Based on our previous findings of TMEM doorway development in metastatic lymph nodes of breast cancer patients (12), here, we conclusively demonstrate that “secondary-site” TMEM doorways are functional, are actively disseminating tumor cells into the circulation, and that this process can be stopped with a pharmacological intervention.



MATERIALS AND METHODS


Cell Culture

The cell line MDA-MB-231-SORE6-dsCopGFP was generated from parental MDA-MB-231 cells, as previously described (13) and was used because it gives a high frequency of spontaneous lymph node metastasis, obviating the need for direct injection of cells into the afferent lymphatics. This model allows for the investigation of the behavior of cancer cells and secondary sites that have been educated by the presence of the primary tumor (14–16). The Dendra2 MDA-MB-231-SORE6-dsCopGFP cell line was generated by inducing Dendra2-MDA-MB-231 cells (17) with SORE6-dsCopGFP viruses, as has been previously described in Tang et al. (13). The cells were cultured in DMEM (Invitrogen, Carlsbad, CA, USA) with 10% fetal bovine serum (FBS) and 50U penicillin/50 μg streptomycin per mL, except for the Dendra2 cell media, supplemented with 250 μg/ml geneticin (Invitrogen).



Mouse Models

All procedures were conducted in accordance with the National Institutes of Health regulations and approved by the Albert Einstein College of Medicine animal care and use committee. The fluorescent cell line MDA-MB-231-SORE6-dsCopGFP has been described previously (13), and can develop spontaneous lymph node metastasis within 2–3 months after orthotopic transplantation in immunodeficient SCID (NCI, Frederick, MD, USA) or MacBlue/Rag2−/− mice. MacBlue/rag2−/− mice were generated by crossing Rag2−/− mice (Rag2−/− model RAGN12, Taconic) with Tg(Csf1r*-GAL4/VP16,UAS-ECFP)1Hume/J mice (Stock No: 026051, The Jackson Laboratory). To generate the orthotopic MDA-MB-231-SORE6-dsCopGFP xenografts, a total of 0.5 × 106 cells per animal were re-suspended in sterile PBS with either 20% collagen I (BD Biosciences, Franklin Lakes, NJ, USA) for SCID mice or 50% matrigel for MacBlue/Rag2−/− mice, and injected in the lower left mammary fat pad. The mice were allowed to grow primary tumors for 3 months, and those with positive lymph nodes were randomly allocated to experimental groups. To suppress TMEM doorway activity in primary and/or secondary tumor sites, we performed treatments with the small molecule Tie2 inhibitor rebastinib, as previously described (9, 10). In particular, rebastinib (provided by Deciphera Pharmaceuticals), was reconstituted at a concentration of 10 mg/ml in 0.4% hydroxypropyl methylcellulose (HPMC). Each mouse in the experimental group received p.o. doses of 10 mg/kg rebastinib (100 μl total volume), twice per week, for 3 weeks. The control (vehicle-treated) group received p.o. 100 μl of HPMC. For the photoconversion experiments, Dendra2-expressing MDA-MB-231-SORE6-dsCopGFP cells were used to generate xenograft tumors in immunodeficient SCID mice.



Photoconversion

Mice bearing primary breast tumors were prepared as described above using Dendra2-expressing 231-SORE6-dsCopGFP tumor cells (Dendra2+ tumor cells). Positive inguinal lymph nodes that were spatially separated from the primary tumors by at least 3 mm were identified by the transdermal observation of green fluorescence using an epi-fluorescence stereoscope (Olympus, SZX16) equipped with a mercury lamp (Lumen Dynamics, X-Cite Series 120Q). An aluminum foil mask that shielded the primary tumor from exposure to light, and allowed illumination only of the inguinal lymph node, was prepared and affixed to the anesthetized animal. Photoconversion was accomplished by 8 min of continuous transdermal illumination using a 405 nm filter (Chroma, D405/30M), with the lamp set to its highest intensity setting, and with the stereoscope additionally set to its highest magnification (11.5x, which produced an ~2 mm illumination spot). Complete photoconversion of the lymph nodes was verified in two mice by immediate excision of the converted node and comparison of the red fluorescence signal before and after a final round of photoconversion. Absence of photoconversion within primary tumors was verified in the same two mice also by immediate excision of the primary tumors and measurement of its red fluorescence signal. Twenty-four hours after photoconversion, mice were sacrificed, and lungs were excised and prepared for frozen sectioning. Sections were stained for DAPI and imaged on a Pannoramic P250 digital whole slide scanner.

Identification of photoconverted cells was accomplished by sequential application of three custom developed Visiopharm apps to the digital whole slide scans. The first app identified the boundaries of the tissue. This was accomplished by applying a median blur with an 11 × 11 pixel kernel to the red, green, and blue channels (to smooth out the individual nuclei and cells) and then subtracting both the red and the green channels from the blue channel to eliminate from consideration any regions with a high level of background. Next, all photoconverted and unconverted single cells were identified by processing the green channel with a Poly Gradient (with an Order of 1 and Filter Size of 3), applying a non-linear stretch to the gray levels (in order to make separation from background easier), and then thresholding the signal. This algorithm identified all photoconverted and unconverted cells since photoconversion always leaves an appreciable amount of unconverted protein. Size based filters ensured that small fragments of cells (<50 μm2) and groupings of cells that would be larger than recently disseminated single cells or tumor cell clusters (>2,500 μm2, or groups of ~16 cells) were eliminated. The outlines of these cells were then used as ROIs in the final app that identified which of the cells identified with the second app were photoconverted (red) cells. This was accomplished by employing the same algorithm as the second app, but this time processing the red channel.



TMEM Immunohistochemistry

Immunohistochemistry of TMEM Supplementary Figure 1 for all samples was performed on an autostainer, as described (5, 6, 18) with only mild modifications. Specifically, the mouse lymphatic vessel TMEM (LV-TMEM) protocol substituted D2-40 for endomucin (1:50 dilution; abcam) to specifically detect lymphatic endothelial cells. The macrophage (IBA-1) and Pan-Mena markers remained the same with our previously described blood vessel TMEM (BV-TMEM) protocol. LV-TMEM and BV-TMEM scores were evaluated and compared by one pathologist in a total of nine metastatic lymph node samples. The scores for both BV-TMEM and LV-TMEM were reported as number of TMEM doorways per 10 high-power fields (HPFs), as described (1, 5, 6).



Extravascular Dextran Analysis

Assessment of TMEM-mediated vascular permeability was performed, using multichannel-immunofluorescence (IF) in an FFPE section, aligned with a sequential BV-TMEM triple immunohistochemistry section, as described (19). TMEM activity is expressed as extravascular dextran (%), which is calculated as the area covered by extravascular dextran divided by total area in each image. In this assay, TMEM activity is signaled as the robust and inhomogeneous (due to its directional release and rapid clearance) expression of dextran around a blood vessel (i.e., endomucin-expressing profile) (8, 9, 19).



CD206+ Macrophage Immunofluorescence

Immunofluorescence staining and analysis of the macrophage markers CD206 and IBA1 were performed in established lymph node metastases as described for primary breast tissues (8).



Statistical Analysis

All two-group comparisons were assessed using the non-parametric Mann–Whitney U-test. The graphs were plotted using means and standard deviation (SD). The GraphPad Prism 7.01 was used for graphing and statistical hypothesis testing.




RESULTS AND DISCUSSION


TMEM Intravasation Doorways Are Newly Formed From Blood Vasculature of Established Lymph Node Metastasis in Mice

We have previously demonstrated in breast cancer patients that once tumor cells escape the primary tumor site and develop metastatic nodules in regional lymph nodes, TMEM doorways form exclusively on blood (not lymphatic) vessel endothelium (12). We thus reasoned that such secondary TMEM doorways may function as intravasation gateways for cancer cell dissemination to tertiary metastatic sites. To study this possibility, we generated a xenograft model which spontaneously develops palpable lymph node metastasis as early as ~3 months after orthotopic injection of 0.5 × 106 231-SORE6 tumor cells in the mammary fat pads of Rag2−/− recipients (13). In concordance with human breast cancer patients (12), we observed lymphatic vessels (LVs) within the stroma at the periphery of established lymph node metastases in 100% of the cases examined, but not within the tumor nests themselves (Figure 1A). Therefore, lymphatic vessel TMEM (LV-TMEM) doorways could not be detected in the tumor nests of established lymph node metastases. However, blood vessel TMEM (BV-TMEM) was found in the tumor nests of all cases of breast tumors examined (Figure 1B). It should be noted that prior studies using fixed tissue (20) and intravital imaging (8) suggest that cancer cells disseminate via vasculature present in the tumor nests and not in the peritumoral stroma. As such, we focused on BV-TMEM doorways found within the tumor mass of established lymph node metastasis. Collectively, our observations demonstrate that TMEM doorways in mice, as in humans (12), are exclusively associated with blood vessels and show that tumor cells in established lymph node metastases are unlikely to utilize intratumoral LV-TMEM doorways for re-dissemination to tertiary sites.


[image: Figure 1]
FIGURE 1. Decreasing TMEM doorway function suppresses TMEM-mediated vascular permeability and cancer cell intravasation from established lymph node metastasis. (A) Left: Lymph node metastasis taken from a mouse with an MDA-MB-231 primary breast tumor and stained for lymphatic vessel TMEM (LV-TMEM). Pink = Tumor cells (stained for panMena), Brown = macrophages (stained for CD68), Blue = lymphatic vessels (stained for D2-40). Lymphatic vessels (LV) are only seen in the tumor stroma (“Out”) and not in the tumor nest (“In”) and no lymphatic vessel TMEM (LV-TMEM) were identified in the tumor nests. Bar = 100 μm. Right: Frequency (%) of lymphatic vessels inside or outside the tumor nests in established lymph node metastases in mice. (B) Left: Lymph node metastasis taken from a mouse with an MDA-MD-231 primary breast tumor and stained for blood vessel TMEM (BV-TMEM). Pink = Tumor cells (stained for panMena), Brown = macrophages (stained for CD68), Blue = blood vessels (stained for CD31). Bar = 50 μm. Inset shows a magnified image of a BV-TMEM and its constituent cells T = tumor cell, BV = blood vessel, ϕ=macrophage. Inset Bar = 10 μm. Right: Quantification of the number of BV-TMEM and LV-TMEM found in the tumor nests in 10 high power fields of view (HPF). Right: Distribution of scores for BV-TMEM and LV-TMEM in the tumor nests of mouse lymph nodes with established metastases (Mann–Whitney U-test, p < 0.001). (C) Multichannel immunofluorescence-based measurement of local blood vessel leakiness to a high molecular weight (155 kD) dextran using fluorescent antibody staining against endomucin (red; first column) and dextran (green, second column). The merged image (third column), along with DAPI (blue) enables quantification of the amount of extravascular dextran assessment shown as thresholded masks in the fourth column (red = blood vessel, yellow = extravascular dextran). Fifth column shows a sequential slide stained for BV-TMEM and aligned to show the same vessels. Black circles indicate TMEM doorways identified by pathologists. The two corresponding slides were cut in an interval of ~10 μm, hence the slight difference in the alignment of the profiles. Top row shows representative images of leaky vessels and bottom row shows non-leaky vessels. (D) Percentage (%) of “leaky” (i.e., with abundant extravascular dextran) blood vessels associated with TMEM, or not associated with TMEM in lymph node metastases (N = 4).




BV-TMEM Doorways in Established Lymph Node Metastasis Are Associated With Increased Vascular Permeability

To investigate whether BV-TMEM of established lymph node metastases are active sites of cancer cell re-dissemination to tertiary sites, we first assessed a critical hallmark of TMEM function, TMEM-mediated vascular permeability, using a previously-developed TMEM activity assay that measures extravasation of 155-kDa dextran, conjugated to tetramethylrhodamine (TMR), into the tumor tissue (9, 19). In this assay, the molecular weight of the dextran is chosen as 155-kDa because it has been shown using intravital imaging that 155-kDa dextran leaks from tumor vasculature exclusively due to TMEM-dependent permeability, and not from other forms of vascular leakiness (8, 19). Immunohistochemical staining of BV-TMEM was then co-aligned with sequential IF-stained slides to evaluate the presence or absence of extravascular dextran associated with TMEM doorways, as previously described in detail (19). High resolution imaging of individual vessels shows vasculature with abundant extravascular dextran (Figure 1C, top row: “leaky blood vessels”) and vasculature with minimal or no extravascular dextran (Figure 1C bottom row: “non-leaky blood vessel”). Interestingly, after selecting 20–30 leaky vascular profiles for each mouse [based on tissue size, degree of vascularization, quality of endomucin staining, and feasibility of tissue alignment (19)], co-localization with the TMEM stained slide (Figure 1C, rightmost image) showed that >95% of the leaky vessel profiles were associated with at least one TMEM doorway in lymph node metastases (Figure 1D). This critical observation demonstrates that TMEM doorways in established lymph node metastases are associated with increased vascular permeability, further suggesting that secondary site TMEM doorway could serve as active doorways for cancer cell re-dissemination to tertiary sites.



Tie2 Inhibition Suppresses TMEM-Mediated Vascular Permeability in Established Lymph Node Metastases

Having shown that lymph node metastases are capable of assembling blood vessel TMEM doorways Figures 1A–D de novo, we subsequently sought to unravel whether such secondary TMEM doorways are active in disseminating tumor cells hematogenously. Previously, the pharmacological Tie2 inhibitor, rebastinib, was established as a potent and highly selective inhibitor of the Tie2 kinase, with minimal or absent off-target effects (10). Since Tie2 kinase activity is required for TMEM activity, rebastinib is a selective and potent suppressor of TMEM activity, thereby eliminating cancer cell intravasation and dissemination (9, 10). To substantiate that vascular leakiness is TMEM-dependent in metastatic lymph nodes as well, we compared the degree of TMEM-associated vascular leakiness between vehicle- and rebastinib-treated mice. Indeed, mice that received treatment with rebastinib in a dosing scheme (Figure 2A) previously documented to inhibit TMEM function in primary tumors (9, 10) demonstrated a significant reduction (Mann–Whitney U-test; p < 0.05) of extravascular dextran (Figure 2B). Moreover, rebastinib treatment significantly (p < 0.05) reduces recruitment of proangiogenic CD206+ tumor-associated macrophages in the microenvironment of established lymph node metastases (Figure 2C), which support a prometastatic phenotype (21), which additionally involves streaming of tumor cells toward TMEM and TMEM doorway-dependent vascular permeability and cancer cell dissemination (10). However, rebastinib treatment does not significantly alter the assembly of TMEM doorways in lymph nodes, as assessed by TMEM scoring between vehicle- and rebastinib-treated mice (Figure 2D). Overall, these data indicate that decreased vascular leakiness upon rebastinib treatment in established lymph node metastases is the direct result of TMEM function suppression, rather than decrease in the physical assembly of TMEM doorways.


[image: Figure 2]
FIGURE 2. TMEM doorways in established lymph node metastases mediate vascular permeability for cancer cell re-dissemination to tertiary sites. (A) Experimental design of control and rebastinib-treated animals with established lymph node metastases. (B) Left: Representative examples of the extravascular dextran assessment using multichannel immunofluorescence imaging in 231-SORE6 mice treated with either vehicle (left) or rebastinib (right). Right: Quantification of extravascular dextran area (%) in control and rebastinib-treated mice (Mann–Whitney U-test, p < 0.05) shows a significant reduction in TMEM-mediated vessel leakiness upon treatment with rebastinib (Reb). (C) Left: Formalin-fixed paraffin-embedded sections of lymph node tissue with established metastatic nodules was stained for the macrophage specific marker IBA1 and the M2-polarization marker CD206, and the CD206+IBA1+ macrophages (pointed with the arrows) were scored as a proportion of the total IBA1+ macrophages in vehicle-treated (Ctrl; left panel) and rebastinib treated (Reb; right panel) 231-SORE6 xenografts. Nuclei were counterstained with DAPI. Snapshots are representative images from the experimental groups. Middle: Magnification of the macrophage shown with the yellow arrow in the right image on the rebastinib-treated example image on the left confirms co-expression of IBA1 and CD206 on the same macrophage. Right: Quantification of CD206+IBA1+ macrophages in the images shown on the left. (D) Left: Representative examples of formalin-fixed paraffin-embedded sections of lymph node tissue with established metastatic nodules stained for TMEM triple-IHC stain and scored in vehicle-treated (Ctrl; left panel) and rebastinib-treated (Reb; right panel) 231-SORE6 xenografts. Right: Quantification of TMEM scores in the images shown in the Left. n.s., non-significant.




TMEM Doorways in Established Lymph Node Metastases Mediate Cancer Cell Re-dissemination to Tertiary Sites

We have previously shown that TMEM-mediated vascular permeability in primary breast tumors is associated with cancer cell intravasation (8). As such, observations shown in Figure 2 are consistent with the expectation that TMEM doorways in lymph node metastases are also capable of mediating cancer cell intravasation. To confirm this, we employed a method that allowed us to determine the site of origin and time of dissemination of cancer cells that have metastasized to distant sites, such as to the lung. This strategy (Figure 3A) utilizes the photoconvertible fluorescent protein, Dendra2, as described previously (22–24). Dendra2 is a green-emitting fluorescent protein that can be converted into additionally emitting red light by exposure to ultraviolet light (25). In particular, we first stably expressed the fluorescent protein Dendra2, then orthotopically implanted 231-SORE6-Dendra2 tumor cells into syngeneic mice, and after 4 months of tumor growth, we used a stereoscope equipped with an epifluorescent lamp and a 405 nm excitation filter to convert Dendra2+ cancer cells from green-to-red fluorescence while limiting photoconversion to only the metastatic lymph nodes. After 24 h, we determined whether photoconverted disseminated tumor cells (DTCs) that had been photoconverted in the metastatic lymph nodes, disseminated successfully and appeared in a tertiary site, in particular the lungs (Figures 3B,C). To confirm specificity of this assay, we first photoconverted lymph nodes from animals without established metastatic nodules in their lymph nodes and performed assessment of photoconverted Dendra2+ cells in extracted lung tissues. Although Dendra2+ tumor cells were identified in lung sections, suggesting primary tumor cell origin, no photoconverted cells were noticed among them Figure 3B, suggesting that photoconversion is indeed specific to the lymph nodes. We then proceeded to photoconversion experiments in lymph nodes from animals with established metastatic nodules in their lymph nodes and evaluated the presence of red fluorescent DTCs (Figure 3C, i-v) in the lung clearly proves that these cells originated from lymph node metastases, and not from other sites (including the primary tumor), and that they arrived at the lung after the time-point of photoconversion. Overall, these observations indicate that breast cancer cells are capable of hematogenous dissemination from established lymph node metastases via a TMEM-mediated mechanism to other distant organs.


[image: Figure 3]
FIGURE 3. Disseminated tumor cells (DTCs) in the lungs originate from established lymph node metastases in breast cancer xenografts. (A) Experimental design of disseminated tumor cell tracking analysis (mice sacrificed 22 h after photoconversion). (B) Absence of photoconverted cells in fixed frozen sections of lung tissue from mice with negative lymph nodes. (i) Fixed-frozen sections of lung tissue were scanned on a digital whole slide scanner and then loaded into Visiopharm. The first of three apps identifies the boundaries of the tissue (yellow outline around tissue section). Scale bar = 1 mm. (ii) Zoomed image of the region indicated by the orange box in (i). The second app identifies both unconverted and photoconverted cells (outlined with green lines). Scale bar = 200 μm. (iii) Further zoom-in of the region indicated by the orange box in (ii). Scale bar = 50 μm. (iv–vi) Individual DAPI (iv), green (v), and red (vi) fluorescence channels of the image shown in (iii). The third and final app identifies which of these cells are photoconverted, as indicated by the red overlay in (vi). The identification of cells as tumor cells is confirmed by the green fluorescence of the unconverted cells (v), while yellow fluorescence (red plus green) would be expected in the photo-converted cells because they show both Dendra2 colors. The isolated green channel in (v) shows both photoconverted and unconverted tumor cells. The isolated red channel in (vi) shows only cells which have been photoconverted. As expected however, no photoconverted cells are observed in mice with lymph nodes that are negative for tumor cells, indicating that photoconversion of tumor cells in the lymph node is indeed specific to the lymph nodes. (C) Presence of photoconverted cells in fixed frozen sections of lung tissue from mice with positive lymph nodes. (i) Fixed-frozen sections of lung tissue were scanned on a digital whole slide scanner and then loaded into Visiopharm. The first of three apps identifies the boundaries of the tissue (yellow outline around tissue section); (ii) Zoomed image of the region indicated by the orange box in (i); the second app identifies all photoconverted and unconverted cells (outlined with green lines) and the third and final app identifies which of these cells are photoconverted (indicated by the red overlay); (iii) Identification of cells as tumor cells is confirmed by the green fluorescence of the unconverted cells, and the yellow fluorescence (red plus green) of the converted cells; (iv) The isolated green channel shows all tumor cells; (v) The isolated red channel shows only cells which have been photoconverted.





CONCLUSIONS

In the current study, we demonstrate, for the first time, that metastatic nodules in regional lymph nodes in mice can assemble TMEM doorways (similar to those observed in the primary breast tumor microenvironment) that are capable of hematogenous cancer cell dissemination to distant sites. Our data, especially those illustrated in Figures 1C,D and Figures 2B,D, clearly reveal that TMEM doorways exist in tumor-bearing sites other than the primary tumor sites, are potentially active, and can be pharmacologically inhibited. These observations further suggest that the overall TMEM biology is a component of the metastatic cascade, significant, and critical enough to be recapitulated in multiple steps of the cascade, including primary tumors (8, 9), regional metastatic foci in lymph nodes (current study), and even distant metastatic foci (11).

Quite surprisingly, lymphatic vessels were absent from the tumor parenchyma of established lymph node metastases, indicating that cancer cell re-dissemination primarily follows a hematogenous route for re-dissemination. These observations are in agreement with previously published work showing that distant seeding from lymph node metastases occurs via a hematogenous route (26–28), although a direct link to a specialized cancer cell intravasation doorway was not shown at the time. In further support of our current findings, a recent study has examined the evolutionary history of metastatic breast cancer, and revealed minimal, but not absent, seeding from axillary lymph nodes (29). Taken together, these observations suggest that distant breast cancer metastases may rise from disseminated tumor cells (DTCs) of diverse origins, including dissemination from primary tumor and re-dissemination from lymph nodes.

Tumor-associated macrophages (TAMs) with involvement in cancer cell dissemination and metastasis have been previously described in both the primary tumor microenvironment whereby they participate in TMEM assembly and function, and secondary tumor microenvironments (i.e., lungs), whereby they develop metastasis-supporting niches (2, 3, 8, 30–40). The lymph node microenvironment in this context is rather unique, as it includes at minimum five distinct macrophage subtypes with specific lineage markers and unique immune functions (41, 42). The contribution of these macrophage subtypes in the processes of cancer cell dissemination and metastasis via lymph nodes has not been addressed in the current study, but it should represent a critical and urgent future direction, because deciphering the underlying mechanisms of lymph node metastasis will assist toward the development of treatment modalities to eliminate further metastatic dissemination to tertiary sites. As an insight toward this direction, we demonstrated in the current study, that Tie2 inhibition via rebastinib, significantly alters TMEM activity through the recruitment of fewer CD206+TIE2+ TAMs supporting the activity of TMEM doorways. However, more studies are needed, especially in the context of depleting diverse macrophage subsets to clarify their individual and collective contributions to cancer cell dissemination from lymph nodes to tertiary metastatic sites.

In this brief research report, we have shown that pharmacological inhibition of TMEM-function can effectively suppress TMEM-dependent vascular permeability and hematogenous dissemination from established lymph node metastasis. As such, rebastinib can suppress TMEM activity, irrespective of whether TMEM doorways are located in the primary tumor site, or a tumor-positive lymph node. Overall, the conclusions collectively drawn from these observations suggest that Tie2 inhibitors may have additional clinical utility against systemic dissemination following the surgical removal of the primary tumor.
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Elevated levels of myeloid-derived suppressor cells (MDSCs), including polymorphonuclear MDSCs (PMN-MDSCs) and immature MDSCs (I-MDSCs), are usually associated with disease progression in cancer patients, including colorectal cancer (CRC). However, biological mechanisms and molecular pathways regulated by MDSC subpopulations in the CRC tumor microenvironment (TME) have not been fully investigated. In this study, we performed transcriptomic analysis of tumor-infiltrating I-MDSCs and PMN-MDSCs isolated from tumor tissues of six CRC patients, compared to antigen-presenting cells (APCs). We also compared the transcriptomic profiles of tumor-infiltrating PMN-MDSCs to I-MDSCs. Our results showed different molecular pathways regulated by each MDSC subset, potentially reflecting their phenotypical/molecular/functional characteristics in the CRC TME. Moreover, we identified gene signatures in PMN-MDSC and I-MDSC of poor overall survival (OS) and disease-free survival (DFS) using the Cancer Genome Atlas (TCGA) dataset from patients with colon adenocarcinoma (COAD). However, functional studies are required to validate these findings.
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Introduction

Myeloid-derived suppressor cells (MDSCs) are a heterogeneous population of myeloid cells, halted at varying stages of maturation/differentiation and exert immunosuppressive activity on other immune cells (1, 2). MDSCs have been divided into different subpopulations based on their phenotypical and functional characteristics; early-stage or immature MDSCs (e-MDSC/I-MDSC) identified as CD33+HLA-DR-/lowCD14-CD15-, monocytic MDSCs (M-MDSCs) identified as CD33+HLA-DR-/lowCD14+CD15-, and polymorphonuclear MDSCs (PMN-MDSCs) identified as CD33+HLA-DR-/lowCD14-CD15+ (1, 3, 4). Myelopoiesis is disrupted in inflammation-related cancers (5), such as colorectal cancer (CRC), leading to increased number of MDSCs in the circulation and tumor tissues (1, 2).

The contribution of MDSCs to cancer pathogenesis and progression is well-established (3, 6). Increased level of MDSCs has been associated with poor prognosis and short survival periods in CRC patients (7–9). MDSCs within the tumor microenvironment (TME) exert their suppressive activity on T cells to inhibit their anti-tumor activities (6, 10). MDSCs mediate immunosuppression by expressing co-inhibitory ligands, such as PD-L1, which induces T cell dysfunction upon the interaction with its receptor PD-1, and by expressing suppressive molecules, such as arginase-1 (ARG1), inducible nitric oxide synthase (iNOS), interleukin-10 (IL-10), and transforming growth factor-β (TGF-β) (11, 12). Furthermore, MDSCs promote tumorigenesis via other means, such as the induction of angiogenesis and tumor growth/metastasis, and activation of cancer-associated fibroblasts (CAFs) (12, 13). Up to date, the biological mechanisms and signaling pathways regulated by MDSC subpopulations have not been fully explored. Thus, further insights into these mechanisms and pathways could result in the identification of potential therapeutic targets for cancer.

Previously, we reported increased number of PMN-MDSCs and I-MDSCs in CRC tumor tissues, compared to paired-normal tissues (14), implicating the importance of MDSC role in CRC tumorigenesis and immunosuppression (7). Additionally, we reported the transcriptomic profiles of CRC tumor-infiltrating I-MDSCs and PMN-MDSCs from tumor tissues of only two patients, compared to antigen-presenting cells (APCs) (14). In this study, we extended our investigation and included more CRC patients.

We found that immune response-mediated pathways associated with dendritic cell (DC) maturation (15), triggering receptor expressed on myeloid cells 1 (TREM1) signaling (16), nuclear factor of activated T cells (NFAT)-mediated regulation of immune response (17), and Fcγ receptor-mediated phagocytosis (18) were commonly downregulated in PMN-MDSCs and I-MDSCs, compared to APCs. We also compared the transcriptomic profiles of PMN-MDSCs vs. I-MDSCs and found that pathways supporting tumor growth and survival, related to metabolism, lipid biosynthesis, stress response, increased production of glucose and interaction between DCs and natural killer (NK) cells were different in tumor-infiltrating PMN-MDSCs and I-MDSCs. Therefore, these results may reflect the molecular profile and functional characteristics of each MDSC subset in the CRC TME. We also validated RNA-Seq data by confirming the mRNA expression of selected genes in the different myeloid subpopulations using qRT-PCR. We also utilized the Cancer Genome Atlas (TCGA) from patients with colon adenocarcinoma (COAD) to analyze our RNA-Seq data and identify gene signatures for PMN-MDSC and I-MDSC to predict overall survival (OS) and disease-free survival (DFS).



Materials and Methods


Sample Collection and Storage

Tumor tissues (TT) were obtained from six CRC patients (#05, 07, 08, 09, 44, and 53) who underwent surgery at Hamad Medical Corporation, Doha, Qatar. Demographical details and clinicopathological features of study population are shown in Table 1. These patients were treatment-naïve prior to surgery and provided written informed consent prior to sample collection. This study was performed under ethical approvals from Hamad Medical Corporation, Doha, Qatar (protocol no. MRC-02-18-012) and Qatar Biomedical Research Institute, Doha, Qatar (protocol no. 2018-018). Tissue specimens were frozen in 1 ml of freezing medium (10% dimethyl sulphoxide (DMSO; Sigma-Aldrich, Missouri, USA), 50% fetal calf serum (FCS; HyClone, GE Healthcare Life Sciences, Utah, USA), and 40% RPMI-1640 medium (Life Technologies, New York, USA)), then stored in liquid nitrogen to be used in batches for subsequent analyses. Tissue specimens were thawed and processed, as previously described, followed by cell staining/sorting (14, 19–21).


Table 1 | Characteristic features of study populations.



The flow chart for the experimental design and tissue processing is shown in Figure 1. All experiments were performed in accordance with relevant guidelines and regulations.




Figure 1 | Pipeline for the experimental design and RNA-Seq analysis. Flow chart showing the study design, gating strategy used for cell sorting and bioinformatic tools used for RNA-Seq data analysis.





Dissociation of Tissue and Cell Sorting

Tissue specimens were thawed and processed, as previously described (14) and as shown in Figure 1. Single cell suspensions were isolated from six frozen CRC tissues (Patient #05, 07, 08, 09, 44, and 53) using gentleMACS Dissociator (Miltenyi Biotec), washed and stained with 7-AAD viability dye (eBioscience, San Diego, USA) to gate live cells, and for different cell surface markers; CD33-Fluorescein isothiocyanate (clone HIM3-4; BD Biosciences, Oxford, UK), CD14-phycoerythrin-Cy7 (clone M5E2; BD Biosciences), CD15-allophycocyanin (clone HI98; BioLegend, San Diego, USA), HLA DR-phycoerythrin (clone G46-6; BD Biosciences), to sort APCs and different MDSC subsets, as previously described (14) (Figure 1). For cell sorting, BD FACSAria III SORP cell sorter was utilized, with BD FACSDiva software (BD Biosciences). We used stringent gating strategy and applicable measures were taken to ensure minimal sorter-induced cell stress (SICS). High purities of the sorted myeloid cell subpopulations were always checked and confirmed. FlowJo V10 software (FlowJo, Ashland, USA) was used for data analyses.



RNA Extraction and Reverse Transcription

Total RNA was extracted from sorted pure myeloid subsets, CD33+HLA-DR+CD14+CD15- (APCs), CD33+HLA-DR-CD14-CD15+ (PMN-MDSCs), and CD33+HLA-DR-CD14-CD15- (I-MDSCs) using RNAqueous-Micro Total RNA isolation Kit (Thermo Fisher Scientific). Purified RNA was then amplified using 5X MessageAmp II aRNA Amplification Kit (Thermo Fisher Scientific). Before and after amplification, RNA concentrations were determined by Qubit RNA HS and Broad Range Assay Kits, (Invitrogen). For reverse transcription, QuantiTect Reverse Transcription Kit (Qiagen, Hilden, Germany) was used to convert 1 µg of RNA into cDNA.



Library Preparation

cDNA libraries were generated using Exome TruSeq Stranded mRNA Library Prep Kit (illumina, San Diego, USA) following the manufacturer’s protocol, as previously described (22). Libraries that passed quality control were subjected to clustering using TruSeq PE Cluster Kit v3-cBot-HS (illumina). Sequencing of clustered samples was performed on an illumina HiSeq 4000 instrument using HiSeq 3000/4000 SBS kit (illumina).



RNA Sequencing Data and Functional Annotation Analyses

As previously described, 150 bp depth paired-ends reads were trimmed and aligned to the hg19 human reference genome in CLC Genomics Workbench-12 (Qiagen) using default settings (14, 22). The abundance of gene expression is determined by the score of TPM (Transcripts Per Million), mapped reads in CLC Genomics Workbench 12. Hierarchical clustering, principal component analysis (PCA) and differential gene expression analyses were performed, as previously described (23), using 2.0-fold change and P value <0.05 cutoffs. Ingenuity Pathways Analysis (IPA) software (Ingenuity Systems; www.ingenuity.com) was utilized to perform functional and pathway analyses on differentially expressed genes, as described previously (14, 22). Raw data comparing myeloid subsets are shown in Supplementary Table 1. The flow chart for the bioinformatic tools used for RNA-Seq analysis is shown in Figure 1. Protein-protein interaction (PPI) networks among the significantly up/downregulated genes were determined by web-based online tool, STRING V11.0 (http://string-db.org).



Quantitative Real-Time Reverse Transcription PCR

QuantStudio 6/7 Flex Real-time PCR system (Applied Biosystems, California, USA) was used to perform qRT-PCR for genes including CSF2, IL1B, PRF1, GZMA, IFNG, IL2RA, CD40, and β-actin with PowerUp SYBR Green Master Mix (Applied Biosystems). The relative mRNA expression was determined by the normalization to β-actin, and represented as the mean (log10) ± standard error of the mean (SEM). Supplementary Table 2 lists the sequences for the primers used.



The Cancer Genome Atlas Analysis for RNA Sequencing Data

From our RNA-Seq data, the top 200 upregulated genes and 200 downregulated genes in PMN-MDSC vs. APC and I-MDSC vs. APC were selected for overall survival (OS) and disease-free survival (DFS) analyses using the GEPIA2 database, on a cohort of 269 patients with colon adenocarcinoma (COAD) from the Cancer Genome Atlas (TCGA) dataset. The 200 genes were subjected to univariate survival analysis and genes exhibiting poor survival and significant Log-rank test P value (≤0.05) were identified. The refined gene list was then subjected to forward combined gene survival analysis and genes that improved the performance (lower Log-rank test P value) were retained, while those that did not were dropped from the signature. Analysis were conducted employing the GEPIA2 algorithm, as detailed previously (24). Patients were divided into high and low groups based on median gene expression; top 50% was designated as high and bottom 50% was designated as low, and the Log-rank test was used for curve comparison. The survival signature score is calculated by mean value of log2(TPM + 1) of each gene.



Statistical Analyses

Statistical analyses were performed using GraphPad Prism 8 software (GraphPad Software, California, USA). For samples that passed the Shapiro-Wilk normality test, paired t-tests were performed, while those which did not pass the normality test were subjected to Wilcoxon signed-rank tests. Statistically significant P values are represented as follows; ***P < 0.001, **P < 0.01, *P < 0.05.




Results


Hierarchical Clustering and Comparisons of Differentially Expressed Genes in Colorectal Tumor-Infiltrating PMN-MDSC, I-MDSC-MDSC, and APCs

We have previously reported that levels of PMN-MDSCs, I-MDSCs, and APCs in TT are higher than those in NT from the same CRC patients (7, 14). In this study, we performed RNA-Seq to characterize the differential gene expression in these myeloid subsets. The gating strategy for sorting myeloid subsets was previously described (14) and as shown in Figure 1. CD33+HLA-DR-/lowCD14-CD15+ were identified as PMN-MDSCs, CD33+HLA-DR-/lowCD14-CD15- were identified as I-MDSCs, and CD33+HLA-DR+CD14+ were identified as APCs.

The hierarchal clustering shows a distinct cluster of genes which are differentially regulated in the tumor-infiltrating PMN-MDSC and I-MDSC, compared with APCs, from six CRC patients (Figure 2A). We found that a total of 3,133 upregulated genes in PMN-MDSC and 824 downregulated genes, compared to APCs. A total of 1,206 genes were upregulated in I-MDSC and 940 genes were downregulated in I-MDSC, compared to APCs. Additionally, we found that 788 genes were upregulated and 253 genes were downregulated in PMN-MDSC, compared to I-MDSC. Principal component analysis (PCA) showed that datasets for the myeloid populations (PMN/I-MDSC) were clustered distinctly from the control APCs suggesting the similarity of gene expression patterns in MDSC subsets, compared to APCs (Figure 2B). MDSCs clustered distinctly from APCs within the first two principal components, accounting for approximately 48.6% of the observed variation (Figure 2B). Volcano plot shows the genes that were upregulated (shown in red), downregulated (shown in green), or remained unchanged (shown in grey) when comparing PMN-MDSC vs. APC (Figure 2C), I-MDSC vs. APC (Figure 2D) and PMN-MDSC vs. I-MDSC (Figure 2E). Only genes that were significantly up/down-regulated, with a fold change > 2 and P value < 0.05 cutoffs were selected for subsequent analyses.




Figure 2 | Hierarchical clustering and comparison of myeloid cell subpopulations (PMN-MDSCs, I-MDSCs and APCs) in tumor tissue of CRC patients. Cells isolated from tumor tissues of six CRC patients were stained for myeloid cell markers and sorted for RNA extraction. Hierarchical clustering of APCs, I-MDSCs and PMN-MDSCs from six tumor tissues (CRC patients #05, 07, 08, 09, 44 and 53) based on differentially-expressed RNA transcripts. Each column represents a sample and each row represents a transcript. Expression level of each gene in a single sample is depicted according to color scale (A). Principle component analysis (PCA) based on the differentially expressed genes in each myeloid subpopulation (B). Volcano plots show genes that were upregulated (shown in red), downregulated (shown in green) or remained unchanged (shown in grey) when comparing PMN-MDSC vs. APC (C), I-MDSC vs. APC (D) and PMN-MDSC vs. I-MDSC (E).





Functional Annotation Analyses of Colorectal Tumor-Infiltrating PMN-MDSCs and I-MDSC-MDSCs

APCs are responsible for antigen processing and presentation to activate adaptive immune responses, while MDSCs are known to suppress immune responses (25). In agreement with this, our RNA-Seq data confirmed these functional characteristics of myeloid subpopulations. We analyzed the differentially expressed genes in colorectal tumor-infiltrating PMN-MDSCs and I-MDSCs, compared to APCs (Figures 3A, B). Functional annotation analyses for top significantly affected transcripts, with a fold change > 2 and P value < 0.05 cutoffs, showed that genes related to immune system processes, positive regulation of immune response, and defense responses were downregulated in PMN-MDSCs, compared to APCs (Figure 3A). Additionally, genes involved in DC maturation, Fcγ receptor-mediated phagocytosis and NFAT-mediated regulation of immune response were significantly downregulated in PMN-MDSCs (Figure 2A). On the other hand, genes related to ketogenesis and potentially associated with resistance to cancer immunotherapy (anti-PD-1/PD-L1) were upregulated in PMN-MDSCs (Figure 3A). We also found that genes involved in the positive regulation of immune response, immune system processes and defense responses were downregulated in I-MDSCs (Figure 2B). Furthermore, genes related to IL-8, IL-6, CXCR4 and IL-3 signaling pathways, Toll-like receptor signaling pathways and DC maturation were significantly downregulated in I-MDSCs (Figure 3B). These data showed the functional characteristics of PMN-MDSCs and I-MDSCs as compared to APCs, and the different pathways associated with immune response regulation, which were downregulated in tumor-infiltrating PMN-MDSCs and I-MDSCs from CRC patients.




Figure 3 | Differential gene expression of PMN-MDSCs, I-MDSCs and APCs in CRC tumor microenvironment. Functional categorization of top significantly upregulated and downregulated transcripts (with a fold change > 2, P value cutoff < 0.05) from CLC analysis were analyzed through IPA. Heat maps show the TPM representing fold change relative to the mean expression in PMN-MDSC (denoted as PMN) vs. APC (A), I-MDSC (denoted as I) vs. APC (B) and PMN-MDSC vs. I-MDSC (C).



We found that genes related to oxidative phosphorylation, histamine degradation and NF‐E2‐related factor 2 (NRF2)-mediated oxidative stress response were upregulated in PMN-MDSCs, compared to I-MDSCs (Figure 3C). However, genes associated with the crosstalk between DCs and natural killer (NK) cells were significantly downregulated in PMN-MDSCs, compared to I-MDSCs (Figure 3C). These findings suggest that pathways related to metabolism, stress response and interaction between DCs and NK cells vary in colorectal tumor-infiltrating I-MDSCs vs. PMN-MDSCs.

Next, we performed protein-protein interaction (PPI) and enrichment network analysis, using STRING web-based tool, to show the interactions of proteins within the significantly affected pathways within myeloid subsets. For this analysis, we selected deregulated genes from PMN-MDSC vs. APC (Supplementary Figure 1), I-MDSC vs. APC (Supplementary Figure 2) and PMN-MDSC vs. I-MDSC (Supplementary Figure 3). For PMN-MDSC vs. APC, STRING database identified 72 nodes and 120 edges with PPI enrichment P value <1.0E-16, average clustering coefficient of 0.404 and average node degree of 3.33 (Supplementary Figure 1). Additionally, for I-MDSC vs. APC STRING database identified 76 nodes and 191 edges with PPI enrichment P value <1.0E-16, average clustering coefficient of 0.493 and average node degree of 5.03 (Supplementary Figure 2). Finally, for PMN-MDSC vs. I-MDSC, STRING database identified 37 nodes and 74 edges with PPI enrichment P value <1.0E-16, average clustering coefficient of 0.706 and average node degree of 4 (Supplementary Figure 3). In concordance with the IPA pathway analyses, we identified significant network of immune regulation in both PMN-MDCS/I-MDSC vs. APC and oxidative phosphorylation in PMN-MDSC vs. I-MDSC (Supplementary Figures 1-3). These data further confirm the significance of identified networks form IPA pathway analyses.



Up/Downregulated Canonical Pathways in Colorectal Tumor-Infiltrating PMN-MDSCs

Next, differentially expressed genes in colorectal tumor-infiltrating myeloid subpopulations were subjected to Ingenuity Pathway Analysis (IPA). Based on our analysis, we identified canonical and signaling pathways that were differentially upregulated or downregulated in tumor-infiltrating PMN-MDSCs and I-MDSCs (Figure 4). We found that TREM1 signaling, NFAT regulation of the immune response, Fcγ receptor-mediated phagocytosis in macrophages and monocytes and DC maturation were downregulated in PMN-MDSCs, compared to APCs (-5.0 < Z score > -3.0, Figure 4A). On the other hand, pathways related to arginine biosynthesis, cancer immunotherapy and cell cycle were upregulated in PMN-MDSCs (2.0 < Z score > 3.0, Figure 4A).




Figure 4 | Canonical and signaling pathway analyses of myeloid subpopulations in the CRC tumor microenvironment. Functional categorization of top significantly upregulated and downregulated transcripts (with a fold change > 2, P value cutoff < 0.05) from CLC analysis were analyzed through IPA. Top significantly affected (1.5 > Z score < -2.0) canonical pathways were analyzed by IPA. The horizontal bars denote the different pathways based on the Z-scores; PMN-MDSC vs. APC (A), I-MDSC vs. APC (B) and PMN-MDSC vs. I-MDSC (C).





Up/Downregulated Canonical Pathways in Colorectal Tumor-Infiltrating I-MDSCs

We found that pathways related to TREM1 signaling, leukocyte extravasation, DC maturation, NFAT regulation of the immune response, Fcγ receptor-mediated phagocytosis in macrophages and monocytes, IL-8 signaling, IL-6 signaling, Toll-like receptor signaling, LPS-mediated MAPK signaling, CXCR4 and IL-3 signaling were all downregulated in I-MDSCs, compared to APCs (-4.0 < Z score > -2.0, Figure 4B). On the other hand, PPAR pathway was upregulated in I-MDSCs (Figure 4B).



Up/Downregulated Canonical Pathways in Colorectal Tumor-Infiltrating PMN-MDSCs

Next, we compared pathways that were differentially upregulated or downregulated in PMN-MDSCs, compared to I-MDSCs. We found that pathways related to the crosstalk between DCs and NK cells were downregulated, while pathways related to oxidative phosphorylation, ketogenesis, glycolysis, glucogenesis, cholesterol biosynthesis and NRF2-mediated oxidative stress response were all upregulated in PMN-MDSC, compared with I-MDSCs (-3.0 < Z score > 6.0, Figure 4C). These findings suggest that pathways related to metabolism, stress response, histamine degradation and interaction between DCs and NK cells are different in tumor-infiltrating I-MDSCs and PMN-MDSCs. Thus, they provide novel insights into the functional pathways regulated by each MDSC subset in the colorectal TME.



qRT-PCR Validation of Selected Gene Expression in Colorectal Tumor-Infiltrating PMN-MDSC and I-MDSC

We validated the expression of selected genes from RNA-Seq data in tumor-infiltrating PMN-MDSCs, I-MDSCs and APCs (the latter used as a control) by qRT-PCR. The selected genes were amongst the top significantly affected transcripts with a fold of change >2 and P value cutoff <0.05. We validated that IL1B, IL2RA, and CD40 genes were downregulated in PMN-MDSCs (Figure 5A); these genes are important for APC and T cell activation (26–28). We validated that CSF2 and GZMB gene expressions were upregulated in PMN-MDSC (Figure 5A); these genes encode GM-CSF and granzyme B, respectively. Upregulated expression of GM-CSF and granzyme B in PMN-MDSC could be associated with their capability of recruiting neutrophils in the TME, which potentially increases tumor-associated neutrophils, and releasing cytolytic molecules to kill immune cells that positively regulate anti-tumor immunity (29). We also validated the downregulation of IL1B and the upregulation of IFNG, GZMB, CSF2, and PRF1 genes in I-MDSCs, compared to APCs (Figure 5B). Although the upregulated genes, IFNG, GZMB and PRF1 (PRF1 encodes perforin 1), have been implicated in CD8+ T cell activation and function (30), they could be also associated with the promotion of I-MDSC suppressive function to enhance PD-L1 expression and kill reactive CD8+ T cells and favor tumor growth (31–33). Finally, we validated the upregulation of IL1B and the downregulation of IFNG and IL2RA genes in PMN-MDSCs, compared to I-MDSCs (Figure 5C). This latter finding suggests that PMN-MDSCs and I-MDSCs can mediate different pathways and induce different effects on the immune response and tumor microenvironment.




Figure 5 | qRT-PCR validation of selected genes in tumor-infiltrating APCs, PMN-MDSCs and I-MDSCs from CRC tumor tissue. mRNA expression levels for selected genes in sorted tumor-infiltrating myeloid cells were validated by RT-PCR; PMN-MDSC vs. APC (A); I-MDSC vs. APC (B) and PMN-MDSC vs. I-MDSC (C). The relative gene expression was normalized to β-actin. Results obtained from two technical replicates of six CRC patients. The P values are indicated as follows; ***P < 0.001, **P < 0.01, *P < 0.05. Data are presented as the mean (Log10) ± standard error of the mean (SEM).





TCGA Analysis Revealed Gene Signatures in Tumor-Infiltrating PMN-MDSC and I-MDSC Associated With Poor Prognosis in Patients With Colorectal Adenocarcinoma

Survival analysis of top downregulated genes in PMN-MDSC vs. APC identified NPL, CATSPER1, PRAM1, SLC11A1, APOE, and TREM2 as poor OS prognostic markers in COAD using univariate analysis. High gene signature of TREM2, CATSPER1, NPL, and PRAM1 had the highest prognostic value (Log-rank P = 0.0076, HR(high)=1.9) (Figure 6A). On the other hand, high signature of RBP7, IL3RA, and TBXAS1 correlated with worse DFS in COAD. TBXAS1 alone exhibited the highest prognostic value [Log-rank P = 0.018, HR(high)=1.8] for DFS (Figure 6B). Additionally, I-MDSC vs. APC-derived gene signature was subjected to OS and DFS analysis. Using univariate analysis, we found that GPNMB, INHBA, CATSPER1, HAMP, HTRA4, NPL, PRAM1, TNNT1, SLC11A1, and TREM2 predicted worse OS, while INHBA, TNNT1, and IL3RA predicted worse DFS. Combination of TNNT1, NPL, and CATSPER1 had the strongest prognostic power for OS [Log-rank P = 7.7e−05, HR(high)=2.7], while combination of (TNNT1, IL3RA, and INHBA) was associated with worst DFS [Log-rank P = 0.00038, HR(high)=2.4] (Figures 6C, D). It is worth noting that top upregulated genes in PMN-MDSC or I-MDSC vs. APC had little impact on prognosis and survival rates, hence, they were not included in these analyses.




Figure 6 | Kaplan-Meier curves for overall survival and disease-free survival according to the identified gene signatures in tumor-infiltrating PMN-MDSCs and I-MDSCs. Patients were divided into high and low groups based on median gene expression. Kaplan-Meier curves illustrate the duration of overall survival (OS) (A, C) and disease-free survival (DFS) of 270 patients (B, D) according to the expression of identified gene signatures in cohorts of patients in the Cancer Genome Atlas (TCGA) colorectal adenocarcinoma dataset. The Log-rank test was used for curve comparison. The survival signature score is calculated by mean value of log2(TPM7nbsp;+ 1) of each gene.






Discussion

Increased MDSC numbers in CRC tumor tissues, compared to paired-normal tissues have been previously reported, implicating the importance of MDSC function in tumorigenesis and immunosuppression (14). We have previously reported the transcriptomic profiles of CRC tumor-infiltrating I-MDSCs and PMN-MDSCs, compared with APCs (14). We found that pathways related to JNK and Wnt signaling, and SNARE complex activation were upregulated in I-MDSCs. Meanwhile, pathways related to CRC progression, cell migration, and MDSC recruitment were upregulated in PMN-MDSCs (14). These findings were obtained from RNA-Seq data analyses in two CRC patients (14). In this study, we included more patient samples in order to identify additional variations and emergence of different signaling pathways. Moreover, it is noteworthy that sorting few cells of different myeloid subsets; therefore, it was challenging to perform RNA extraction from few cells and additional amplification steps were required. Few studies have reported that cryopreservation/thawing procedure can reduce the proportion of MDSC subsets in the circulation (peripheral blood mononuclear cells; PBMC) and the expression of arginase-1 (34, 35). However, the use of cryopreserved PBMC samples is acceptable as no significant changes were seen in the number of the most suppressive MDSC subset, PMN-MDSC, in fresh versus cryopreserved PBMC (36). We have also shown that expression of arginase-1 mRNA in CD33+HLA-DR- myeloid cells, presumably suppressive subsets of myeloid cells, in cryopreserved PBMC is higher than that of CD33+HLA-DR+ APCs (37). Additionally, we have sorted different MDSC subsets from tumor tissue, which could be less susceptible to be affected by freeze-thaw procedure, unlike PBMC.

Hierarchical cluster analysis and PCA showed that variations within myeloid subsets (I-MDSCs and PMN-MDSCs) are much less than those compared between myeloid subsets and APCs. These data confirm the differences in the functional characteristics of MDSCs versus APCs. In support of this, we found that genes associated with DC maturation, positive regulation of immune response, immune system processes and defense response were downregulated in PMN-MDSCs, compared with APCs. DCs, which also function as APCs, play an important role in the activation of anti-tumor immunity (15). DC maturation is very important for the activation of adaptive immunity and T cell responses (15). One of the mechanisms by which cancer cells evade anti-tumor immunity is by compromising APC function and DC maturation (38). Genetic, epigenetic and cell-mediated mechanisms can contribute to APC dysfunction and impaired DC maturation (39). Some of these cell-mediated mechanisms are driven by the action of MDSCs. Tan et al. reported that PMN-MDSCs, induced by modified vaccinia TianTan in mesothelioma mouse model, suppress DC function by releasing IL-10, resulting in the impaired induction of anti-tumor cytotoxic T cell response (40). In another study, PMN-MDSCs were shown to suppress DC maturation and T cell proliferation in autoimmune arthritis mouse model (41). In addition to DC maturation, we found that other immune response-related pathways, such as TREM1 signaling (16), NFAT-mediated regulation of immune response (17) and Fcγ receptor-mediated phagocytosis (18), were downregulated in PMN-MDSCs, compared to APCs. On the other hand, PMN-MDSCs showed an upregulation of pathways related to arginine biosynthesis, which potentially lead to increased production of arginine and its consumption by tumor cells to maintain their survival and growth (42, 43), and pathways potentially associated with resistance to cancer immunotherapy primarily anti-PD-1/anti-PD-L1 therapy (44).

In contrast to tumor-infiltrating APCs, pathways related to the positive regulation of immune and defense response, including IL-8/IL-6/IL-3/CXCR4 signaling, TREM1 signaling and leukocyte extravasation pathways were downregulated in I-MDSCs. Several cytokines signaling pathways, such as IL-8, IL-6, and IL-3 have been implicated in the positive regulation of immune response and the activation of T cell responses. IL-8 (45) and IL-6 (46) signaling pathways have a double-sword function in anti-tumor immunity. IL-8 signaling is known to recruit leukocytes to the TME via a chemoattractant gradient; these leukocytes play a role in innate immunity and could promote anti-tumor immune responses (45). It has been demonstrated that IL-6 production by TLR-activated APCs drives the activation of CD4+ T cells and B cell antibody response, suggesting a role for IL-6 signaling in the activation of immune responses (47). NFAT-mediated regulation of immune response and DC maturation pathways were found to be downregulated in both PMN- and I-MDSCs. NFAT is a key regulator for several key pathways, including IL-3 production, which is responsible for both lymphoid and myeloid differentiation (48). We found that IL-3RA gene was downregulated in both PMN- and I-MDSCs, compared with APCs (Figures 2A, B). Together, these data suggest the potential relationship between NFAT and IL-3 pathways, and may indicate that downregulation of NFAT-IL-3 pathways interfere with the maturation of myeloid cells in the CRC TME.

We also compared the transcriptional profiles of CRC tumor-infiltrating PMN-MDSCs with I-MDSCs. RNA-Seq data, canonical pathway and IPA analyses showed that genes and pathways related to the crosstalk between DCs and NK cells were downregulated in PMN-MDSCs, while metabolic pathways related to oxidative phosphorylation, ketogenesis, glycolysis, glucogenesis, cholesterol biosynthesis and NRF2-mediated oxidative stress response were all upregulated in PMN-MDSC. These pathways could lead to the increased consumption of glucose, cholesterol metabolism, reduced mitochondrial respiration, and increased generation of reactive oxygen species, which all promote tumor growth and survival (49). PMN-MDSCs could be responsible for enhancing the immunosuppressive environment within the tumor by mediating glycolysis and oxidative phosphorylation, leading to lipid accumulation (50). In turn, lipid uptake by tumor-infiltrating MDSCs enhances their immunosuppressive activities, which they exert on T cells, thereby promoting tumorigenesis (50). These results may reflect the phenotypical, molecular and functional characteristics of each MDSC subset in the CRC TME.

Based on TCGA analysis for the downregulated genes from our RNA-Seq data, high gene signature comprising of TREM2, CATSPER1, NPL, and PRAM1 in tumor-infiltrating PMN-MDSC predicted poor OS rates in COAD patients. Triggering receptor expressed on myeloid cells 2 (TREM2) gene is important for the activation of macrophages and DCs, and secretion of inflammatory cytokines, while PML-RARA Regulated Adaptor Molecule 1 (PRAM1) gene could be associated with neutrophil function, myeloid differentiation and T cell activation (51–54). Therefore, their downregulation in PMN-MDSC could negatively influence anti-tumor immune responses and favor disease progression. However, the function of CATSPER1 and NPL in myeloid cell biology and function remains unclear. Additionally, high gene signature, with only thromboxane A synthase 1 (TBXAS1), in PMN-MDSC was found to be the best predictor for short DFS in patients. The role of TBXAS1 has been implicated in DC maturation and Th response, inflammatory response in myeloid cells and lipid metabolism (50, 55). Hence, low levels of TBXAS1 could favor tumor escape from anti-tumor immunity and may also support PMN-MDSC suppressive functions. In tumor-infiltrating I-MDSC, high gene signature comprising of TNNT1, NPL and CATSPER1 predicted poor OS rates in COAD patients. Moreover, high signature of TNNT1, IL3RA and INHBA in I-MDSC predicted short DFS in COAD patients. Downregulation of IL-3 signaling pathway is associated with impairment of DC maturation and activation of adaptive immune response (56), and hence could be associated with diminished ability of tumor eradication, and poor survival rates. Like NPL and CATSPER1, the roles of TNNT1, and INHBA (gene encodes a member of TGF-β family and act as a growth/differentiation factor) in myeloid cell biology and function are not clear.

Together, our findings highlight different molecular and functional pathways regulated by PMN-MDSCs and I-MDSCs in CRC TME, compared to APCs, and provide novel insights into gene signatures for each subset, which could predict poor OS and DFS in CRC patients. Some of these genes/pathways could be targeted in MDSCs and could have a clinical benefit in CRC patients. Notably, this study included six CRC patients and there were no functional assays used to validate the findings presented in the manuscript.
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Several lines of clinical and experimental evidence suggest that immune cell plasticity is a central player in tumorigenesis, tumor progression, and metastasis formation. Neutrophils are able to promote or inhibit tumor growth. Through their interaction with tumor cells or their crosstalk with other immune cell subsets in the tumor microenvironment, they modulate tumor cell survival. Here, we summarize current knowledge with regards to the mechanisms that underlie neutrophil–mediated effects on tumor establishment and metastasis development. We also discuss the tumor-mediated effects on granulopoiesis and neutrophil precursors in the bone marrow and the involvement of neutrophils in anti-tumor therapeutic modalities.
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Introduction

Neutrophils comprise the majority of leukocytes in humans and are considered the first immune cell population to respond against infectious and inflammatory insults (1–5). This innate immune cell type fine-tunes the armament of host defense through modulating phagocytosis and intracellular killing of pathogens, release of proteases and antimicrobial peptides from their granules, as well as formation of neutrophil extracellular traps (NETs) (6–9). In addition, neutrophils mediate interactions between innate and adaptive immunity by shaping antigen presentation (10, 11) and the production of chemokines and cytokines (12, 13). The generation of neutrophils from their myeloid precursors, designated as granulopoiesis, takes place in the bone marrow, where neutrophils accumulate until they are released in the circulation in a timely and tightly controlled process (14–16). Billions of neutrophils are produced daily under steady state conditions (17). However, certain types of stress such as exposure to inflammatory or infectious agents or cancer result in emergency granulopoiesis that induces a rapid increase in neutrophil production (1, 18). Neutrophils may have gained less attention than other immune cells in the study of anti-tumor immunity due to their relatively short lifespan. However, neutrophil survival is much longer than initially thought; they can remain alive for at least 5 days in the circulation (19). In addition, neutrophils are generated in high numbers daily and recent findings point to substantial neutrophil heterogeneity (20). Recent evidence thus suggests their involvement in shaping of pro-tumor and anti-tumor responses (21). For instance, neutrophils promote the formation of the pre-metastatic niche and neutrophils from mice with early-stage tumors display increased migratory activity compared to neutrophils from tumor-free animals (22). On the other hand, neutrophils with certain phenotypic characteristics have been associated with enhanced tumor suppression. Specifically, a subset of tumor-associated neutrophils from patients diagnosed with early-stage human lung cancer bears antigen-presentation activity thereby facilitating anti-tumor immunity (23). To further support the dual and context-dependent role of neutrophils in tumors, low-density neutrophils have been shown to be more immunosuppressive and to promote cancer progression as compared to high-density neutrophils (24). In addition, neutrophil plasticity and localization at the tumor site depends not only on intrinsic cues, but also on the type and the stage of the tumor (25). Here, we discuss the neutrophil-dependent mechanisms that may affect suppression or progression of primary tumors and establishment of metastasis.



Neutrophils Contribute to Tumor Progression

Emerging evidence suggests that neutrophils modulate cancer-associated inflammation. Importantly, inflammation is a hallmark of cancer (26) and represents an essential contributor to the development of many tumors (27). Neutrophils are present in several types of human tumors and neutrophil accumulation in certain tumors is correlated with poor prognosis (27–29). Inflammatory mediators can affect plasticity of tumor-associated neutrophils and polarize them towards either pro-tumor or anti-tumor phenotype (25, 30, 31) (Figure 1). Fridlender et al. have shown that blockade of transforming growth factor β (TGFβ) signaling leads to increased neutrophil influx in the tumor. More importantly, these infiltrated neutrophils acquire an anti-tumor phenotype suggesting that TGFβ polarizes neutrophils toward a pro-tumor phenotype (30). In addition, the pro-tumoral role of neutrophils has been associated with promotion of angiogenesis (32, 33). Tumor expansion requires the development of new blood vessels that ensure sufficient supply of oxygen and nutrients. Tumor–infiltrating neutrophils are a source of matrix metalloprotease 9 (MMP-9) promoting remodeling of extracellular matrix (ECM) and neovascularization (34). Along this line, reduction of tumor-associated angiogenesis was observed after neutrophil depletion (35). Neutrophils also produce the major pro-angiogenic factor vascular endothelial growth factor (VEGF) regulating tumor-associated angiogenesis (36).




Figure 1 | Neutrophil activity modulates tumor growth. Neutrophils exert both tumor-promoting and tumor suppressive functions. TGF-β signaling induces polarization of neutrophils towards pro-tumor phenotype, by blocking direct neutrophil-dependent tumor cell killing. Activation of tumor angiogenesis is stimulated by the production of the neutrophil-derived pro-angiogenic factors MMP-9 and VEGF, whereas endogenous IFN-β downregulates these factors resulting in inhibition of angiogenesis. Neutrophils also modulate anti-tumor T-cell responses. Arginase 1 (Arg1) secretion by neutrophils inhibits T-cell proliferation. Moreover, nitric oxide (NO), and tumor necrosis factor (TNF) derived by neutrophils induce T-cell apoptosis. On the contrary, neutrophils activate T-cell proliferation and anti-tumor function through the production of co-stimulatory molecules such as 4-1BBL and OX-40L. Type I IFN signaling induces neutrophil-mediated tumor suppression by increasing their survival and recruitment in the tumor. Neutrophils can also kill tumor cells directly via antibody dependent cell-mediated cytotoxicity (ADCC) and trogoptosis. In addition, they phagocytose tumor cells and mediate antigen presentation resulting in enhanced anti-tumor immunity. Induction of trained immunity has also been described to promote neutrophil-dependent tumor suppression. ROS production and formation of NETs by neutrophils play a dual role in tumor expansion in a context-dependent manner. Specifically, neutrophils produce ROS that leads to genetic instability and carcinogenesis. On the other hand, ROS can mediate tumor cell killing. NETs contain MMP-9, cathepsin G, and neutrophil elastase that promote tumor growth, but in parallel NET formation primes T-cells and leads to enhanced anti-tumor responses.



The immunosuppressive function of neutrophils may also contribute to their tumor-promoting function. Neutrophils mediate the suppression of CD8+ T cell proliferation and activation by inducing their apoptosis in a manner dependent on nitric oxide and TNF production (37). Furthermore, upregulation of arginase 1 in neutrophils inhibits T-cell proliferation (36, 38) thereby promoting immunosuppression and tumor evasion. Consistently, neutrophil depletion in a mouse model of lung cancer resulted in increased CD8+ T cell activation and in decreased tumor burden (30). Furthermore, neutrophils exert their protumorigenic activity by releasing oxygen and nitrogen free radicals that promote genetic instability and carcinogenesis (39–41).

Neutrophils are able to generate neutrophil extracellular traps (NETs). These structures contain extracellular fibers composed of chromatin, histones, and other proteins (42, 43). Except from their established role in host-pathogen interactions (42), NETs modulate cancer-associated procoagulant activity (44) and promote tumor growth (45, 46) by including tumor-promoting components such as MMP-9, cathepsin G (47) and neutrophil elastase (45, 46). In addition, presence of NETs in patients diagnosed with cancer has been associated with poor prognosis (48) and blockade of IL17-mediated NET generation resulted in increased responsiveness to immune checkpoint blockade in pancreatic ductal adenocarcinoma (49).



Tumor-Suppressive Activity of Neutrophils

Besides their pro-tumorigenic role, neutrophils can function as tumor suppressors boosting anti-tumor activity (Figure 1). Neutrophils have the capacity to generate reactive oxygen species (ROS) by the NADPH oxidase complex and mediate anti-tumor responses (50–52). In an autochthonous mouse tumor model, tumor oxygenation levels differentially affected neutrophil function, and inhibition of tumor hypoxia was associated with enhanced neutrophil dependent-tumor cell killing as a result of ROS production (53).

Antibody dependent cell-mediated cytotoxicity (ADCC) represents another way by which neutrophils may kill tumor cells. In particular, neutrophils express several Fc receptors (FcRs), such as FcγRI (CD64), FcγRIIa (CD32), FcγRIIIa (CD16a), and FcγRIIIb (CD16b) that recognize tumor cell-specific antibodies and mediate ADCC (52, 54, 55). In addition, neutrophil phagocytosis of opsonized tumor cells enhances anti-tumor activity (56) as shown with human tumor cells (57). Neutrophil trogoptosis has been described to exert tumor suppressive activity (58). Specifically, neutrophils target and destroy tumor cells that are opsonized with therapeutic monoclonal antibodies in a process that involves tumor cell lysis mediated by trogocytosis (58–60).

Type I interferons contribute to the anti-tumor effects of neutrophils. Endogenous interferon-β (IFN-β) has been shown to inhibit angiogenesis by downregulating the proangiogenic factors VEGF and MMP-9 in tumor-infiltrating neutrophils (61). Consistently, type I IFN signaling mediates neutrophil-dependent anti-tumor activity by modulating neutrophil survival and recruitment into the tumor (62, 63). Furthermore, neutrophils contribute to the activation of the IFN-γ pathway that enhances anti-tumor activity mediated by the activity of CD4-CD8- unconventional αβ T-cells. In agreement with these findings, neutrophil infiltration in certain types of tumors was linked to better clinical outcome (64). Interestingly, NET formation has been also associated with inhibition in tumor growth. Specifically, NETs prime T-cells and play potential role in cancer immunoediting and enhancement of antitumor responses (48, 52).

Up-regulation of antigen presentation can mediate neutrophil–dependent anti-tumor activity. Beauvillain et al. have shown that neutrophils process and present antigens to T-cells (65), thereby enhancing T-cell mediated antitumor responses (66, 67). Along the same line, a subset of neutrophils from patients diagnosed with early-stage human lung cancer has exhibited up-regulated antigen-presenting activity. This neutrophil subpopulation originates from specific bone marrow progenitors upon exposure to IFNγ and GM-CSF signaling (23). Neutrophils can additionally promote T-cell responses via the production of the co-stimulatory molecules 4-1BBL and OX-40L, which enhance proliferation and activation of CD4+ and CD8+ T-cells and increase their cytotoxic capacity in a model of lung cancer (68).



Neutrophils Modulate Metastatic Dissemination of Cancer Cells

Detachment and escape of tumor cells from the primary tumor represents the initial step of metastasis that is followed by intravasation into the blood and lymphatic system, extravasation, and colonization of tumor cells to distant organs or draining lymph nodes (69). Metastasis is associated with increased mortality (70, 71). Neutrophils affect not only the growth of primary tumors but also orchestrate the metastatic potential of cancer cells (72, 73). Specifically, large body of evidence supports that neutrophils contribute to the initiation phase of metastatic dissemination (69, 74) (Figure 2 and Supplementary Table 1). In addition, primary tumor growth has been associated with accumulation of neutrophils in distant organs before the arrival of the disseminated tumor cells to the site designated as premetastatic niche (75–77). Along the same line, primary tumor cells release factors that render distinct sites more prone to become metastatic sites. The accumulation of neutrophils at these sites is dependent on the growth factor granulocyte-colony stimulating factor (G-CSF) in several tumor models (75, 76, 78). G-CSF promotes the pro-metastatic phenotype of neutrophils by inducing BV8 expression in neutrophils (75, 79) that in turn enhances angiogenesis and cancer cell migration (80, 81). Additionally, neutrophils cooperate with γδ T-cells, in an interleukin-17/G-CSF dependent manner to facilitate breast cancer metastasis. Depletion of neutrophils in an experimental model of metastatic breast cancer in mice led to a decrease of metastatic burden in both lymph nodes and lungs (75). The interaction of neutrophils with endothelial cells also enhances metastasis by facilitating tumor cell extravasation into the circulation (82–86).




Figure 2 | Dual role of neutrophils in metastasis development. Neutrophils promote metastasis by facilitating cancer cell extravasation from primary tumor, migration to the metastatic site and invasion in secondary tumors. In addition, neutrophils promote angiogenesis that has been associated with development of metastasis. Neutrophil activity has been also implicated in inhibition of metastasis. In particular, neutrophils have been described to block cancer cell proliferation and to exert cytotoxic activity thereby affecting tumor cell survival.



Oncostatin M functions as a pro-angiogenic factor that promotes metastasis. In particular, co-culture experiments have demonstrated that exposure of neutrophils to granulocyte-macrophage colony stimulating factor (GM-CSF) results in production of oncostatin M that contributes to metastasis in a model of breast cancer (87). The glycosaminoglycan hyaluronan, a major component of the ECM that is produced by various types of tumor cells, activates neutrophils through TLR4 signaling and promotes malignant cell migration (88). Furthermore, macrophage migration inhibitory factor (MIF) promotes neutrophil chemotaxis that in turn leads to increased migratory capacity of tumor cells in an in vitro model of head and neck cancer (89). Another in vitro study using a model of renal cell carcinoma revealed higher recruitment of neutrophils towards tumor cells that was associated with enhanced cancer cell migration and invasion in a manner dependent on a VEGF/hypoxia inducible factor 2a signaling (90). A metastasis-promoting role for neutrophils has been observed in a model of bladder cancer, in which infiltrating neutrophils contribute to cancer cell invasion via mediating an upregulation of androgen receptor signals (91).

Besides their impact on primary tumor growth, NETs may contribute to metastasis and blockade of NET formation resulted in decreased tumor metastasis in mice (92, 93).

In agreement with the plasticity and context-specific phenotype of neutrophils, some neutrophil depletion studies have resulted in increased incidence of metastasis (94). Specifically, the chemokine CCL2 has been shown to promote activation of neutrophils towards an anti-metastatic phenotype in a mouse model of lung metastasis. These neutrophils acquired tumor cytotoxic activity that was mediated by production of ROS and H2O2 (94). Along the same line, the proto-oncogene MET has been linked to neutrophil-dependent inhibition of primary tumor growth and metastasis formation. Deletion of Met in neutrophils resulted in decreased neutrophil infiltration and nitric oxide–dependent tumor cell killing and reduced metastasis (95). In addition, thrombospondin 1 (Tsp1) that is derived by Gr1+ bone marrow myeloid cells may restrain metastasis. Consistently, deficiency in proteases that mediate Tsp1 degradation was associated with decreased metastasis dissemination (96).



The Tumor-Related Impact on Neutrophil Production in The Bone Marrow

Aberrant myelopoiesis is a hallmark of cancer (97). Tumor-associated inflammation reprograms hematopoiesis in the bone marrow via acting on hematopoietic stem and progenitor cells (HSPCs) (98). These cells are responsible for the maintenance of hematopoiesis and give rise to all hematopoietic cells through several steps of differentiation (14). Inflammatory stimuli, including those associated with cancer, activate HSPCs, thus promoting their proliferation and myeloid cell priming (16, 99). Studies in patients with cancer (100) and tumor-bearing mice (101) have demonstrated that the tumor environment drives a myeloid bias in HSPCs resulting in enhanced production of cells of the myeloid lineage, at the expense of cells of lymphoid lineage, which has been correlated with disease prognosis in different types of malignancy (102, 103). Circulating hematopoietic progenitor subsets were increased in patients with cancer compared to age-matched healthy subjects (100). Interestingly, the same study has reported enhanced frequency of granulocyte-macrophage myeloid progenitors (GMPs) in the circulation of patients with cancer, further suggesting the myeloid priming of hematopoiesis (100). Increased frequency of myeloid-biased HSPCs residing in the spleen has also been reported in tumor-bearing mice (101). These cells were responsive to the myelopoiesis-driving growth factor GM-CSF, which resulted in production of myeloid cells with pro-tumorigenic properties (101).

Further studies have implicated the myeloid lineage growth factors GM-CSF and G-CSF in the generation of increased numbers of neutrophils in cancer. In a mouse model of invasive breast carcinoma, tumor cell–derived G-CSF can activate bone marrow hematopoietic progenitors, driving myeloid differentiation, and production of neutrophils with T-cell suppressive properties (78). G-CSF can induce mobilization of granulocytes from the bone marrow, which in turn results in their accumulation to distal tissues, supporting metastasis (76). A study in a mouse model of pancreatic ductal adenocarcinoma has shown that tumor-derived GM-CSF regulates the generation of immunosuppressive Gr1+CD11b+ myeloid cells (104). Mutations in the oncogenic gene KRAS were shown to drive the increased production of GM-CSF by pancreatic ductal endothelial cells, thus further fueling myelopoiesis (105). Except from the myeloid lineage growth factors, TNF supports tumor-associated aberrant myelopoiesis. TNF released by activated CD4+ T cells in tumor-bearing mice drives emergency myelopoiesis and generation of both monocytic and granulocytic myeloid cells with immunosuppressive properties (106).

Recent studies have identified unipotent neutrophil precursors that expand in the bone marrow and circulation of tumor-bearing mice (107, 108). These neutrophil precursors have immunosuppressive and tumor-promoting characteristics, as shown in a mouse melanoma model (107). Such circulating neutrophil precursors were also identified in patients with melanoma (107). Using a xenograft osteosarcoma model, it was demonstrated that these neutrophil precursors promote tumor growth (107). Taken together, cancer is associated with aberrant myelopoiesis, which usually results in the generation of neutrophil precursors and neutrophils with tumor-promoting potential.



Neutrophil-Associated Anti-Tumor Therapeutic Approaches

Given their involvement in the shaping of pro-tumor or anti-tumor activity, neutrophils may serve as a therapeutic target in the context of tumor progression. For instance, blockade of the recruitment of pro-tumorigenic neutrophils into tumor may represent a promising strategy against tumor expansion (109). Along the same line, administration of a neutralizing antibody against the neutrophil chemokine interleukin 8 (IL-8) that can be secreted by tumor cells resulted in decreased primary tumor growth and metastasis in models of melanoma and lung cancer (110). Inhibition of the CXC chemokine receptor 2 (CXCR2), a major receptor for IL-8, also led to decreased neutrophil presence in tumors and was associated with tumor suppression (111). Additionally, blockade of CXCR2 demonstrated anti-metastatic effect and led to increased efficacy of either immunotherapy in a model of pancreatic ductal adenocarcinoma (112) or chemotherapy in breast carcinoma (113). Neutrophil depletion led to increased sensitivity to radiation therapy in a mouse model of sarcoma (114). The ratio of CD8+ T-cells to neutrophils within the tumor of patients with non–small cell lung cancer has been suggested as a marker indicative of immune checkpoint inhibitor efficacy (115). In addition, accumulation of Gr1+CD11b+ cells that is mediated by G-CSF–induced mobilization (116, 117) or not (118) was associated with decreased tumor responsiveness after therapeutic inhibition of angiogenesis.

On the other hand, there are reports suggesting a beneficial impact of neutrophils by promoting tumor elimination. Neutrophils were shown to mediate T-cell anti-tumor activity in early stages of human lung cancer (68). Additionally, neutrophils derived from healthy donors have demonstrated tumor cell killing potential (119). Combination of radiation therapy with G-CSF administration has also resulted in neutrophil-dependent anti-tumor immunity as shown in syngeneic mouse tumor models (120).

Manipulation of the phenotype of tumor-associated neutrophils can be exploited as a potential anti-tumor therapeutic approach. Inhibition of TGFβ signaling promotes reprograming of tumor-associated neutrophils, shifting their actions from pro-tumor to anti-tumor (30). Deficiency of TGFβ signaling in myeloid cells has also resulted in inhibition of metastasis that was associated with enhanced anti-tumor immunity (121). Additionally, priming of tumor-associated neutrophils with IFNγ and TNF contributed to alterations in the polarization of neutrophils rendering them from tumor promoters to tumor suppressors (122).

Moreover, recent evidence suggests that trained immunity may confer anti-tumor properties in neutrophils. Trained immunity represents memory of the innate immune system (123). In particular, exposure of innate immune cells to certain stimuli, such as the microbial component β-glucan or the Bacillus Calmette–Guérin vaccine leads to enhanced responsiveness to subsequent homologous or heterologous triggers (123, 124). Epigenetic reprograming of myeloid cells and their progenitors in the bone marrow represent major components of innate immune memory (125–127). Trained innate immunity may boost neutrophil-dependent tumor suppression. Specifically, β-glucan-induced trained immunity led to epigenetic reprograming of granulopoiesis towards generation of neutrophils with an anti-tumor phenotype. Trained granulopoiesis was mediated by type I IFN signaling, while the tumor suppressive activity of “trained” neutrophils was mediated by enhanced ROS production. The therapeutic potential of ‘trained’ neutrophils was confirmed by the decreased tumor growth in mice that received neutrophils from β-glucan–treated donor mice (128).



Concluding Remarks

Myeloid cells play an important role in the modulation of tumor growth. Neutrophils not only respond against pathogens and inflammatory stimuli, but also orchestrate tumor-associated immune responses. Different polarization signals can affect neutrophil plasticity and in turn lead to either promotion or suppression of primary tumors or metastasis. Neutrophils can affect cancer progression by interacting directly with tumor cells or indirectly with other immune cell types. Importantly, tumor-associated inflammation has a substantial impact in neutrophil production in the bone marrow that is a key determinant in tumor growth.

Given the increasing need to optimize the efficacy of tumor immunotherapy, a better understanding of the granulopoiesis- and neutrophil-related mechanisms that shape anti-tumor immunity is required.
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patients.

More metastasis (12
sites) and less
metastasis (14 sites) in
the warfarin group vs.
control group.

Higher rate of disease
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free survival.

Reduced risk of cancer
with distant metastasis.

No difference in risk of
regional spread.

Reduced risk of cancer
with distant metastasis,
irrespective of initial
diagnosis.

Reduced risk of
metastasis in patients
with no metastasis at
inital diagnoss.
Reduced risk of distant
metastasis.

Slightly reduced risk of
ymph node metastasis.

Longer
progression-free
survival of COX-2+
patients.

Lower risk of disease
recurrence.

Lower risk of

bone metastasis.

Outcomes

CR = 17% (warfarin)
vs. 8% (control)

CR = 74% (warfarin)
vs. 83% (control)

DFS = 13.7 months
(warfarin) vs. 24.0
months (control)

Rate of relapse = 33%
(warfarin) vs.

19% (control)

RR = 0.85 (95% Cl,
0.65-1.12)

HR =1.11(96% Cl,
1.04-1.36)

HR = 1.48 (95%
Cl, 1.01-2.17)

1-2 year PFS rate =
30.4-3.4% (dalteparin)
vs. 11.7-0% (control)

Time to progression =
5.0 months
(nadroparin) vs. 5.8
months (control)

HR = 0.99 (95% Cl,
0.91-1.08)
HR=1.01(95%
©1,093-1.1)

OR =069 (95% C,
057-0.83)
OR=098(95%
CI,0.88-1.09)

HR = 0.74 (95% CI,
0.48-0.84)

HR = 0.45 (95%
Cl,0.28-0.72)

RR = 0.628 (95% Cl,
0.616-0.763)

RR =0.949 (95%
Cl, 0.914-0.985)

PFS = 7.5 months
(celecoxib) vs. 5
months (control)

7-10 year disease
recurrence rate =
24-28%
(anti-coagulant) vs.
28-369% (control)
7-10 year bone
metastasis rate =
1-8% (anti-coagulant)
vs. 3-6% (control)

Effect on survival

Observation

No difference in
survival, with the
exception of small cell
lung cancer patients.

Prolonged survival.

No difference in
survival.

Non-significant
increase in survival.

Higher mortality.

Increased survival.
Reduced risk of death.

Increased survival.

Reduced overall
mortality.

Non-significant
prolonged survival.
No difference in
overall mortality.

Increased survival in
patients with disease
control.

No difference in overall
survival.

Lower rate of death
due to cancer.

Longer overall survival
of COX-2+ patients.

Lower risk of prostate
cancer specific
mortality.

Lower risk of prostate
specific mortality in the
aspirin-user group.

‘Outcomes

0S8 = 49.5 weeks
(warfarin) vs. 23 weeks
(contro))

0S = 9.3 months
(warfarin) vs. 7.9
months (control)

Survival rate = 57%
(warfarin) vs. 63%
(placebo)

0S = 21.4 months
(warfarin) vs. 18.6
months (control)

HR = 1.12 (5% O,
1.05-1.19)

1-2 year OS rate =
51.3-17.2%
(deltaparin) vs.
29.5-0.0% (contro)
HR =056 (95%
©1,03-086)

1-2-3 year OS rate =
46-27-21%
(deltaparin) vs.
41-18-12% (control)
HR = 0.75 (95% CI,
059-0.96)

Median survival = 13.1
months (nadroparin) vs.
11.9 months (control)
HR =086 (95%
Cl,0.67-1.10)

1-year sunvival rate =
83% (nadroparin) vs.
76% (placebo)

HR =124 (0.92-1.68)

HR =0.71(95% Cl,
0.57-0.90)

08 = 14 months
(celecoxib) vs. 10
months (control)

7-10 year mortality rate
3%
(anti-coagulant) vs.
3-8% (control)

HR =0.43 (95%
©1,0.21-0.87)

Reference

(258)

(59

(260)

(261)

(262)

(263)

(264)

(265)

(266)

(267)

(268)

(269)

(270)

©71)

22

©72)

©73)

(©74)

Patients were treated with concomitant chemotherapy, radiotherapy, and/or surgery as described in the referred papers. Clinical trials with VTE as only endpoint or comparing different anti-coagulants are not listed here. CR, complete

response; DFS, disease free survival; HR, hazard ratic

OR, odds ratio; RR, risk ratio; Cl, confidence intervals.
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patient _ detection  schemeof  chemotherapy-treatod
chemotherapy tumors
(acjovant,
neoadjuvant)
311 breast Flow  Neoadkwani PTX  felod inrease of CDIS D68 high/CDSlow ratiis associted with amostfoulold decreased pOR ~ (72)
cancer cyomety, and FU- +CDbACD14+ macrophage ra compare 0 cases with COBBOWICDBNGN rato 7 . 27%)
paients  HC  doonbion  peoentage of ot celsis
(Swockn) cycghosphamide) found n NAC-reated patens
compared to nonteated
patients
Poeast HC  Neoaduwnt lncreasedamountof COSBe ot studed o9
cancer (pacitaretbasec)  TAMS i tumor post NAG
patets reatment compased to pre-
usy reatment bopsy
Roresst HC Neoadwant Mot siuded High CD16G:+ infiraton (defned a5 gracks 3 nd ) prvary bamor and(08)
cancer Gapeciabine pis ALNs ae associted wih pOR folowing NAG
patents docetarel
Ul precoded by
adamycn and
cyclophosphamide)
Wbreast Roakime  Neoodknant  Notsiuded 5500k ncroase of YKL-39 exprossion kves after NAC coreatos wih an
carcee  GPOR P or taxoere- dstant metasass and poor 16sponss 10 NAC
patonts basec)
Russa)
25 WG Adwant Not siuded Low CDB8+ TAM infitration (scoed as <50% staning of svomalcels)is  (140)
metasati (oevaczumad phss ‘assocated wih amost twolod onger CS 267 = 8.8 5 14.1 = 1.7
cre OxP-based or monts) and 1540k onger RFS 83 = 1.8, 65 = 1.2 months) after
patets ifeotocan based chemotherapy compard to patiens i high D88+ TAM nfiraton
(e chematherapy)
Xesage HC  Adwan(BFU) Mot siuded Increase of CD6B+ TAM imuno-reacie area above 8% nprimary tamox  (141)
1 GRC is associated i creased DFS ato by Q0% n -FU e patents
patots with tage I
o)
2isege TMA  AdwantFU-  Notsided High CD206+ TAM amount (:74 cels per 200 HPF)and increase of 020
fcolon base) GD206/CD88 rato (above 0.77) conlat wih decreased DFS and 05
cancer rate atr postoperaio FU-basod thrapy by 20% and 0-40%,
patrts respecivay.
©na)
163560 Mutplor  Neoadksant  twololdincroase of CDBS+  Increase of epithesil and sromal CDG8+ TAM denstes abovo tho )
wn 3 (atium based)  TAM median donsiy i NAC- _mecians (17 an 25 col, respaciy, uncer x200)comelte wih
NSCLC et comparod to nireated creased OS rato by amost 20% n patents who recehed NCT
patots patiens (509.3615. 2988
usy cols/m)
27siage WG Neoaoan  Notsuded Decroase of CDG8+ TAM amount below the medan (<222 cels per HPE (187)
n {manva)  (cipatey. 200} s asociated with iveeiod onger DFS (mecian=16.315. 53
NSCLC docetae) months i igh CDGS+ TAM).High sestomal CDB8 TAM rato (-1.39)
pants ‘oelates with amost 1o knge DFS (mecian = 20.7 5. 5.5 monts)
(nea) andt onger OS (uveached 5. 3.8 months) compared 10 low ato
190 Fow A (Gspltey twolod ncease of MIMZ  Hgh MIM2 o (1.4 s associed ilh amost ool onger O34 (210)
oaian  comely  carbokan + Taxdl oS found n panm- vs. 18 morth) and st tveefod longer PFS (24 5. 9 moris)
cancer +bovacizumat) sensive tumors compare 0. compared o those wilhlow MIM2 rafo
patnts Pt fosistant tumors.
ay) 262111507202,

AL, axtary mph o GRC, cobroctal carcer; DS, cisaaso-oo suviat: 0SS, csaaso-spaofc suniat FU, fucrouadle HPF, highpower 4. F, immunofcrescence G,
immmopistoohomsty: L, hmph node: NAG, nooacuant chamotharapy: NSCLC, por-smacol g cancer; OS, veral sunial P, progeessin- 00 sunia pCR. pahologc
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patints. detoction growth and stago hematogenaus metasasis
210 1HC (digital Amount of CDBB+TAMs (per  Amount of CDE8+TAMs (per hot spot x320) in  Increased amount of CDB3+ TAMs above  (119)
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with ‘scanning) frontis decreased by aimost  with regional LN metastases (119.4 + 96.5vs.  above 105.2 celimm” in invasive ront is.
oevary 25% nadancad ll 1V 1433 2 10001 caseswih nogao LN, and asooited wih nrased 08 s by 10
R Sagea (11491 91915, by 42% ntumors i Gsant metastases  and A0%,espoctoy
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case)
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vy tamor buddng
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prts (Gvina a gracks 3and 40 3204 1ot sp0 200 he et
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cocer sages and vl modarato
Swecn) gade
0 G  Notsgntat i COBB4 niation G as rades 3 High GOBGe fvaton dfod 3 gracs. (122
oairts a4 ot 300t x200) t o s fotis 340 4 o ot 200)a o v
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(China)
6 HOMTMA  Natsgriomt Not st Prosnco o GO0 TAMs Imumor (23]
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i et ReS sy 40%
cocer
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(China) immunoreactive ~ (measured semiquantitatively  status. by 20%

i atxi00) s ndcawo ol

M stae,poor umor grade
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(China) ‘pathological T4 stage
159 1HC (manuahy)  Not studied Low amount of intratumoral stabiin-1+ TAMs  High amount of peritumoral stabiin-1+ 125)
pirts (€10 ol porx400 hospos)coneteswih  TAMS (10 ol s x400 ot
vin o e of stant recuences corelts it longer DS 1m0 (103
savced 3 morire i casesvith o amoun) i
oo sages 30 1, bt camoitos i
cocer ek 0SS o by amst 2 tes
(stage V) ‘stage IV patients.
Fan)
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patients
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TAM correlation with tumor growth and stage

Not studed

1,6-2,040 Increase of CDGBs and CD163+ TAM densies
5 foundintumors with grade G vs. rade G1. Decrease i
MIM2 TAM raio s observed from stage | (1.4 05 s/
m) o stage V (1.0:+ 05)

1,740 ncrease of CDI3 TAM amount & found n tumors
with rade 2-3 (median = 79 cels) compared 1o grade 1
(median = 47 cols)

Not studod

Not studod

TAM correlation
with hymphatic and
hematogenous
‘metastasis

Not studed

Not studed

Not studiod

TAM correlation with survival

Figh amount of sromal CDG8+ TAMS &5
associted wih ncreased OS ratoby 16%.

Increasa of oveall MIM2 raio sbovo the
mean 1.731 i assocated wih ncreased
Syoar 03 by 19.7%

Increasa of CD163+ TAM amoxnt above
e medan (76 cels per x400 HPF)
concatos wih decreased PFS rate by
25.7% and OS rate by 26.9%

Figh M1V o defned a5 14) s
‘associted wih proonged OS by 16
months, and PFS - by 15 morihs.
‘compared tolow MIM2 ato (< 1)

Increased CD206+/C068+ rato conolates
with decreased OS and PFS rates by 40%

Reference

o

209

@0
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TAM correlation with tumor growth and stage

1,940 increase of siomal CD6Bs TAM amaunt
isfound i tumors with T1a-T2a stages (mean
2269 vs. T3a stage (mean = 118.0).

efold incroase of CDBS+ TAM amount s fourd i1
‘cancer aroa with Giason 50010 8-10 (mean =
138.0)v5. Gleason score 4-6 (mean = 27.6)
1,610 incroase of CDGB+ TAM amount i found i
tumors of stage T2 3 (moan = 40.54)v5. T 2
stage (mean = 25.26). 1.87-f0d increasa of CDGB+
TAM amount s found n cases with Giason
Score:8 (mean = 44.94) vs. Glason < 6 (mean =
2000,

Increase of GDGB+ TAM amount (215 cols under
400, defned as score 3 i inccatve for Gieason
Score 26 and stage I

fourtod ncroase of mean amount of CD1E3+ TAMS
v5.CDBB+ TAMs s associted with Gieason scoro
27

1710 increaso of CD163+ TAM amourt s found
i tumors with Gioason scor0 2  (moan = 100.0)
v5. Geason < 6 mean = 60.1)

Low amount of GD204+ TAM (<24 cols per
0.06175 ) associaed with high PSA level
(620ngm)

1,610 dacrease of CD204+ TAM amount i
uimors with Gleason score > 8 (mean = 19.17) s
Gieason 56 (mean = 202

TAM correlation with
lymphatic and hematogenous
motastasis

Docrease of mean
CDGB+ TAM amount i primary
cancer by 48% (om $9.3 0
307 cols a x400) s assocaled
with LN metastasos.

Not studod

High amourt of CD6+ TAMS
(215 cols uer x400) coneates
with extacapsuar extenson and
perneural invasion

Not studod

13404 increaso of mean

OD163+ TAM amourt (rom 74

10999) i primary cancer is
associated wih presence of
bonos metastases.

Not studed

“TAM correlation with survival

Increaso of CDG8+ TAM amount
above the mean (1858) s
associted with xcreased RFS.
e by 4%

High amount of COB8+ TAMS.
(222 per 400 HPF) corelates
with docreased RFS rao by 75%.

Not sgnicant

Patents with umors of igh
CD163+ TAM amount show
raduced bochamical FFS rates
by 16% compared fo toso with
high CDB8+ TAM amount
Increase of CD163+ TAM amoxnt
(above 99)correltes it
roduced 0SS

Low amountof CD204+ TAMs
(<24 cets per 006175 ) is
‘assooited with decreased RFS.
rateby 26%

Reference

59

50

59

59
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Macrophage Function TAM subpopulation
marker

coss Transmermorane gicoproten General macrophage
maker

coso immunogobuin supertamiy M

cores Scavenger eceptor orthe hemagiobi-haptogobin M2
complex

C204 (MSRY)  Macrophage scavenger reoeptor w2

coz06 Mamoss receptor and C-ype lect [

8744 Gostimuatory potein of antgen-presentng oss Not specifed

COL8MCP2)  Monocyte chemosttractant eotein w2

cox2 Enzymo responsbiefo fomaton of prostanods e

HLADR MHC diass I call surface receptor M

GF1 Apabolc hormone [

NoS Enaymes catayzing the producton of NO fom Larginne M1

MARCO Giass A scavenger receptor w2

MwP-9 Matsx metaloproteinase e

mTORC2 Rapamycin-nsensitve proten complex Not specifed

POLT (CD274)  Immunosuppressivo poten Not spocifed

SGLEC! (CD169) Sii bicing receptor e

PP Protain ivolved on angogenesis and meastasis Not specifed

©stecponti)

Stbin1 (A1) Scavengorreceptor e

ez Aogopoein recepior Not specied

TREM-1 Recepto,reguite nfammator responss Not spocifed

VEGF Growth factor Not specied

VSiG4 ostimuatory ot of antgen-presentng osls Not specied

Vid39 (CHOL2)  Critnase-ko proten, proangogenicand monocyte M2
chamaatiactant

YKL4O(CHALY)  Chitnase e protein, pro-angogenic m

2681 Transcriton factor - diver of il mesenchymal M2
ransiion

Type o cancer

Breast, cooroctal, g, ovarian.
prostate

Coloecta, g

Breast, coorctal, g

Breas!, cooecta, g, prostate
Breast, cooreca, varan,
prostate

Ouan, kng

Breast

Breast, oran

Lung, ovadan

Ouwran

Lung, ovaan

Lng

Breast, ing

Goloectal

Ouran

Breast

Lng

Breast, coorectal
Breast
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Colooctal, ovaran
ung

Breast

Breast, ng, prosiate
Ouran

Method of detection

HC, fow cytometry

e
HO.IF

"o
HC, RAs54, fow
opometry

F. flow cytometry
RNAs2q, GPOR
HC, mutiex IF
Muiplored IHC, HC
‘Gene chp anaysis
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Muliox IF, ANA-500
F

F

F

RNAs2q, GPOR
e

O, IF
F

IF, ELISA, Westom bt
IC, aPCR

F

G, aPCR

HC, GPCR, EUSA
e
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pationts_ detection stage and hematogenous metastasis.
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Cancer type

Breast cancer (metastatic)

Breast cancer

Breast and endometrial cancer

Colorectal carcinoma

Colorectal carcinoma (metastatic)

Glioblastoma

Melanoma

Pancreatic ductal adenocarcinoma

Pancreatic ductal adenocarcinoma

Renal cell carcinoma

MACS, magnetic cell separation; FACS, fluorescence-activated cell sorting.

Number of patients

Healthy: 3
Cancer: 4
Healthy: 8
Cancer: 8
Healthy: 45
Cancer: 32 (breast),
3 (endometrial)
Healthy: 38
Cancer: 55
Healthy: 20
Cancer: 3
Healthy: 4
Cancer: 4
Healthy: 4
Cancer: 4
Healthy: 3
Cancer: 5
Healthy: 9 (from public
datasets)
Cancer: 7
Healthy: 4
Cancer: 4

Markers used for
monocyte isolation

CD14+CD16~ (MACS)
CD14*HLA-DR*

(FACS)
Lin~CD45*CD11b+CD14*
(FACS)

CD14* (MACS)

CD14* (MACS)

CD14* (MACS)
Lin~CD14*CD16™HLA-
DR (FACS)

CD14*CD16" (FACS)

CD14* (MACS)

CD14* (MACS)

Method

Microarray

Microarray

RNA-seq

Microarray

RNA-seq

Microarray

RNA-seq

Microarray

Microarray

Microarray

Publication

(©8)

(115)

(113)

(117

(95)

(118)

(114)

NA

(19)

(112)

Accession number

GSE65517

NA

GSE117970

GSE47756

(GSE133822

GSE77043

E-MTAB-6214

GSE60601

NA

GSE38424
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CRC patients

Number 4
Age 73 (48-96)"
Gender (male:female) 3
TNM stage

IIA 3

% 1 (patient 9)
Histological grade

G2-moderately differentiated All samples

*Data shown represent median (range).
CRC, colorectal cancer.
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Group comparison

PMN-MDSCs vs. monocytic
APCs

PMN-MDSCs vs. I-MDSCs

M-MDSCs vs. monocytic
APCs

1-MDSCs vs. monocytic
APCs

Upregulated pathways

JAK-STAT signaling,
DNA damage, chemotaxis, regulation of transcription, signal
transduction, cellular defense response, histone H4 acetylation
DNA damage, methy transferase activity, acetylation, apoptosis,
DNA repair, MAPK signaling, Wit signaling, and TGF-g signaling
Transcription factor binding, PISP binding, PIBK activation, protein
dephosphorylation, regulation of transcription, apoptosis, histone
H3 acetylation, T-cell proliferation, myeloid cell differentiation, IL-6
signaling, and TGF- signaling

Cell oycle and protein phosphorytation

Downregulated pathways

Apoptotic process, myeloid cell differentiation, MAPK activity,
negative regulation of transcription, Wnt signaling, DNA repair

Translational regulation, transcriptional regulation, IL-2, and IL-12
signaling

IFN-y signaling, immune system regulation, and peptidyl-tyrosine
dephosphorylation

Transcriptional coactivator activity, T-cell receptor signaling,
positive regulation of transcription, and cell migration
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Study/Cohort

£1199 (NCT00004125) (9)

E5103 (NCT00433511) (14, 15)

TAILORx (NCT00310180) (19)

Montefiore-Einstein cohort (13)

4, Increased.

No.

4819

4,994

9,223

3,800

Black
405 (8.4%)

568 (11.4%)

722 (7.8%)

1,393 (35.4%)

Stage
=

Black race and risk of recurrence

+ 1.58-fold (o = 0.002) in ER+/HER?- disease
(self-identified race)

1 1.5-fold (o = 0.027) in ER+/HER2- disease (in
subset with genetic African-American [n = 386] or
European-American [n =2,473] by ancestry
informative markers)

1.29-fold (o = 0.02) in entire population, and
1.8-fold (p < 0.001) for 21 gene RS —11 t0 25

1 1.84-fold (o < 0.0) in ER+/HER2- disease
(self-identified race)
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Drug

TAMs—Mechanism
of action

Negative contribution

Sorafenib CSF-1R1,

CXCL12/SDF-1at, Cancer cellinvasion

VEGFt Chemoresistance.
Carboplatin STAT31, IL-6¢ and Chemoresistance via M21
OR Cisplatin PGE21, STAT1{, Macrophages

and STAT6}
Paclitaxel Cathepsin B and St Apoptosis inhibition
Etoposide Cancer cell protection
Doxorubicin Chemoresistance
Gemoitabine Caspase-3) GEM-induced apoptosis
(GEM) activation, CDA inhibition

enzymet Chemoresistance.

TAMSs and Positive contribution

DC—Mechanism

of action
Alkylating HMGB11, IL-44, Enhanced anti-tumor
agents IL-104, IL-13}, response

HRG1, PIGFY, Faciltating chemotherapy

Autophagy

activation, CD8*1,

TLR4t, CTXt,

JSI-1241
Doxil IFNyt
nanomedicine LPst Mi-type macrophage
and Tranilast promotion

Facilitating chemotherapy

Paclitaxel TLR4t

Up arrow: elevated levels or activity.
Down arrow: decreased levels or inhibition.
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Clinical presentation
More advanced stage disease (7)
Higher rates of triple-negative disease (€)
Higher rates of obesity (9)
Treatment
Poorer adherence to chemotherapy (10) and endocrine therapy (11)
Higher rates of taxane neuropathy (12)
Other factors
Worse outcomes in ER-positive breast cancer despite comparable therapy
(©, 13-15)
More comorbidities and disparities in access to care (16)
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Integrin

B2 Famiy alp2
CD11a/CD18
LFA-1
aMp2
CD11b/CD18
Mac-1 CR3

aXp2
CD11c/CD18
P150,95

CR4

«Dp2
CD11d/CD18

B1 Family «2p1
VLA-2
CD49b/CD29
adpt
VLA-4
BBt
VLA-S
«BAB1
VLA-6

B3 Famiy VB3
CD51/CD63

B5 Family V5

ECM Ligands

None.

Fibronectin Vitronectin
Fibrinogen Laminins Collagens
oyst

Fibrinogen

Fibronectin Vitronectin
Fibrinogen

oyst

Collagens Laminins

Fibronectin
EMILINT

Fibronectin

Laminin (not in macrophages,
however)

Fibronectin

Vitronectin

Fibrinogen

Vitronectin
(Fibrinogen and
Fibronectin, minimally)

Other ligands

ICAM-1 ICAM-3 ICAM-2 ICAM-5
JAM-1

ICAM-1

ICAM-2

ICAM-3

ic3b
Thrombospondin
cD23

NIF

LPs

[for complete list please see (57)]
ICAM-1

ICAM-4

cD23

LPs

Thy-1

ic3b
Plasminogen
ICAM-3
Plasminogen
P2-C

Echovirus 1

VCAM-1

RGD Sequences

W
Thrombospondin
RGD Sequences

MFG-E8

Integrin names are listed using a and g chain nomenclature with commonly used alternative names listed underneath.

Main functions

Endothelial transmigration
Intercellular adhesion

Migration
Complement Receptor Type 3
Phagocytosis

Trans-endothelial extravasation

Complement Receptor Type 4
Intercellular achesion
Fibrinogen adhesion

Migration
Gell adhesion

Migration
Cell adhesion

Migration
Intercelluler adhesion
Fibronectin receptor
Migration
Adhesion

Vitronectin receptor
Adhesion

Phagocytosis
Debris clearance
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