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Abstract

:

Despite the incredible clinical benefits obtained by the use of immune checkpoint blockers (ICBs), resistance is still common for many types of cancer. Central for ICBs to work is activation and infiltration of cytotoxic CD8+ T cells following tumour-antigen recognition. However, it is now accepted that even in the case of immunogenic tumours, the effector functions of CD8+ T cells are highly compromised by the presence of an immunosuppressive tumour microenvironment (TME) at the tumour site. Tumour-associated macrophages (TAMs) are among the most abundant non-malignant stromal cell types within the TME and they are crucial drivers of tumour progression, metastasis and resistance to therapy. TAMs are able to regulate either directly or indirectly various aspects of tumour immunity, including T cell recruitment and functions. In this review we discuss the mechanisms by which TAMs subvert CD8+ T cell immune surveillance and how their targeting in combination with ICBs represents a very powerful therapeutic strategy.
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1. Introduction


Tumours comprise multiple distinct cell types that reciprocally interact with one another. Indeed, cancer cells are able to corrupt and recruit normal cell types, referred to as cancer-associated stroma [1]. Stroma cells, including endothelial cells, fibroblasts, pericytes, lymphocytes and myeloid cells are responsible for the formation of the tumour microenvironment (TME) that is the cellular environment in which solid tumours exist. The systemic communication between cancer cells and the rich TME sustains the overall tumour growth, homeostasis, and progression and modulates the therapeutic response of tumours [2].



Immune checkpoint blockade (ICB)-based immunotherapy is designed to amplify an endogenous anti-tumour T cell response. Nowadays, checkpoint blockade, in particular the targeting of programmed cell death-1 (PD-1)/(PD-1) ligand (PD-L1) pathway, is considered one of the most promising anti-cancer treatments and enormous therapeutic benefits have been reported for its use in different cancer types [3]. Central for ICBs to work is the infiltration of cytotoxic CD8+ T cells at the tumour site and their initial cytolytic activation [4]. Although CD8+ T cell activation and infiltration has been strictly correlated with tumour antigenicity, it is now accepted that T cell mediated anti-tumour immunity is also compromised by the presence of an immunosuppressive TME at the tumour site.



Indeed, the success of anti-tumour defence is determined by the ability of CD8+ T cells to overcome additional barriers that they may encounter within the TME posed by tumour cells, fibrotic stroma, T regulatory (Treg) cells, myeloid cells, inhibitory cytokines, and other stroma components that act to mitigate the anti-tumour response [5]. Tumour-associated macrophages (TAMs) are one of the most abundant non-malignant cell types within the TME and they participate in all the steps of tumorigenesis from tumour development to metastasis formation and resistance to therapy [6,7]. Recently, the role of TAMs has been also associated with modulation of anti-tumour immunity. In this review we describe our current understanding of the mechanisms by which TAMs induce CD8+ T cell immunosuppression and how their targeting is now evaluated to increase the impact of ICB therapies.




2. Regulation of CD8+ T Cell Response: Development of Immune Check-Point Blockers


During an effective immune response, naïve CD8+ T cells rapidly differentiate into effector T cells with unique metabolic, functional and migratory properties that promote cellular proliferation and infiltration into peripheral tissues. Following antigen recognition, T effector cells express cytokines and lytic molecules that mediate specific killing of pathogenic or transformed cells [8]. Regulation of the CD8+ T cell response is a complex process consisting of both stimulatory and inhibitory cell-intrinsic signalling pathways. The process of CD8+ T cell activation not only leads to initiation of T cell proliferation and differentiation, but also involves the induction of inhibitory pathways that can attenuate and terminate T cell function (Figure 1). The stimulation of CD8+ T cell inhibitory pathways is a physiological response to limit CD8+ T activity and it prevents the insurgence of autoimmune diseases [9]. In the same way, tumours can exploit CD8+ T cell inhibitory pathways for their own benefits, thereby promoting tumour escape from immune surveillance and eradication.



Cytotoxic T-Lymphocyte Antigen 4 (CTLA-4) is expressed upon CD8+ T cell activation and it has very high homology to the T cell co-stimulatory receptor CD28 and, as CD28, it binds B7 molecules (CD80 and CD86) expressed on the surface of antigen-presenting cells (APC). During epitope mediated CD8+ T cell receptor stimulation, CTLA-4 accumulates in CD8+ T cells at the T cell - APC interface until it reaches a level sufficient to block co-stimulation of CD28 by competitively binding to B7 molecules, thereby abrogating CD8+ T cell activation and response [10]. Based on this knowledge, Allison’s group proposed that the blockade of CTLA-4 could boost the amplitude of CD8+ T cell activation thereby achieving a better CD8+ T cell-mediated tumour eradication. The group tested in several mouse experiments the use of anti-CTLA-4 antibody in combination with cancer cell killing agents in order to prime antigen release and activation of CD8+ T cells before CTLA-4 blockade [11,12]. These and similar findings inspired the development and the successful Food and Drug Administration (FDA) approval of Ipilimumab, an antibody against human CTLA-4 in 2011. Ipilimumab considerably improved the overall survival in patients with metastatic melanoma [13,14], renal cell carcinoma [15], prostate cancer [16], urothelial carcinoma [17] and mammary carcinoma [18].



In 2000, PD-1 emerged as another potent inhibitory immune check-point receptor that limits the response of activated CD8+ T cells [19]. PD-1 has two ligands, PD-L1 (also known as B7H1 or CD274), which is broadly expressed by many cell types mainly upon exposure to pro-inflammatory cytokines, and PD-L2 (also known as CD273 or B7-DC) which instead has more restricted expression on APC [20]. The function of PD-1 is different to that of CTLA-4. CTLA-4 interferes with co-stimulation of CD8+ T cells, is involved in the regulation of the amplitude of T cells activation at the early stages, and acts at the level of lymphatic organs. In contrast, PD-1 engagement by PD-L1 can negatively affect both CD8+ T cell priming at the level of lympho-nodes and CD8+ T cell cytotoxic activity in peripheral tissue [21]. Tumour cells express high levels of PD-L1 as an immune escape mechanism and, thus, the assessment of PD-L1 expression levels in tumour biopsies is often used as a predictive marker for therapeutic response to PD-L1/PD-1 therapy [4]. However, PD-L1 expression by stroma cells, including myeloid cells, also contributes to CD8+ T cell suppression, suggesting that both sources of PD-L1 expression should be considered as predictive marker for PD-1/PD-L1 therapy response [22].



CD8+ T cells repetitively recognize cognate antigens as the tumour develops and form metastases. Triggering of T cell antigen receptor (TCR) results in the production of inflammatory cytokines, including interferon γ (IFNγ), which is the main stimulator of PD-L1 expression in targeted cells. Chronic PD-L1 engagement by PD-1 results in continuous PD-1 signalling in T cells and induction of epigenetic programs that lead to T cell exhaustion [23]. T cell exhaustion is a state of T cell dysfunction in a chronic inflamed environment. The principal characteristic of exhausted T cells is the progressive loss of effector functions, which generally occurs in a hierarchical manner and includes loss of interleukin (IL) 2, tumour necrosis factor α (TNFα), IFNγ, Granzyme B (GzmB) and Perforine (Prf) production. Moreover, exhausted T cells express high levels of inhibitory receptors in addition to PD-1, such as LAG-3, CD244, and TIM-3; and it has been reported that the pattern of inhibitory receptors that are co-expressed by the same CD8+ T cell can substantially affect the severity of dysfunction [24] (Figure 1). The phenotype acquired by dysfunctional CD8+ T cells affects their survival, proliferation and cytotoxic functions and although exhaustion is not a terminal state, it ultimately leads to T cell apoptosis [25].



PD-1 is, therefore, a negative regulator of a pre-existing immune response and its blockade has become relevant in cancer therapy because of its potential to reverse T cell exhaustion with subsequent stimulation of anti-tumour immunity. Furthermore, the pharmacological blockade of PD-1/PDL-1 is mainly targeted towards PD-L1 expressing cancer cells, with less toxicity for patients in comparison to anti-CTLA-4 inhibitory antibody therapies, as has been reported in the case of advanced melanoma [26].



Antibodies targeting the PD-1/PD-L1 axis have shown clinical durable responses in multiple tumour types. The first anti-PD-1 inhibitory antibodies (Pembrolizumab and Nivolumab) received FDA approval in 2014 and since then different types of anti-PD-1/PD-L1 inhibitory antibodies are under development and/or have been approved for treatment of melanoma [27], metastatic non-small cell lung cancer [28], head and neck cancer [29], Hodgkin’s lymphoma [30] and gastroesophageal, bladder and urothelial cancers [31,32]. Also, CTLA-4 and PD-1 regulate distinct inhibitory pathways and have non-overlapping mechanisms of action [21], thus suggesting that the use of combinatorial treatments could improve the efficacy of a single treatment [33]. Clinical trials have reported increased survival advantages after the combinatorial treatment in more than 80% of advanced melanoma patients with almost half of the patients showing tumour reduction [34].




3. Obstacles to Anti-Tumour Immunity


Despite the enormous clinical benefits given by the use of ICBs, only patients with certain tumour types, particularly melanoma, non-small-cell lung and renal cell cancers, respond positively to this kind of therapy. In other cancer types, including pancreatic, colorectal and ovarian cancer, patients are largely refractory or only a small fraction of patients shows a positive response [35]. It became clear that the presence of an active CD8+ T cell response within the tumour is the key factor for prediction of anti- PD-1/PD-L1 therapeutic efficacy [36,37]. The induction of CD8+ T cell-mediated anti-tumour activity critically depends on tumour- mutational load and tumour- associated neo-antigens. However, it is now accepted that in addition to tumour-intrinsic factors (Reviewed in [38]) anti-tumour immune defence, and in consequence the therapeutic activity of ICB, are strictly correlated with the presence of a complex immunosuppressive network within the TME [39]. Moreover, in many solid cancer types the physical exclusion of CD8+ T cells from the tumour site has been demonstrated to be a critical limiting factor for ICB approaches. A dense fibrotic stroma, hypoxia, and abnormal blood vessel architecture can impede the efficient infiltration of CD8+ T cells into the tumour thereby prohibiting CD8+ T cell–cancer cell interaction. In this scenario, CD8+ T cells are no longer capable to physically interact with and kill cancer cells [40,41,42,43,44]. Thus, overcoming the physical barrier restrictions imposed by the TME is necessary for successful ICB therapies.



In the light of these observations, the identification of key immunosuppressive factors within the TME and their combined targeting with ICB provides an attractive treatment strategy to enhance the efficacy of ICB therapies in cancer.




4. Macrophage Origin and Characterization


Macrophages are phagocytic cells and they constitute the first line of defence of our immune system against invading agents. Macrophages express surface receptors that allow them to recognize danger signals that are not normally found in healthy tissue. For example, scavenger receptors are responsible for binding apoptotic cells; pattern recognition receptors (PRRs) are able to recognize signals associated with invading pathogens, foreign substances, and dead or dying cells [45]. Macrophages also express numerous cytokines, chemokines, growth factors, and proteolytic enzymes and they are considered as key regulators of tissue homeostasis and repair. Moreover, macrophages play a central role in developmental processes such as vascular and neuronal patterning, as well as in pathophysiological responses, like inflammation and organ healing regeneration [46]. Generally macrophages can be distinguished by their expression of surface markers such as EMR1 (homologous of murine F4/80), CD11b, CD18 (also known as MAC1), CD68 and Fc receptors [47].



Macrophages originate from three different developmental pathways. All tissue embryonic macrophages derive from macrophage precursors in the yolk sac and fetal liver. During adulthood, fetal macrophages are replaced gradually by macrophages derived from bone marrow hematopoietic stem cell (HSCs) [48]. Some types of tissue resident macrophages, including bone osteoclasts, epidermal Langerhans cells, lung alveolar macrophages, microglia and liver Kupffer cells develop from embryonic macrophages and persist in adult tissues independently of replenishment by Ly6Chigh monocytes originated from HSCs during adulthood [49,50]. Instead, other types of tissue macrophages such as intestine, dermis, heart and pancreas macrophages undergo a continuous turnover in adulthood by recruitment of circulating monocytes which differentiate into macrophages upon tissue infiltration [51,52]. Infiltrating monocytes derived from HSCs are also the main source of macrophage replenishment into inflamed and remodelling tissues, and this process is driven by cytokines and chemokines, such as C-C motif chemokine ligand (CCL) 2, CCL5 and macrophage colony stimulating factor-1 (CSF-1) [53]. There are different markers to identify monocyte-macrophages diversity in human and mouse. In human, circulating monocytes, which originate from the bone marrow, can be classified in two subsets: CD14+ CD16neg ‘inflammatory’ or ‘classical’ and CD14+ CD16+ ‘patrolling’ or ‘non-classical’ monocytes. In the same way, mouse ‘inflammatory’ monocytes are classified as CD11b+ Ly6Chigh CCR2high CX3CR1low, in contrast ‘patrolling’ monocytes are CD11b+ Ly6Glow CCR2low CX3CR1high [54]. Patrolling monocytes monitor the microvasculature under steady-state conditions and rarely extravasate into tissue. However they can rapidly accumulate in lung metastatic tissue and inhibit cancer cell seeding and growth by exerting anti-tumour functions through recruitment of NKs [55]. Macrophages are a population of heterogeneous and plastic cells [56]. Once resident in tissues, macrophages acquire a distinctive phenotype in response to different signals present in the immediate microenvironment. Environmental stimuli, like IFNγ or microbial products, like the lipopolysaccharide molecule (LPS), induce a classical activation of macrophages and skew them toward an M1-like or ‘classically activated’ macrophage phenotype. M1-like macrophages mediate anti-microbial and tumoricidal response by secreting inflammatory cytokines, such as TNFα, IL-12, reactive oxygen species and nitric oxide (NO), by up-regulating the expression of major histocompatibility complex (MHC II) and by promoting a TH1-type of response. Alternatively, if the microenvironment becomes populated by different types of cytokines and growth factors, like the TH type-2 cytokines IL-4 and IL-13, macrophages are stimulated to acquire an alternative activation state, resulting in an M2-like subtype. M2-like polarized macrophages are characterized by expression of anti-inflammatory cytokines, such as IL-10, lower expression of pro-inflammatory cytokines, up-regulation of scavenger receptors, such as mannose receptors (MRC1/CD206 and CD163) and reduced ability to activate adaptive immune response. As such, M2-like macrophages may facilitate resolution of inflammation and promote tissue repair after the acute inflammation phase [46].



During cancer progression, tumours recruit a variety of immature myeloid cells that include Ly6C+/CCR2+ inflammatory monocytes and myeloid-derived suppressor cells (MDSCs) [57]. MDSCs comprise precursors of both the mononuclear monocyte/dendritic cell (DC) lineage and precursors of the neutrophils, granulocytes lineage [58]. Inflammatory monocyte and monocyte-related-mononuclear M-MDSC can infiltrate into neoplastic tissues, upon recruitment, and differentiate into tumour-associated macrophages (TAMs) [59,60]. Recruitment of circulating cells is required to maintain TAM populations. Whether tissue macrophages derived from embryonic precursors contribute to number, location and diversity of TAMs is not fully elucidated. Interestingly, several recent studies suggest that tissue resident macrophages also contribute to the TAM population in brain, lung and pancreatic cancer [61,62,63]. For example, in the case of pancreatic cancer differently originated TAMs give rise to TAMs with different phenotype and functionality: accordingly, while circulating Ly6Chigh inflammatory monocyte-derived TAMs are more potent in antigen presentation, embryonically derived TAMs are long-lived and self-renewing cells with high expression of pro-fibrotic factors and with pro-tumorigenic abilities [61].



Monocytes are recruited into the tumour site by chemokines secreted by tumour and stroma cells including vascular endothelial growth factor (VEGF), semaphorin 3A (SEMA3A), CCL2 and C-X-C motif ligand (CXCL)12 [64,65]. In tumours, the signals that orchestrate macrophage functions can vary between different tumour types, or even between different parts of the same tumour resulting in diverse TAM phenotypes [66]. TAMs with a relatively M1-like skewed phenotype are found to be associated with the early phases of tumour development or with regressing tumours. Classically activated M1-like macrophages can kill tumour cells and they mediate tissue-destructive reactions by taking part in the early elimination phase of immuno-editing orchestrated by CD8+ cytotoxic T lymphocytes and interferons. Generally, TAM polarization toward an M2 phenotype seems to be a common feature for many cancers although their relative abundance depends on the tumour type. TAMs have properties correlated with angiogenesis, immunosuppression and promotion of cancer growth and metastasis [67,68]. For example, M2-like TAM are found in perivascular and hypoxic regions of mouse and human tumours [69]; angiopoietin receptor TIE-2+ monocyte/macrophages are important for angiogenesis [70] and they are associated with M2 skewed phenotype and tissue remodelling activity [71].



TAMs are involved in all the steps of cancer progression by supporting tumour cell invasion, angiogenesis, intravasation, motility, extravasation and metastasis formation [72]. Indeed, epidemiological evidence indicates that the presence of TAMs is often correlated with a poor disease prognosis in different forms of cancer, such as pancreatic, breast and lung [73].




5. Macrophages and Anti-Tumour Immunity


Macrophages, and in particular TAMs, critically affect anti-tumour immunity and response to immunotherapy (Figure 2).



TAMs can express PD-1 ligands PD-L1 and PD-L2, as well as CTLA-4 ligands CD80 and CD86. PD-L1 and PD-L2 are up-regulated in macrophages in response to different stimuli including cytokines and hypoxia [74,75]. A high level of PD-L1 expression in TAMs has been reported for different types of cancer such as hepatocellular carcinoma [76], glioblastoma [77], pancreatic cancer [78]. Interestingly, in a pre-clinical model of pancreatic cancer, macrophages are the main source of PD-L1 within the TME [79]. In melanoma and pancreatic cancer, CD68+ TAMs can exert their immunosuppressive functions by expressing VISTA [80]. TAM secreted TGFβ directly suppresses CD8+ T cell functions by transcriptional repression of genes encoding functional cytokines such as perforin, granzyme and cytotoxins [81]; TAM derived TGFβ [82] and IL-10 [83] can also act indirectly by stimulating the differentiation of Treg cells. IL-10 stimulates PD-L1 expression on DCs [84] or it can suppress DCs anti-tumour function by inhibiting their secretion of IL-12 [85]. In addition, amino acid metabolism induced in M2-like macrophages or TAMs is responsible for arginase activity and/or production of immunosuppressive metabolites via the indoleamine 2,3-dioxygenase (IDO) pathway, resulting in metabolic starvation of T cells [86].



Macrophages also indirectly regulate CD8+ T infiltration and activity by inducing fibrosis. Fibrotic components, including cancer associated fibroblasts (CAFs) as well as the generation of hypoxic microenvironment due to extracellular matrix (ECM) stiffness and collagen deposition have been shown to be key mediators of T cell exclusion and immunosuppression [87]. The contribution of macrophages, in particular those with an alternative M2-like phenotype, to fibrosis has been extensively reported [88]. In particular, in pancreatic cancer the immunosuppressive role of fibrosis has raised large interest since a typical hallmark of this cancer is presence of an excessive fibrotic-inflammatory TME both at the primary and secondary liver metastatic site [7,42,89,90]. Indeed, it has been shown that liver Kupffer cells secrete TGFβ upon uptake of pancreatic cancer cell-derived exosomes, thereby triggering the generation of a fibrotic microenvironment responsible for establishing a pre-metastatic niche [90]. In contrast, the outgrowth of pancreatic cancer metastasis critically depends on the accumulation of bone marrow derived macrophages. These metastasis associated macrophages secrete high levels of granulin, a potent activator of hepatic stellate cells, thereby further fueling the generation of a fibrotic and inflammatory metastatic TME [7]. Macrophages are also important producers of matrix metalloproteinases (MMPs) and the administration of a CD40 agonist to pancreatic tumour bearing mice stimulated the systemic release of IFNγ and CCL2, thereby promoting the infiltration of MMP13 expressing monocytes/macrophages. In turn, macrophage-derived MMP13 reduced desmoplasia and enhanced chemotherapy delivery [91]. Moreover, targeting macrophages by blocking CSF-1/CSF-1R decreased fibrosis at the primary tumour site of the autochthonous LSL-KrasG12D/+; LSL-Trp53R172H/+; Pdx-1-Cre mice (KPC) mouse model of pancreatic cancer [79]. In regard to the hepatic metastatic site, metastasis associated macrophage (MAM) secrete high levels of the pro-fibrotic factor granulin, which is necessary for the generation of a fibrotic hepatic metastatic niche [7,92]. Subsequently, genetic depletion of granulin or the reduction of macrophage numbers by blocking CSF-1 reduced metastasis associated fibrosis and increased CD8+ T cell infiltration [42].



Considering the high immunomodulatory effects of macrophages, their targeting has become one of the most promising approaches to enhance anti-tumour immunity.




6. Targeting the Immunosuppressive Role of Macrophages


The signalling processes involved in TAM recruitment and/or activation are important targets for anti-cancer therapies (Figure 3).



CSF-1 is a monocyte attractant as well as the major growth and differentiation factor for monocyte-macrophage lineage. CSF-1 induces macrophage polarization toward an immunosuppressive and M2-like tumour promoting phenotype and it is abundantly expressed by several tumour types [93]. Therefore, CSF-1/CSF-1R axis has been extensively investigated and it is considered as an attractive target to interfere with TAM functions. A high level of CSF-1 or CSF-1R expression in the tumour or peri-tumoral tissue has been associated with poor patient survival in different malignancies such as lymphoma, breast cancer and hepatocellular carcinoma [94,95,96,97]. CSF-1R is a receptor tyrosine kinase and a number of small molecules and antibody antagonists have been developed and tested in pre-clinical models. For example, mice treatment with the humanized mAb Emactuzumab, which binds CSF-1R, prevents receptor dimerization thereby abrogating CSF-1 receptor binding and activation of downstream signalling. In this pre-clinical study, CSF-1R inhibition reduced TAM and circulating monocyte numbers and increased the CD8+: CD4+ T cell ratio compared with mice treated with control antibody [98]. The use of combinational therapies has been developed to potentiate the effect of CSF-1/CSF-1R inhibitors. For example, radiotherapy has been demonstrated to increase CSF-1 expression and myeloid cell infiltration in preclinical mouse xenograft models of human glioblastomas and combinational treatment of radiotherapy with CSF-1R small molecule inhibitors has shown to potentiate radiotherapy efficacy [99]. Another small molecule inhibitor, BLZ945, has shown to decrease glioma progression and improved survival in preclinical models. Interestingly, CSF-1R blockade in this model did not induce decrease in TAM numbers, but induced phenotypic changes in macrophage populations from an M2-like pro-tumoral to M1-like anti-tumoral type instead [100]. Blockade of CSF-1/CSF-1R axis in a pre-clinical mouse model of pancreatic cancer metastasis impaired macrophage recruitment and induced a phenotypic switch of remaining MAMs toward a pro-inflammatory, M1-like phenotype [42]. Another study revealed that pharmacological blockade of CSF-1/CSF-1R targeted specifically breast cancer CD11b+ Ly6Gneg Ly6Clow F4/80+ TAMs and induced increase in CD8+ lymphocyte infiltration [101]. The same group also identified macrophages as a primary source of IL-10 and that inhibition of IL-10 receptor induced reduction of the breast cancer tumour burden if combined with chemotherapy, with an equivalent effect caused by blockade of CSF-1R. Also in this case, tumour reduction was associated with increased CD8+ T cell mediated anti-tumour activity. Mechanistically, macrophage derived IL-10 suppressed IL-12 production by intra-tumoral DCs, which in turn limited CD8+ T cell cytotoxic activity [85]. Similar results have been obtained in the case of pancreatic cancer. Blockade of CSF-1R or CCR2 resulted in altered infiltration of myeloid cells by affecting CD11b+ Ly6Gneg Ly6Clow MHCIIhigh F480+ macrophages and CD11b+ Ly6Gneg Ly6Chigh MHCII+ F480+ monocytes, respectively. CSF-1R or CCR2 inhibition in combination with chemotherapy resulted in restored CD8+ T cells’ anti-tumoral activity [102]. The enhanced anti-tumoral effect of CD8+ T cells as consequence of pharmacological inhibition of CSF-1/CSF-1R axis has also been exploited for combinational therapy with ICBs, especially for tumours resistant to single-agent therapy. In pancreatic cancer, CD11b+ Ly6Gneg Ly6Clow F480+ CD206high M2-like polarized macrophages have been observed to be more sensitive to CSF-1/CSF-1R blockade. In this model, CSF-1/CSF-1R targeting resulted in increased expression of immune checkpoint molecule on tumour cells, including PD-L1 and CTLA-4, thus resulting in only modest increase of CD8+ T cell cytotoxicity. Combination of anti- PD1 or anti- CTLA-4 checkpoint immunotherapy with CSF-1/CSF-1R blockade improved anti-tumour immunity and led to the regression of even established primary pancreatic tumours [103]. However, targeting CSF-1/CSF1-R axis could also lead to compensatory effects, which translate to enhanced tumour progression. For instance, using different mouse tumour models, Kumar and colleagues demonstrated that CSF1-R is not only expressed on macrophages, but also on CAFs. Interestingly, in this study the inhibition of CSF-1R increased the secretion of CAF-derived chemokines including CXCL1, thereby provoking the recruitment of immunosuppressive Ly6G+ granulocytes/neutrophils. Inhibition of CXCR2, which is the receptor for most of the up-regulated CAF-secreted cytokines in response to CSF-1R inhibition, alongside with CSF-1R resulted in significant delay in cancer progression [104].



Combination of ICBs with myeloid cells targeting agents has recently been tested in preclinical pancreatic cancer models. For example, pharmacological selective targeting of the gamma isoform of phosphoinositide 3-kinase (PI3Kγ), highly expressed in myeloid cells [105], reshaped TME, induced T cell mediated cytotoxic activity, and improved ICB therapies [106,107].



Other TAM-centred approaches aim at re-education of macrophages rather than simply targeting them for depletion or destruction. IFNγ is a classical inducer of M1-like polarization and its administration in women with ovarian cancer resulted in increased activation of tumour cytotoxicity and clinical response [108]. Another approach to targeting TAMs has been provided by administration of agonistic anti-CD40 antibody in mice with pancreatic cancer. CD40 agonist treatment resulted in re-education of M2-like macrophages toward an M1-like type with increased antigen presentation capabilities which led to re-establishment of pro-inflammatory microenvironment and a reduction in tumour mass [109]. Translation of the results obtained into clinical trials using a fully humanized antibody CD40 agonist in combination with chemotherapy in patients with advanced stage pancreatic cancer achieved partial response and improved patient survival [110]. Interestingly, a combination of anti-CD40 agonist and inhibition of CSF-1R induced macrophage pro-inflammatory phenotype prior CSF-1R mediated elimination, which was sufficient to reinvigorate CD8+ T cell response in transplanted tumours that were either resistant or sensitive to ICBs [111]. B cells can also affect macrophage activation and functions. The crosstalk between B cells and the Ig receptor gamma (FcRγ+) expressed on TAMs stimulates a Bruton tyrosine kinase (BTK)-PI3Kγ signalling cascade that favours an M2-like macrophage phenotype. Administration of a PI3Kγ inhibitor or a BTK inhibitor reverted macrophages towards an M1-like phenotype and promoted CD8+ T cell cytotoxicity resulting in a decrease in tumour growth [112].



Given the importance of TAMs as regulators of tumour immunity, therapeutic strategies aimed at both depleting TAMs and at targeting their pro-tumorigenic abilities are now under early phase clinical evaluation in combination with ICB (Table 1).




7. Conclusions


The use of ICBs, in particular the targeting of the PD-1/PD-L1 pathway, is considered one of the most promising anti-cancer treatments and impressive therapeutic benefits have been reported for its use in different cancer types. However resistance to ICB is common [113]. Indeed, priming and sustaining an anti-tumour immune response in solid tumours still remains challenging due to obstacles posed by solid tumours, particularly T cell exclusion and the presence of a myriad of immunosuppressive factors within the TME. Increasing evidence suggests that TME-targeted therapies restoring T cell infiltration and activation are inevitable for subsequent tumour response to ICBs. Macrophages are key regulators of tissue development and homeostasis but tumours have acquired the ability to educate them for their own benefit. As discussed in this review, TAMs play a crucial role in suppressing T cell recruitment and function, thereby favouring tumour immune escape. Nowadays TAM-centred therapeutic strategies are generally focused on inhibiting recruitment and/or survival of macrophages at the tumour site, alternatively other strategies are focused at enhancing macrophage anti-tumour activities. Therapeutic approaches aimed at TAM reprogramming rather than targeting for depletion seems to be promising considering that macrophages with an M2-like phenotype are mainly associated with immunosuppressive and tumour supportive functions. This is also important in the light of evidence that TAM depletion can lead to compensatory effects mediated by Ly6G+ neutrophils or Treg cells [42,114]. Therefore, a promising attempt to overcome resistance to ICB is the stimulation of pro-inflammatory and anti-tumorigenic functions of TAMs to prime cytotoxic T cell responses.



Moreover, there is emerging evidence that the TME markedly varies between organs, cancer type, and primary and secondary sites. Thus, the identification and molecular characterization of immunosuppressive mechanisms within the distinct TMEs will be critical for the development of effective TME-targeted therapies.
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Figure 1. CD8+ T cell exhaustion. Naïve CD8+ T cells differentiate and activate into effector CD8+ T cells upon antigen recognition and co-stimulation mediated by antigen presenting cells (APC). Once at the tumour site, active CD8+ T cells recognize cancer cells by T cell receptor (TCR)–tumour antigen interaction and direct their effector anti-tumour activity through secretion of cytokines and lytic molecules such as interferon γ (IFNγ), tumor necrosis factor α (TNFα), granzyme B (GzmB) and perforin (Prf). However, within the tumour microenvironment, CD8+ T cells can acquire a dysfunctional or exhausted phenotype characterized by a progressive loss in cytolytic factors and increased expression of inhibitory receptors, including Programmed cell death-1 (PD-1), lymphocyte-activation gene 3 (LAG3), T-cell immunoglobulin and mucin-domain containing 3 (TIM-3), and CD244. 






Figure 1. CD8+ T cell exhaustion. Naïve CD8+ T cells differentiate and activate into effector CD8+ T cells upon antigen recognition and co-stimulation mediated by antigen presenting cells (APC). Once at the tumour site, active CD8+ T cells recognize cancer cells by T cell receptor (TCR)–tumour antigen interaction and direct their effector anti-tumour activity through secretion of cytokines and lytic molecules such as interferon γ (IFNγ), tumor necrosis factor α (TNFα), granzyme B (GzmB) and perforin (Prf). However, within the tumour microenvironment, CD8+ T cells can acquire a dysfunctional or exhausted phenotype characterized by a progressive loss in cytolytic factors and increased expression of inhibitory receptors, including Programmed cell death-1 (PD-1), lymphocyte-activation gene 3 (LAG3), T-cell immunoglobulin and mucin-domain containing 3 (TIM-3), and CD244.



[image: Cells 08 00747 g001]







[image: Cells 08 00747 g002 550]





Figure 2. Immunosuppressive role of tumour-associated macrophages (TAMs). TAMs promote immunosuppression by different mechanisms: TAMs can express programmed cell death ligand 1 and ligand 2 (PD-L1 and PD-L2), which bind the T cell inhibitory receptor programmed cell death protein 1 (PD-1), thereby inducing T cell exhaustion. TAM expression of V-domain Ig suppressor of T cell activation (VISTA) and B7 family molecules, such as B7-H4, can have similar function. TAMs secrete immunosuppressive cytokines such as IL-10 and TGFβ, which can have direct suppressive functions on CD8+ T cells, or they can induce recruitment of immunosuppressive CD4+ T regulatory (Treg) cells. TAM secreted IL-10 can impair T cells effector functions indirectly either by inhibit dendritic cell (DC) anti-tumorigenic role or by inducing DC expression of PD-L1. Moreover, amino acid metabolism in TAM results in production of arginase and immunosuppressive metabolites via the indoleamine 2,3-dioxygenase (IDO) pathway, which is responsible of metabolic starvation in T cells. TAMs can also indirectly induce immunosuppression by promoting fibrosis. Indeed cancer associated fibroblast (CAF) secreted factors and/or extracellular matrix (ECM) stiffness are responsible for CD8+ T cell immunosuppression and/or exclusion from the tumour nest. 
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Figure 3. Tumour-associated macrophage (TAM)-targeted therapeutic approaches. TAM-centered approaches either aim at inhibiting TAM recruitment and survival or they focus on promoting TAM anti-tumorigenic activity. For example inhibition of the monocyte chemoattractant chemokine (C-C motif) ligand 2 (CCL2) or its receptor, as well as blockade of colony stimulation factor (CSF-1)/CSF-1 receptor (CSF-1R) axis can prevent TAM accumulation at the tumour site or TAM survival. CSF-1/CSF-1R blockade can also have the potential to switch TAM phenotype from a pro-tumorigenic M2-like to a pro-inflammatory M1-like. Similarly, approaches aimed at re-educating TAMs toward an anti-tumorigenic phenotype are successful as in the case of the use of inhibitors of gamma isoform of phosphoinositide 3-kinase (PI3Kγ) or Ig receptor gamma (FcRγ). Interferon gamma (IFNγ) administration or activation of the stimulatory receptor CD40 using anti-CD40 antibody agonists can induce re-education of pro-tumorigenic TAMs. Another alternative approach is the targeting the immunosuppressive function of TAMs by inhibiting IL-10 or blockade of immune checkpoint receptors engagement. 
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Table 1. Clinical trials of TAM targeting agents in combination with ICBs.
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TAM Targeting Agent

	
Immune Checkpoint Blocker

	
Tumour Type

	
Phase

	
ClinicalTrial.Gov Reference




	
CSF-1/CSF-1R Antagonists




	
PLX3397

	
Pembrolizumab (anti-PD-L1)

	
Advanced solid tumours

	
Phase II (completed)

	
NCT02452424




	
Pexidartinib

	
Durvalumab (anti-PD-L1)

	
Metastatic/advanced pancreatic or colorectal cancers

	
Phase I (ongoing)

	
NCT02777710




	
BLZ945

	
PDR001 (anti-PD-1)

	
Advanced solid tumours

	
Phase I/II (ongoing)

	
NCT02829723




	
Emactuzumab

	
Atezolizumab (anti-PD-L1)

	
Advanced solid tumours

	
Phase I (ongoing)

	
NCT02323191




	
AMG820

	
Pembrolizumab (anti-PD-L1)

	
Pancreatic cancer, colorectal cancer, non-small cell lung cancer

	
Phase I/II (ongoing)

	
NCT02713529




	
CCR2/CCR5 Antagonist




	
BMS-813160

	
Nivolumab (anti-PD-1)

	
Metastatic pancreatic or colorectal cancers

	
Phase I/II (ongoing)

	
NCT03184870




	
PI3K δ/