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Abstract

:

Simple Summary


Tumors often include many immune cells that are theoretically able to combat tumor growth. Yet, tumors can induce immune functions that support tumor growth via different routes. In this review, we discuss how cancer cell metabolism regulates the activity of macrophages within tumors and how this affects tumor progression. This is particularly relevant as metabolic pathways in both cancer and immune cells can serve as targets to improve cancer treatment.




Abstract


Tumors consist of a wide variety of cells, including immune cells, that affect tumor progression. Macrophages are abundant innate immune cells in the tumor microenvironment (TME) and are crucial in regulating tumorigenicity. Specific metabolic conditions in the TME can alter the phenotype of tumor-associated macrophages (TAMs) in a direction that supports their pro-tumor functions. One of these conditions is the accumulation of metabolites, also known as oncometabolites. Interactions of oncometabolites with TAMs can promote a pro-tumorigenic phenotype, thereby sustaining cancer cell growth and decreasing the chance of eradication. This review focuses on the metabolic cancer-macrophage crosstalk in the TME. We discuss how cancer cell metabolism and oncometabolites affect macrophage phenotype and function, and conversely how macrophage metabolism can impact tumor progression. Lastly, we propose tumor-secreted exosome-mediated metabolic signaling as a potential factor in tumorigenesis. Insight in these processes may contribute to the development of novel cancer therapies.
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1. Introduction


The tumor microenvironment (TME) harbors many components such as cancer cells, immune cells, fibroblasts, and endothelial cells. In 2011, an inflammatory TME was recognized as a hallmark of cancer [1]. Although immune cells are one of the most abundant cell types present in the majority of solid tumors, the TME is often immunosuppressive. The majority of the tumor is comprised of macrophages [2], which are theoretically capable of eliciting anti-tumor responses. However, an increased abundance of tumor-associated macrophages (TAMs) is generally associated with worse prognosis [3,4] as cancer cells have developed mechanisms to induce macrophages that promote tumor growth by regulating angiogenesis, promoting metastasis and suppressing immune function [5]. TAMs consist of heterogeneous subsets that are regulated by microenvironmental factors such as chemokines, cytokines, growth factors, but also metabolites [5,6].



Although TAMs are mostly considered pro-tumoral and occur predominantly in established tumors, TAMs can also demonstrate a pro-inflammatory phenotype, which particularly occurs in early stages [7]. However, secretion of pro-inflammatory cytokines and reactive oxygen species (ROS) by myeloid cells does not automatically lead to anti-tumor responses but can also contribute to tumorigenesis and metastasis, as cancer-associated inflammation is both a hallmark and a driver of cancer. Pro-tumorigenic functions of inflammation are exerted by increasing mutational load and cellular signaling resulting in DNA and epigenetic modifications [8]. Signaling by pro-inflammatory cytokines may also induce survival of transformed cells, activate other pro-tumorigenic stromal cells and induce epithelial-to-mesenchymal transition (EMT), a process required for cancer metastasis and correlated with worse prognosis [8]. Nevertheless, pro-inflammatory macrophages can phagocytose and present tumor-antigens, provide co-stimulatory signals and secrete cytokines activating T effector cells, and are associated with improved prognosis [9]. On the other hand, anti-inflammatory TAMs are mostly immunosuppressive, pro-metastatic through the remodeling of the extracellular matrix, and pro-angiogenic, thereby allowing cancer progression [8]. TAMs exert immunosuppressive functions by several mechanisms: expression of programmed death ligand 1 (PD-L1), thereby limiting T cell responses [10]; secretion of anti-inflammatory cytokines such as interleukin-10 (IL-10) and transforming growth factor β (TGFβ) [11]; recruitment of regulatory T cells (Tregs) via chemokine secretion [12]; and conversion of cluster of differentiation (CD) 4+ T cells towards Tregs [13]. For a more detailed description of the pro- and anti-tumorigenic roles of inflammation in cancer we refer to [8,14].



These pro- and anti-inflammatory TAM subsets not only differ in their phenotype regarding cytokine production and surface marker expression, but also in their metabolism. The specific metabolic state of macrophages is not only required to meet their altered energy and biosynthesis demands, but can also directly drive their function [15]. Pro-inflammatory macrophages rely on glycolysis, which in addition to ATP produces biosynthetic intermediates and fuels the pentose phosphate pathway for nucleotide synthesis and ROS and nitric oxide (NO) production [15]. Additionally, they have a truncated tricarboxylic acid (TCA) cycle preventing effective oxidative phosphorylation (OXPHOS) [16] and use the electron transport chain for reverse electron transport resulting in ROS rather than ATP production [17]. Pro-inflammatory macrophages also upregulate fatty acid synthesis to reorganize their cell membrane for inflammatory signaling [15]. On the contrary, anti-inflammatory macrophages show an intact TCA cycle and increased OXPHOS. Originally, fatty acid oxidation was thought to be crucial for this macrophage subtype; however, later glycolysis was recognized as an alternative pathway to fuel OXPHOS [15,18,19].



Tumors can exploit this connection between immune cell metabolism and function to suppress immunity and to promote tumor progression. Tumors exhibit altered metabolism compared to normal tissues, preferring glycolysis over OXPHOS even in the presence of oxygen, a phenomenon known as the Warburg effect [20,21]. This has the advantage of providing both biosynthetic building blocks needed for proliferation and signaling intermediates that can affect the phenotype of cells present in the TME [21]. This increased glucose consumption, in addition to the occurrence of hypoxic areas within the tumor, can lead to nutrient competition between cancer and immune cells. Moreover, altered metabolism and genetic mutations can result in aberrant production of metabolites such as lactate, succinate and 2-hydroxyglutarate (2HG), respectively [22,23,24]. These oncometabolites can interact with TAMs and affect their phenotype and ultimately tumor progression.




2. Metabolic Conditions Affect the TME


Many solid tumors exhibit hypoxic areas due to rapid tumor growth and structural and functional abnormalities of the microvasculature [25]. Exposure to hypoxia stimulates cancer cell invasiveness and metastasis, increases resistance to therapy and decreases patient survival [26,27]. In order to withstand the cellular stress induced by hypoxia, cells respond by activation of the hypoxia-inducible factor 1α (HIF1α) pathway. HIF1α is an essential regulator of gene expression in response to oxygen-limiting conditions and upregulation of this pathway induces glycolytic genes [27]. This can lead to elevated lactate levels (Figure 1), which is transported out of the cell by HIF1α-induced upregulation of monocarboxylate transporter (MCT4) [28]. Interestingly, lactate produced by tumor cells in hypoxic areas can be imported via MCT1 and used as fuel for the TCA cycle by better oxygenated cancer cells [29]. The utilization of lactate by the latter saves glucose for glycolytic tumor cells in hypoxic regions and benefits the metabolism of both, also known as metabolic symbiosis [29]. High rates of lactate production furthermore lead to acidification of the TME, which can be sensed by macrophages and induce a pro-tumoral profile in TAMs (Figure 1) [30]. Additionally, hypoxic areas recruit angiogenic TAMs to improve vascularization and blood flow within the tumor. Consistently, high numbers of TAMs have been found in hypoxic areas of breast cancers in vivo [7,31], further contributing to the pro-tumorigenic microenvironment.



High glycolysis and limited nutrient supply due to disorganized vascularization result in competition for glucose between cancer and stromal cells. The TME has been shown to harbor low levels of glucose and glycolysis intermediates [32,33], affecting TAM metabolism (Figure 1). In vitro TAM models demonstrate upregulation of glycolysis [34,35,36], but also increased mitochondrial respiration, which may help survival in case glucose availability is insufficient [35]. However, another study found hypoxic TAMs in lung and breast cancer mouse models to upregulate regulated in development and DNA damage responses 1 (REDD1), an inhibitor of mammalian target of rapamycin (mTOR) and thereby decreasing glycolysis [37,38]. Reversing the latter by REDD1 deletion in these TAMs allows them to compete for glucose with endothelial cells, leading to improved blood vessel stability and decreased metastasis [37]. Furthermore, TAMs have been found to oxidize more lactic acid than other cells within a Lewis lung cancer (LLC) mouse model [22], indicating that a lack of glucose may force TAMs to switch to alternative fuel sources (Figure 1). Another scarce fuel source is glutamine [39]. TAMs in LLC mouse models and glioblastoma patients have been found to upregulate glutamine synthetase, which is induced in response to starvation and can elicit pro-tumorigenic TAM polarization [22,40,41]. A macrophage-specific knockout of glutamine synthetase reverses LLC-associated TAM polarization to an anti-tumoral phenotype, decreasing metastasis, normalizing vasculature and increasing CD8+ T cell infiltration [41]. Additionally, low levels of arginine and tryptophan have been detected in the TME of human brain, gynecological, kidney and lung cancers due to increased cancer cell expression of enzymes metabolizing these amino acids [42,43,44]. However, also high expression of arginase 1 (Arg1) in TAMs could contribute to low arginine concentrations [45], which is required for T cell survival and anti-tumor responses [45,46]. Similar to arginine shortage, tryptophan starvation has been implicated to induce a regulatory T cell phenotype [47].



Together, these metabolic conditions show the capability of tumor cells to adapt to a changing environment and thereby affect TAM metabolism and function. How TME characteristics translate into tumor cell-induced manipulation of TAMs towards a pro-tumorigenic phenotype, ultimately increasing chances of survival, will be discussed in a later chapter.




3. Oncometabolites Accumulate due to Mutations in TCA Cycle Enzyme Genes


Although cancer cells heavily rely on glycolysis, the tricarboxylic acid (TCA) cycle is still crucial [48,49]. Mutations in metabolic enzyme genes are a known risk factor for developing cancer [50]. Loss-of-function mutations in succinate dehydrogenase (SDH), present in human paragangliomas and pheochromocytomas, and fumarate dehydrogenase (FH), present in renal cell cancer patients, lead to accumulation of succinate and fumarate, respectively, while gain-of-function mutations in isocitrate dehydrogenase (IDH) produce the D-enantiomer of 2HG in human gliomas (D-2HG) [24,51]. These metabolites can support tumorigenesis [50]. Mutations of all four SDH subunit genes have been linked to cancer [52,53,54,55]. Succinate, fumarate and D-2HG aid tumor progression by epigenetic remodeling as they are structurally similar to α-ketoglutarate (αKG) and can therefore act as competitive inhibitors of αKG-dependent dioxygenases [56]. This mechanism results in aberrant HIF1α accumulation and DNA hypermethylation [50]. For instance, mutations in SDH subunit B (SDHB) induce the most epigenetic silencing in cancer cells, increasing cell migration and potentially explaining malignancy [57]. Furthermore, lactate, succinate, fumarate and 2HG have been shown to induce EMT via epigenetic regulation in murine tumor models and cancer patients [58,59,60,61]. Pro-tumorigenic oncometabolite signaling is reviewed in more detail here [50].



Both succinate and D-2HG can be secreted by cancer cells [23,62], exposing the TME to elevated levels of oncometabolites. Interestingly, the concentration of D-2HG correlates with tumor size and response to therapy in biliary tract cancer patients [62]. In summary, the TME experiences high levels of aberrantly accumulating oncometabolites due to mutations, such as succinate, fumarate or 2HG, or altered tumor metabolism, such as lactate and the tryptophan metabolite kynurenine. In the following section, we discuss their effects on TAMs.




4. Oncometabolites Regulate Macrophage Function and Heterogeneity


4.1. Cancer-Derived Lactate Induces TAMs that Promote Angiogenesis and Tumor Metastasis


Lactate does not only affect tumor cells as described above but also macrophages. MCT4-mediated uptake of tumor-derived lactic acid increases vascular endothelial growth factor (Vegf) and Arg1 expressions in murine TAMs, which substantially supports tumor growth (Figure 2) [22]. This was suggested to be HIF1α-mediated; however, recently, a different mechanism was proposed as lactate was found to directly alter gene transcription by histone lactylation, polarizing pro- to anti-inflammatory macrophages in vitro. Furthermore, histone lactylation is associated with higher Arg1 expression in in vivo LLC and melanoma models, indicating a novel mechanism of TAM polarization [63].



In addition to the effects discussed above, lactate can also induce signaling through the G protein coupled receptor 132 (GPR132) in TAMs (Figure 2) [64]. Triggering of GPR132 by lactate induces a pro-tumorigenic TAM phenotype, characterized by expression of Arg1, promoting TAM recruitment and metastasis in vivo. In patients, GPR132 expression is associated with pro-tumoral TAM presence, breast cancer metastasis and poor prognosis [64]. Another study shows that pro-tumorigenic lactate signaling is mediated through extracellular signal-regulated kinase (ERK)/signal transducer and activator of transcription 3 (STAT3), inhibition of which decreases TAM presence in the TME and decreases tumor size and angiogenesis in breast cancer in vivo [65]. However, it is unclear whether GPR132 signaling is mediated via the ERK/STAT3 pathway.



Overall, lactate acts as a signaling molecule, skewing macrophages to a pro-tumorigenic phenotype. The signaling mechanisms might depend on other microenvironmental factors, such as hypoxia or co-signaling molecules, and could be cancer type specific. Nevertheless, promoting angiogenesis and metastasis appear to be common signatures of lactate signaling in macrophages.




4.2. Succinate Induces Tumor-Promoting Cytokine Production in Macrophages


As explained above, the oncometabolite succinate can accumulate in the TME. Recently, cancer-derived succinate was found to recruit monocytes, promote pro-tumorigenic TAM polarization and metastasis of human lung cancer through activation of succinate receptor (SUCNR1/GPR91) signaling (Figure 2) [23]. This activation triggers phosphoinositide 3-kinase (PI3K) signaling via the macrophage-dominant p110δ and p110γ PI3K isoforms, which control the HIF1α/VEGF axis [66]. Blockade of this signaling pathway shifts the TAM phenotype from pro- to anti-tumoral in vivo, leading to decreased metastatic nodules (Figure 2) [66].



However, succinate can also accumulate in activated macrophages. Lipopolysaccharide (LPS)-activated macrophages exhibit increased glycolysis and a truncated TCA cycle, accompanied by an increase in succinate levels [17]. Succinate is traditionally seen as a pro-inflammatory metabolite due to increased IL-1β production mediated by HIF1α stabilization [67]. Yet, IL-1β is associated with tumorigenesis by a direct induction of EMT [8]. Additionally, an anti-inflammatory role of succinate on macrophages has been described recently, decreasing CD86, CD80 and inducible nitric oxide (iNOS) expression and secretion of IL-6, tumor necrosis factor (TNF) and NO independently of GPR91 [68]. However, whether this mechanism also plays a role in TAM generation in vivo remains to be established.



In summary, these results indicate tumor- and macrophage-derived succinate as a pivotal signaling molecule in macrophages, potentially affecting tumor progression.




4.3. D-2HG Suppresses the Immune Response and Reduces Immune Cell Infiltration


As mentioned before, D-2HG can accumulate due to mutations in the IDH1/2 genes and supports tumorigenesis. The L-enantiomer of 2HG, produced under hypoxic conditions [69] and after T cell receptor (TCR) triggering, supports CD8+ T cell survival and anti-tumor responses in a lymphoma model in vivo [70]. In contrast, D-2HG suppresses anti-tumor T cell activity by interfering with TCR signaling and polyamine biosynthesis in a mouse glioma model [71]. Immune inhibitory functions were also found in dendritic cells (DCs) [72] and microglia, where D-2HG inhibits activation by AMP-activated protein kinase (AMPK)-mediated downregulation of mTOR and downstream nuclear factor κB (NF-κB)-induced inflammatory responses [73]. Interestingly, IDH mutations are generally associated with longer patient survival and better response to therapy [74], likely due to reduced myeloid cell infiltration and improved vasculature [75,76].



While it is clear that D-2HG affects immune responses and metabolism [71,73], additional research is required specifically into its effects on TAM polarization and function.




4.4. Kynurenine and Other Tryptophan Metabolites Inhibit the Anti-Tumor Response in TAMs


Increased expression of tryptophan (Trp) metabolism enzymes is often found in human brain, gynecological, kidney and lung cancers and has been associated with tumor growth and metastasis [43,44]. Kynurenine is a metabolite produced in the major metabolism pathway of Trp, which can be catalyzed by three enzymes: indoleamine 2,3-dioxygenase 1 (IDO1), IDO2 or tryptophan-2,3-dioxygenase (TDO). Multiple human cancer types such as brain and colon cancer secrete kynurenine into the TME [44,77], affecting macrophages in a paracrine manner (Figure 2) [78]. Kynurenine can signal through GPR35, which is highly expressed on macrophages [79]. Increased IDO and TDO expression in human melanoma is associated with an elevated abundance of TAMs with increased CD206 expression and decreased expression of Nos2 (the gene encoding iNOS), Il12, Tnf, Cd86 and Cd40. These TAMs also upregulate the kynurenine receptor aryl hydrocarbon receptor (AHR), inhibit CD8+ cytotoxic functions and engage in a pro-tumoral cooperation with Tregs [78]. Furthermore, blockade of AHR signaling enhances anti-programmed cell death protein 1 (αPD-1) therapy effects in a myeloid-dependent manner in a B16 melanoma model [78]. Additionally, kynurenine-activated AHR signaling was found to elevate C-C chemokine receptor type 2 (CCR2) expression, leading to monocyte recruitment and increased tumor growth in vivo [80]. AHR activation also decreases pro-inflammatory NF-κB signaling in TAMs and drives CD39 expression, leading to inhibition of CD8+ T cell function. High AHR expression in human gliomas is further associated with poor prognosis [80].



Other tryptophan metabolites, such as 3-hydroxykynurenine (3-HK), 3-hydroxyanthranilic acid (3-HAA) and quinolinic acid have also been implied to affect the immune response against cancer [81]. These molecules are consecutively produced after kynurenine catalyzation and can accumulate due to increased TDO or IDO1/2 activity. While the effects of these tryptophan metabolites on TAMs have not yet been elucidated, 3-HAA has been shown to inhibit NF-κB and inducible nitric oxide (iNOS) activation in macrophages [82].



Taken together, this research indicates a role for tryptophan metabolism and its metabolites in the communication between tumor cells and TAMs. Potential ways to exploit tryptophan metabolism as a therapeutic target are described in a later section.




4.5. Production of Retinoic Acid by Tumor Cells Induces TAM Differentiation


Cancer cells have also been shown to metabolize vitamin A at elevated rates. Increased expression of aldehyde dehydrogenase 1a (ALHD1A), catalyzing the reaction of retinol to retinoic acid (RA), is correlated to poor cancer prognosis. While ALHD1A is used as a marker for malignancy and therapy response in different human cancer types including prostate and breast cancer [83,84], RA was considered an anti-tumor agent since it induces G1 arrest in breast cancer cells and thereby inhibits cell cycle progression [85], but its function is currently being revisited. RA has shown contradicting effects on immune cells, dependent on the microenvironment. Recently, it was shown in vivo that T cell-derived IL-13 promotes RA production by sarcoma cells, which causes differentiation of monocytes in the tumor into cancer-promoting TAMs rather than anti-tumor DCs [86]. Additionally, RA is associated with an immunosuppressive gene signature in human sarcoma, breast, lung and colon cancers and RA inhibition increases αPD-1 sensitivity in vivo, creating new prospects to enhance the effectiveness of immune checkpoint blockade therapy [86]. However, RA has also been found to decrease the ability of monocytes to respond to chemotactic stimuli, decreasing their recruitment to the tumor. Furthermore, RA treatment decreases macrophage IL-8 and VEGF production in vitro [87]. This discrepancy is likely due to different models used (i.e., in vivo vs. in vitro) and might also depend on cancer-type specificity of results.



In conclusion, the role of RA in cancer is currently under discussion with recent evidence indicating pro-tumoral properties through the creation of tumor-promoting macrophages. However, to elucidate the precise role of RA, additional research is required regarding cancer type specificity and in vivo mechanisms of TAM polarization.





5. Tumor-Derived Exosomes as Transporters of Oncometabolites


A potential mechanism for metabolic crosstalk between tumor cells and macrophages is the use of exosomes (Figure 1). Exosomes are microvesicles of around 50–150 nm and can be secreted by many cell types into the extracellular space, where they function as autocrine and paracrine communicators by carrying a variety of molecules including microRNA (miR), proteins, lipids, metabolites and metabolic enzymes [88,89].



Exosome release is increased in transformed cells, potentially induced by the conditions in the TME including acidity, hypoxia, and low nutrient concentrations. Exosomes have also been linked to tumor progression in sarcoma patients [90]. Exosome release, as well as uptake, is increased at low pH [91]. Furthermore, uptake efficiency in melanoma cells is increased for exosomes derived from metastatic cells compared to exosomes derived from primary melanoma cells, which may contribute to their metastatic capacity. Additionally, low pH and increased exosome release are linked to melanoma progression [92]. Recipient cells can take up exosomes through various mechanisms including endocytosis and fusion [93]. Macrophages can also internalize exosomes by PI3K-dependent phagocytosis [94]. Altogether, exosome release and uptake by macrophages is likely in cancer, suggesting a mechanism for immune evasion.



Indeed, an extensive body of evidence exists showing effects of tumor-derived exosomes on TAMs, promoting tumor progression [90,95] and immunosuppression [96,97] in human melanoma, leukemia, ovarian and esophageal tumors. Interestingly, tumor-derived exosomes have also been reported to induce metabolic changes in TAMs (Figure 1). A recent study indicates generation of pro-tumorigenic TAMs due to interference with lysosomal acid lipase A by miR-125b-5p shipped in melanoma-derived exosomes. Macrophages treated with these exosomes exhibit decreased expression of genes involved in lipid catabolism, reducing anti-tumor TAM functions [98]. Additionally, murine melanoma exosomes formed in hypoxia promote CD206+ TAMs together with a metabolic shift mediated by lethal-7a (let-7a) microRNA [99]. Hypoxic exosomes promote OXPHOS and increase REDD1 levels, subsequently suppressing the mTOR pathway in macrophages in vitro. Macrophages cultured with hypoxic exosomes increase B16 melanoma proliferation [99]. Breast cancer-derived exosomes can also prepare the premetastatic niche by suppressing glucose uptake and glycolysis of stromal cells in vivo by downregulation of glucose transporter 1 (GLUT1) and pyruvate kinase M2 (PKM2), leading to increased nutrient availability [100]. Additionally, hepatocellular carcinoma cell lines with a migratory phenotype encapsulate more sugar metabolism-associated proteins in exosomes than their non-migratory counterpart, such as the glycolysis enzyme glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and proteins involved in glycolysis, gluconeogenesis, and the pentose phosphate pathway [101]. While exosome cargo has been reported to include metabolic enzymes and metabolites such as lactate, glutamic acid, amino acids, lipids, lactate dehydrogenase A and TCA cycle intermediates [88,102], most research about exosomes containing metabolites is focused on cancer-associated fibroblast (CAF)-derived exosomes changing cancer cell metabolism. Additional research is required to understand whether cancer cells employ exosome-mediated transfer of metabolic components to target TAM function.



Taken together, we suggest tumor-derived exosomes as a potential mode of metabolic crosstalk between cancer cells and TAMs. The extent to which exosomes influence TAM polarization in cancer patients and potential ways to exploit exosome transport for therapeutic targeting require further investigation.




6. Effect of TAM Metabolism on Tumor Progression


In addition to the more indirect effect of TAM metabolism on tumor progression via modulating macrophage effector functions, TAM metabolism affects tumorigenesis directly as well.



Tumor cells have been described to alter stromal cell metabolism in order to produce and secrete amino acids and biosynthetic building blocks to “feed” the cancer cells, including amino acids, lipids and TCA cycle intermediates [88,103,104,105]. While the main mechanism by which TAMs feed tumor cells is angiogenesis, TAMs may engage in similar production and secretion of nutrients. Recently, thyroid carcinoma- and neuroblastoma-induced macrophages were found to upregulate lipid biosynthesis in vitro, supporting their pro-tumoral function including cytokine production [106]. Combined with the finding that macrophages can secrete lipids in vitro and in vivo [107,108], and TAM-derived extracellular vesicles containing lipids [89] this may indicate that not only CAFs and adipocytes but also TAMs “feed” cancer cells. Additionally, Arg1-mediated polyamine production by macrophages increases breast cancer cell proliferation in vitro [109]. However, whether this indeed occurs in the in vivo TME requires further investigation.



TAMs can also directly alter tumor cell metabolism by secreting cytokines bearing metabolic effects. A glycolytic phenotype of cancer cells is associated with worse prognosis and stimulated by TAM-derived TNF [110,111], IL-6 [111], C-C motif chemokine ligand 8 (CCL8) [112] and HIF1α-stabilizing long noncoding RNA transported in extracellular vesicles [113] in different human cancers including glioblastoma, lung and breast cancer. Specifically, lactate-activated macrophages produce CCL5, which increases cell migration, induces EMT, and promotes aerobic glycolysis in an in vivo breast cancer model [114]. Furthermore, effects of TAM metabolism have been reported on tumor vasculature and metastasis as increasing TAM glycolysis results in glucose competition with endothelial cells, stabilizing the microvasculature [37]. Interestingly, pyrimidine secretion by pro-tumoral TAMs has been shown to worsen the in vivo response to chemotherapy through competition [115].



Although these results are intriguing and might provide targets for therapy, direct effects of TAM metabolism on tumor metabolism and progression have not been extensively studied and additional research is required.




7. Future Perspectives


Metabolic interactions are being recognized as a crucial aspect for cancer cell survival and immune evasion. Tumor cells do not just utilize one form of communication, but rather multiple factors to increase their chances of survival, including many that are not (directly) related to metabolism.



Since macrophage metabolism and function are intertwined, TAM metabolism is an interesting topic in cancer research, specifically as their plasticity may allow for metabolic reprogramming towards anti-tumor responses. However, very few studies directly measure TAM metabolism in an in vivo setting [37] and most research has either been conducted on in vitro TAM models or assesses only gene expression rather than metabolic flux [22,34,35,36]. This may also lead to conflicting results, such as differential regulation of glycolysis in TAMs; while glycolysis is found to be inhibited [37,38], other studies indicate upregulation of glycolytic enzymes [34,35,36]. However, TAM metabolism and function may also differ per cancer (sub)type or in regard to spatiotemporal characteristics of the TME. Furthermore, it is often unclear whether altered TAM metabolism is directly tumor-induced or simply a compensatory mechanism, indicating the need for further research in this area.



Reversing (metabolic) polarization towards pro-tumoral TAMs or re-educating TAMs to gain anti-tumor responses could decrease metastasis and enhance immune effector functions [37,41,65,66,78,86,116]. Oncometabolites can induce cancer-promoting signaling pathways in macrophages, including PI3K signaling via the protein kinase B (PKB/AKT) and mTOR pathways. Targeted blockade of PI3K repolarizes pro- to anti-tumoral TAMs and restores CD8+ T cell effector functions in vivo [117,118]. Oncometabolites themselves are also being investigated as therapy targets [119,120]. Interfering with other metabolic pathways in TAMs also yields promising preclinical data that may ultimately be translated into new avenues for cancer therapy. For example, lipid metabolism and fatty acid oxidation have been identified as upregulated in TAMs and involved in pro-tumoral polarization, thereby presenting promising therapy targets. TAMs are found to accumulate lipids as an alternative fuel source in vitro and inhibiting this mechanism leads to reduction in tumor growth in vivo [121,122]. Additionally, targeting cholesterol metabolism elicits anti-tumor functions in TAMs and decreases EMT in vivo, improving chemotherapy resistance [123]. Another encouraging example is presented by inhibiting glutamine metabolism of both cancer and myeloid cells, which leads to increased frequencies of anti-tumoral TAMs and reduced tumor growth. Unexpectedly, inhibiting glutamine metabolism simultaneously suppresses IDO expression in both tumor and myeloid cells, decreasing kynurenine levels and further promoting tumoricidal activity. This also decreases resistance against immunotherapy [124]. Tryptophan metabolism constitutes a promising metabolic target in general, as IDO/TDO inhibitors may decrease tumor kynurenine production while simultaneously providing tryptophan to T cells in the TME, enabling them to carry out anti-tumor responses [125,126]. Decreased kynurenine levels or AHR blockade may additionally counteract pro-tumoral TAM polarization and improve αPD-1 therapy response [78,125,126]. However, although promising in earlier clinical trials, in a phase III trial with an IDO inhibitor, the latter effect could not be replicated in metastatic melanoma patients [127]. This indicates the need to validate results obtained through mouse models in patients, as results in mice cannot be directly translated to human disease. Nevertheless, targeting tryptophan metabolism at other levels than IDO expression, such as AHR blockade, remains under investigation as an extensive body of preclinical evidence implicates this pathway in tumor progression and decreased response to immune therapy [127]. Taken together, targeting TAM metabolism is a promising avenue for cancer therapy.



However, some challenges remain. One of these is specific targeting of macrophages, as cancer cells and immune effector cells show a similar metabolic profile with increased reliance on glycolysis. Therefore, targeting cancer glycolysis or glucose availability may have adverse effects as tumoricidal TAMs and CD8+ effector cells may also be hindered in their function [37,128]. Therefore, specific macrophage receptors or genes are preferred for targeting macrophages, or finding targets that have beneficial effects regardless of targeting cancer or myeloid cells, such as shown for glutamine [124]. Nevertheless, if immune cell subsets are metabolically sufficiently different from cancer cells, this may also provide targeting opportunities, as further discussed here [125,126].



The increasing knowledge regarding macrophage and cancer cell metabolism contributes to our understanding of communication in the TME. However, more research is needed into the precise signaling mechanisms of metabolic crosstalk between cancer cells and macrophages for the development of novel cancer therapies.
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Figure 1. Metabolic conditions and crosstalk between cancer cells and macrophages in the tumor microenvironment (TME). 1. Hypoxia: the TME contains regions with reduced oxygen availability. Together with Warburg metabolism, this promotes lactate production in tumor cells by upregulation of glycolysis. Lactate is transported out of the cells and together with the concomitant acidification influences tumor-associated macrophage (TAM) phenotype. 2. Nutrient competition: presence of glucose and amino acids is limited due to the high metabolic rate of cancer cells, inducing metabolic changes in TAMs, and affecting their function. 3. Production of oncometabolites: mutations in tricarboxylic acid (TCA) cycle enzyme genes, as well as changes in metabolism, lead to accumulation of oncometabolites such as succinate, 2-hydroxyglutarate (2HG), lactate, kynurenine, and retinoic acid. When secreted, these oncometabolites support a pro-tumoral TAM phenotype and function. 4. Tumor-derived exosomes: tumors exhibit an increase in exosome release, which can carry microRNA, oncometabolites and metabolic enzymes, affecting macrophage function and metabolism. Together, these metabolic conditions and oncometabolites induce tumor-supporting TAMs, with functions such as promoting angiogenesis, metastasis, epithelial-to-mesenchymal transition (EMT), proliferation and immunosuppression. 
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Figure 2. Signaling of oncometabolites in macrophages. Cancer cells secrete various oncometabolites, of which lactate, succinate and kynurenine are shown here. These oncometabolites signal through receptors or get internalized by transporters on the membrane of macrophages. This inhibits inflammatory functions and induces expression of genes related to an anti-inflammatory phenotype. 
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