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Abstract

:

This article reviews the dynamic interactions of the tumour microenvironment, highlighting the roles of acetyl-CoA and melatonergic pathway regulation in determining the interactions between oxidative phosphorylation (OXPHOS) and glycolysis across the array of cells forming the tumour microenvironment. Many of the factors associated with tumour progression and immune resistance, such as yin yang (YY)1 and glycogen synthase kinase (GSK)3β, regulate acetyl-CoA and the melatonergic pathway, thereby having significant impacts on the dynamic interactions of the different types of cells present in the tumour microenvironment. The association of the aryl hydrocarbon receptor (AhR) with immune suppression in the tumour microenvironment may be mediated by the AhR-induced cytochrome P450 (CYP)1b1-driven ‘backward’ conversion of melatonin to its immediate precursor N-acetylserotonin (NAS). NAS within tumours and released from tumour microenvironment cells activates the brain-derived neurotrophic factor (BDNF) receptor, TrkB, thereby increasing the survival and proliferation of cancer stem-like cells. Acetyl-CoA is a crucial co-substrate for initiation of the melatonergic pathway, as well as co-ordinating the interactions of OXPHOS and glycolysis in all cells of the tumour microenvironment. This provides a model of the tumour microenvironment that emphasises the roles of acetyl-CoA and the melatonergic pathway in shaping the dynamic intercellular metabolic interactions of the various cells within the tumour microenvironment. The potentiation of YY1 and GSK3β by O-GlcNAcylation will drive changes in metabolism in tumours and tumour microenvironment cells in association with their regulation of the melatonergic pathway. The emphasis on metabolic interactions across cell types in the tumour microenvironment provides novel future research and treatment directions.
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1. Introduction


Recent work on the pathophysiology of the severe acute respiratory syndrome-coronavirus (SARS-CoV)-2 in the COVID-19 pandemic has highlighted the co-ordinating role of the aryl hydrocarbon receptor (AhR), including in the suppression of CD8+ T cell and natural killer (NK) cell cytotoxicity [1]. A dysregulated inflammatory response, coupled to suppression of the antiviral and anticancer responses of CD8+ T cells and NK cells has emerged as a commonality in the altered immune responses evident in SARS-CoV-2 infection and the tumour microenvironment [1]. AhR activation in CD8+ T cells and NK cells is one of a number of processes contributing to ‘exhaustion’ in these cells, and thereby to the immune suppression that is evident in the tumour microenvironment of almost all cancers. Other pathways also induce an ‘exhausted’ phenotype, including cancer cell release of transforming growth factor (TGF)-β, the activation of the adenosine A2A receptor (A2Ar) and the induction of the cyclooxygenase (COX)2-prostaglandin (PG)E2 path leading to the activation of the PGE2 receptor, (EP)4. Antagonists of these specific ‘immune checkpoint’ pathways are widely utilised in the treatment of cancer patients, often adjunctive and with relatively limited clinical efficacy [2]. Other inhibitors of NK cells, include NKG2A, inhibitory killer cell Ig-like receptors (KIRs), and CD96, whereas NKG2D, CD16, NKp30, NKp44, and NKp46 can activate NK cells. The effects of these inhibitory and activating receptors are classically associated with their differential activation by cancer cell-expressing/released ligands [3]. Overall, a number of factors, including cancer cell derived, can regulate cytolytic cell cytotoxicity and the ‘exhaustion’ associated with immune suppression in the tumour environment.



Partly as a consequence of the limitations of treatment directed towards ‘exhaustion’-inducing pathways, recent work has focussed on the targeting of specific receptors associated with ‘exhaustion’ and which may contribute to this phenotype, especially antagonists of the programmed cell death (PD)-1 receptor and its ligand, PD-L1. However, although there was high expectation of anti-PD-1 and anti-PD-L1 therapy, the efficacy of this treatment approach has also been limited, including from the high levels of immune-related adverse events [4,5]. Such approaches have also come under some criticism due to the limitations in the pathways targeted for treatment and the perhaps superficial targeting of plasma membrane receptors, and thereby avoiding the complexities of the metabolic processes that underpin ‘exhaustion’ [6].



The current article reviews the complexities of the metabolic alterations and interactions across the different cells of the tumour microenvironment that underpin the ‘exhausted’ CD8+ T cell and NK cell phenotypes. As with all immune cells, the process of activation requires cytolytic cells to increase glycolysis. Many of the factors contributing to an ‘exhausted’ phenotype seem to act primarily on preventing glycolysis upregulation. However, the necessity of increased glycolysis is not indicative of a need to shift energy production from oxidative phosphorylation (OXPHOS), as some maintenance of OXPHOS is a prerequisite for these cells to become activated. It is proposed that the maintained production and availability of acetyl-CoA, an indicant of OXPHOS, is a determinant of glycolysis upregulation, with acetyl-CoA acting to regulate the many factors and intracellular pathways contributing to ‘exhaustion’, including TGF-β, adenosine A2Ar activation and AhR/COX2/PGE2/EP4 activation, as well as the effects of obesity and type II diabetes on cancer risk, which are partly driven by raised leptin levels priming cytolytic cells [7]. An underexplored consequence of variations in acetyl-CoA is the impact that this has on the regulation of the melatonergic pathway, with acetyl-CoA being a necessary co-substrate for aralkylamine N-acetyltransferase (AANAT), the initial enzyme in the melatonergic pathway. Consequently, the effects of acetyl-CoA in the regulation of OXPHOS and glycolysis may be intimately linked to its regulation of the melatonergic pathway within mitochondria as well as in the cytoplasm. The AhR is an important driver of many aspects of the ‘exhausted’ phenotype pathophysiology, including via regulation of the COX2/PGE2/EP4 pathway, TGF-β and the adenosine A2Ar, as well as the melatonergic pathway. Treatment implications and future research are indicated, including a role for racial discrimination stress in contributing to the increased severity/fatality of a range of cancers, as seen in African-Americans versus European-Americans, via an increase in pro-inflammatory cytokines and indoleamine 2,3-dioxygenase (IDO) induction, leading to kynurenine activation of the AhR.




2. Tumour Microenvironment and Immune Suppression: Exhaustion


A number of different cells are evident in the tumour microenvironment, including different types of cancer cells and a range of immune cells, with the interactions of these cells proposed to ultimately drive immune suppression via their regulation of NK cells and CD8+ T cells. Factors associated with the induction of ‘exhaustion’ in CD8+ T cells and NK cells within the tumour microenvironment, include the AhR, TGF-β, CD73 (ecto-5-Nucleotidase), adenosine A2Ar activation, PD-1, and the COX2/PGE2/EP4 pathway. We briefly review the data pertaining to the functioning of these receptors and pathways, and their contribution of an ‘exhausted’ state in cytolytic cells.



2.1. Aryl Hydrocarbon Receptor


The AhR has a number of exogenous and endogenous ligands, including air pollutants, 6-formylindolo[3,2-b]carbazole (FICZ) and the cigarette smoke constituent, 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD). However, perhaps more important to its regulation of the cytolytic immune response to viruses and cancers is the induced AhR ligand, kynurenine. Stress and pro-inflammatory cytokines, including interleukin (IL)-1β, IL-6, IL-18, tumour necrosis factor (TNF)α, and especially interferon (IFN)γ, increase indoleamine 2,3-dioxygenase (IDO), which takes tryptophan away from serotonin and melatonin synthesis and drives it to the production of kynurenine and kynurenine pathway products. In some cells, tryptophan 2,3-dioxygenase (TDO) is predominantly expressed and likewise converts tryptophan to kynurenine. The cytokine/IDO/kynurenine/AhR pathway is relevant to a wide array of diverse medical conditions, including neuropsychiatric conditions [8,9], as well as all cancers [10].



The cytokine/IDO/kynurenine/AhR pathway is present within cancer cells, with intracellular AhR activation affording protection in cancer cells [11]. As such, an initial increased release of pro-inflammatory cytokines, especially IFNγ, from NK cells in the tumour microenvironment drives IDO induction in cancer cells, leading to intracrine kynurenine activation of the AhR that acts to protect cancer cells. As well as intracrine kynurenine effects, cancer cells also release kynurenine, which activates the AhR on tumour microenvironment cells, including CD8+ T cells and NK cells, thereby inducing an ‘exhausted’ phenotype, concurrent to increasing PD-1 plasma membrane expression [12]. AhR activation also induces the COX2/PGE2/EP4 pathway [13,14], which is an important driver of an ‘exhausted’ phenotype [15]. Consequently, kynurenine activation of the AhR affords protection within cancer cells and acts to induce ‘exhaustion’ in cytolytic cells, with effects involving the upregulation of COX2 and PD-1. AhR activation also induces CD39 and CD73, thereby increasing the conversion of ATP to adenosine [16], allowing AhR activation to raise adenosine levels from different cells of the tumour microenvironment, thereby driving A2Ar activation and contributing to ‘exhaustion’ in NK cells and CD8+ T cells.



AhR and Melatonergic Pathway


The AhR also regulates the melatonergic pathway. The melatonergic pathway is initiated via the conversion of serotonin to N-acetylserotonin (NAS) by AANAT, which is then converted to melatonin by acetylserotonin-methyl-transferase (ASMT). By decreasing tryptophan availability for serotonin synthesis, cytokine-induced IDO/TDO suppresses the serotonin/melatonergic pathway, whilst concurrently increasing the AhR ligands, kynurenine and kynurenic acid. The AhR regulates the melatonergic pathway by a number of means, including via AhR-induced cytochrome P450 (CYP)1B1, which ‘backward’ converts melatonin to NAS. This may be of particular relevance in the tumour microenvironment, given that NAS is a brain-derived neurotrophic factor (BDNF) mimic, via its activation at the BDNF receptor, TrkB [17]. By increasing the NAS/melatonin ratio, AhR-induced NAS activates TrkB, which can enhance the survival and proliferation of cancer stem-like cells (CSC) [18]. Such trophic effects of NAS may arise from any of the cells forming the tumour microenvironment, including NK cells and CD8+ t cells. As 14-3-3ζ/δ (YWHAZ) is crucial for AANAT stabilisation, the AhR inhibition of14-3-3ζ/δ [19], including via microRNAs, allows the AhR to suppress both NAS and melatonin production. As the melatonergic pathway seems to be evident in the cytoplasm and mitochondria of all investigated cells, the AhR may therefore exert some of its effect in different cellular compartments via melatonergic pathway regulation. The antioxidant, immune-regulatory, mitochondria-optimising and cancer apoptosis-inducing effects of melatonin, coupled to NAS trophic effects, make AhR regulation of the melatonergic pathway an important aspect of tumours and the tumour microenvironment [8] as well as chemoresistance [20]. See Figure 1.



The roles of the melatonergic pathway in CD8+ T cells and NK cells have still to be investigated. This is surprising, given the impact of the melatonergic pathway on mitochondrial function, sirtuins (SIRT) and antioxidant enzymes [21,22]. As well as expression within mitochondria, the melatonergic pathway can also be present in the cytoplasm. The expression and activation of the melatonergic pathway in the different cellular compartments of cytolytic cells over the course of activation and ‘exhaustion’ urgently requires investigation. Cytoplasmic 14-3-3ζ is a significant regulator of CD8+ T cell function [23], with effects that include AANAT stabilisation. The AhR regulates 14-3-3ζ and therefore the initiation of the melatonergic pathway [19]. However, the AhR upregulation of the NAS/melatonin ratio, by AhR-induced CYP1B1, would allow any melatonergic pathway activity to increase NAS, which if released would activate TrkB on CSC. Consequently, cancer cell induction of ‘exhaustion’ in NK cells and CD8+ T cells via kynurenine activation of the AhR [18,20] may allow these cells to be a source of trophic support for CSC [20].



Other factors can also lead to the backward conversion of melatonin to NAS, including activation of purinergic (P2Y1), metabotropic glutamate (mGluR5) receptors, as well as O-demethylation [20]. P2Y1, P2Y2, and P2X3 receptor activation by ATP decreases NK cell cytotoxicity [24]. The mGluR5 receptor is expressed in CD8+ T cells [25]. As both extracellular ATP and glutamate are variably increased in the tumour microenvironment, both will modulate cytolytic cell function, partly via the purinergic and glutamatergic regulation of the melatonergic pathway that act to raise the NAS/melatonin ratio. As such, the AhR activation as well as extracellular glutamate and ATP may modulate not only NK cell and CD8+ T cell cytotoxicity, but also cancer cell trophic support, via impacts on the cytosolic and mitochondrial melatonergic pathway.



As acetyl-CoA is a necessary co-substrate for AANAT and the initiation of the melatonergic pathway, the significant role of acetyl-CoA in co-ordinating the mitochondrial OXPHOS status with glycolysis in cytolytic cell activation, as detailed below, would also involve significant modulation of the melatonergic pathway. As such, key factors that act to regulate metabolism and ‘exhaustion’, viz the AhR and acetyl-CoA, may be mediating effects partly via the melatonergic pathway. See Figure 1.





2.2. Transforming Growth Factor-β (TGF-β)


TGF-β release, including from tumour cells, can also induce ‘exhaustion’ in CD8+ T cells [26] and NK cells within the tumour microenvironment [27,28]. As well as tumour cells, TGF-β is also released from myeloid-derived suppressor cells (MDSC), tumour-associated M2-like macrophages, gammaDelta (γδ) T cells, mast cells and regulatory T cells (Treg), allowing these cells to contribute to cytolytic cell exhaustion and immune suppression [29,30,31]. Activation of the AhR/COX2/PGE2 pathway in tumours leads to PGE2 release and EP2 and EP4 activation in different cells, in turn increasing TGF-β release, and TGF-β-induced adenosine, from these cells and thereby contributing to cytolytic cell ‘exhaustion’ [32]. As such, the regulation of TGF-β, across cells of the tumour microenvironment is important to the regulation of immune suppression, including following AhR activation. Such AhR effects may then be co-ordinated with decreased melatonin production across cells, leading to the loss of melatonin’s suppression of TGF-β as found not only in cancer cells [33], but also in fibrosis where melatonin’s suppression of TGF-β is a major inhibitor of fibrosis, across different organs and tissues [34,35]. As such, the co-ordinated suppression of melatonin production and raised TGF-β allows AhR activation to heighten TGF-β levels and effects across the various cells of the tumour microenvironment.



Platelets are another important source for TGF-β in the tumour microenvironment, with platelet TGF-β contributing to tumour survival and metastasis [36] as well as the chemoattraction of MDSCs [37]. As AhR activation on platelets increases platelet aggregation and primes platelets for enhanced activation [38], the platelet AhR will be important in the regulation of immune suppression. Melatonin, which is decreased following activation of the cytokine/IDO/AhR path, suppresses platelet activation, suggesting that suppressed melatonin production, both circadian and local, will contribute to processes upregulating platelet TGF-β and its effects [39]. TGF-β can also induce ‘exhaustion’ in cytolytic cells via the upregulation of CD73 and thereby the conversion of adenosine monophosphate (AMP) to adenosine leading to A2Ar activation, as shown in CD4+ T cells [40] and CD8+ T cells [41]. Heightened adenosine production is evident across a number of cells in the tumour microenvironment, highlighting how the dynamic interactions of the array of tumour microenvironment cells can contribute to immune suppression [42].




2.3. Hypoxia/HIF-1α Increases A2Ar, CD73 and CD39


Tumour microenvironment hypoxia is a major driver of adenosine production, via the upregulation of hypoxia-inducible factor (HIF)-1α [43]. HIF-1α increases A2Ar, CD73 and CD39, the latter converting ATP to AMP, thereby increasing adenosine and A2Ar activation across a number of cells in the tumour microenvironment [44]. Consequently, eliminating solid tumour hypoxia by natural blood substitutes and synthetic oxygenation agents have been proposed as routes whereby the hypoxia-HIF-1α-adenosine/A2Ar pathway may be blocked, thereby enhancing immunotherapy-targeted treatments [44].



Notably, melatonin significantly inhibits HIF-1α induction [45], being another route, along with antagonism of the AhR and TGF-β, whereby the suppression of melatonin will contribute to immune suppression driven by adenosine A2Ar activation. Hypoxia/HIF1-α alters OXPHOS and mitochondrial metabolism in tumours by inducing Ku80, which binds and activates the pyruvate dehydrogenase kinase (PDK)1 promoter, thereby acting to inhibit the pyruvate dehydrogenase complex (PDC), in turn inhibiting the PDC conversion of pyruvate to acetyl-CoA, which is crucial to driving OXPHOS, the TCA cycle and the melatonergic pathway [46]. See Figure 1. Melatonin degrades and inhibits HIF1-α in tumours, thereby increasing apoptosis [46], again indicating the impact that variations in local melatonin production can have on core tumour regulators [47]. Taking pyruvate away from acetyl-CoA production and driving it to lactate production is an important mediator of key changes in tumour metabolism, as indicated by acetate supplementation leading to tumour cell differentiation under hypoxia [48]. Although, the authors attribute the benefits of acetate supplementation to be mediated by increased chromatin acetylation, it is clear that acetate supplementation would also increase the activation of the melatonergic pathway, TCA cycle and OXPHOS. The relevance of the HIF1-α/Ku80/PDK1 pathway to alterations in metabolism of other cells in the tumour microenvironment will be important to determine.




2.4. Adenosine A2Ar, mTORC1, OXPHOS and Exhaustion


A2Ar activation is proposed to mediate cytolytic cell suppression via the cyclic adenosine monophosphate (cAMP)/protein kinase (PK)A/phosphorylated cAMP response element binding protein (pCREB) pathway and mammalian target of rapamycin complex 1 (mTORC1) complex suppression (via S6 phosphorylation), with this leading to impaired T cell receptor (TCR)-dependent extracellular-signal-regulated-kinase (ERK) phosphorylation in human CD8+ T cells [49]. The mTORC1 complex is crucial to glycolysis upregulation in CD8+ T cells and NK cells and is upregulated by a number of processes/factors, including HIF-1α, c-MYC and especially the system L neutral amino acid transporter (LAT)1, encoded by SLC7A5. Upregulated glycolysis is required for all immune cells to become activated, including CD8+ T cells and NK cells [50]. The inhibition of the mTORC1 complex and the prevention of LAT1 upregulation, prevents the necessary induction of glycolysis and therefore the increased metabolism and amino acid availability that is required for a shift to a cytotoxic cellular phenotype. Factors, such as A2Ar activity, which impact on mTORC1 activation and LAT1 upregulation, are therefore crucial in determining whether cytolytic cells shift to a cytotoxic phenotype or state of ‘exhaustion’ [51,52].



Importantly, A2Ar activation not only suppresses glycolysis, but also OXPHOS in CD8+ T cells [49]. This may be of some importance as the suppressive effects of AhR-induced COX2/PGE2/EP4 activation and mTORC1 inhibition in suppressing cytolytic cell glycolysis may be intimately regulated by variations in mitochondrial OXPHOS and acetyl-CoA regulation, allowing acetyl-CoA to co-ordinate OXPHOS and glycolysis. Glycolysis upregulation does not replace OXPHOS in cytolytic cells. Rather, activation of CD8+ T cells and NK cells requires glycolysis upregulation that is coupled to maintained OXPHOS. This indicates interactions of OXPHOS with mTORC1/LAT1-driven glycolysis. Processes relevant to such OXPHOS–glycolysis interactions are seen in other cell types, where cytosolic acetyl-CoA levels are crucial to the acetylation of the mTORC1 complex factor, Raptor. Raptor deacetylation leads to a reduction in the lysosomal localisation of mTOR, thereby impairing mTORC1 activation and function [53]. Decreased acetyl-CoA may therefore link suppressed OXPHOS and melatonergic pathway function with lower mTORC1-driven glycolysis in ‘exhausted’ CD8+ T cells and NK cells. The acetylation of COX2 also inhibits COX2 [54], indicating that acetyl-CoA may directly regulate key processes of glycolysis/cytotoxicity induction (mTORC1) and glycolysis/cytotoxicity suppression (COX2) in cytolytic cells. Consequently, PDK1 inhibition and the associated PDC disinhibition, which drives the conversion of pyruvate to acetyl-CoA, are important regulators of the array of diverse receptors and pathways linked to the induction of ‘exhaustion’ in cytolytic cells. The maintenance of acetyl-CoA levels therefore underpin why maintained OXPHOS is essential to cytotoxic functions of CD8+ T cells and NK cells. See Figure 1.




2.5. Acetyl-CoA, AhR and AMPK


A deficiency in AMP-activated protein kinase (AMPK) is long appreciated to contribute to exhaustion in CD8+ T cells [55], including by increasing PD-1 [56]. AMPK also inhibits acetyl-CoA carboxylase (ACC), thereby increasing acetyl-CoA and ATP synthesis [57]. Notably, AMPK is regulated by the AhR-driven degradation of Synphilin-1, thereby decreasing AMPK and therefore preventing the AMPK suppression of ACC [58]. As such, the AhR degradation of Synphilin-1, leading to AMPK inhibition and ACC disinhibition is another route whereby the AhR can attenuate acetyl-CoA levels, thereby lowering acetylated-COX2, acetylated-Raptor and the melatonergic pathways, with consequences for the mTORC1 complex induction of cMYC, LAT1 and glycolysis. See Figure 1. It will be important to determine as to whether the acetylation of COX2 modulates the ability of the AhR to suppress Synphilin-1. Similar processes are evident in NK cells.



AMPK inhibition underpins the association of obesity and type II diabetes with many cancers. High glucose levels inhibit AMPK, coupled to MHC class I chain-related protein A/B (MICA/B) suppression [59], thereby contributing to NK cell ‘exhaustion’ in obesity and type II diabetes. Metformin, commonly used to treat type II diabetes, can upregulate CD8+ T cell cytotoxicity via an increase in AMPK, as well as by suppressing adenosine production in MDSCs, via the inhibition of CD39 and CD73, and therefore A2Ar activity in cytolytic cells [60]. As such, the AMPK interaction with nutrient-sensing, mTOR and metabolism may all be subject to AhR regulation, with important effects mediated by the suppression of acetyl-CoA levels.



Overall, the interactions of the AhR with regulators of PDC-regulated acetyl-CoA provides a metabolic framework that integrates wider bodies of data pertaining to the induction of ‘exhaustion’ in CD8+ T cells and NK cells in the tumour microenvironment, with effects mediated via alterations in the dynamic metabolic interactions of tumour microenvironment cells, with key metabolic processes indicated in Figure 1.





3. Integrating Wider Bodies of Data: Ageing, Sirtuins, Circadian and Cell-Specific Factors


Figure 1 provides a metabolic framework for integrating wider bodies of data pertaining to how the intercellular interactions of the tumour microenvironment drive ‘exhaustion’ in CD8+ T cells and NK cells. Alterations in the regulation of mitochondrial metabolism, including the regulation of acetyl-CoA and the melatonergic pathway, are crucial in all cells of the tumour microenvironment.



3.1. MDSCs, Dendritic Cells, Metabolism and Acetyl-CoA


As noted, alterations in other cells in the tumour microenvironment can modulate CD8+ T cell and NK cell cytotoxicity, including via variations in fluxes from MDSC, tumour-associated M2-like macrophages, γδT cells, mast cells, Treg, neutrophils and dendritic cells, allowing these cells to contribute to the regulation of cytolytic cell exhaustion and immune suppression [29,30,31,61]. The suppression of tuberous sclerosis complex subunit 1 (TSC1) in dendritic cells leads to mTOR disinhibition and consequent ACC upregulation, thereby lowing acetyl-CoA levels and attenuating the epigenetic imprinting of MHC-1 by acetyl-CoA regulated histone acetylases [62]. Such changes in dendritic cells compromise their induction of activated CD8+ T cells and highlight the importance of acetyl-CoA to dendritic cell regulation of CD8+ T cells [62] and NK cells [63]. As with other immune cells, variations in glycolysis and OXPHOS are crucial to dendritic cell function, with consequences for the interactions of innate and adaptive immunity [64].



The AhR is expressed on dendritic cells where it significantly modulates dendritic cell function, indicating that AhR ligand upregulation will be an important modulator of all immune cells and their interactions in the tumour microenvironment [65]. This is also exemplified in MDSCs, where the AhR induces metabolic activation, via increased glycolysis and maintained OXPHOS, leading to heightened immune suppression [66]. This suggests that the release of kynurenine by tumours will have some co-ordinating effect on the metabolism and patterning of interactions among cells of the tumour microenvironment, with effects that may ultimately be associated with variations in the cytotoxic response of NK cells and CD8+ T cells. The concurrent regulation of acetyl-CoA and the melatonergic pathway within the cells of the tumour microenvironment clearly requires investigation.




3.2. Ageing, Acetyl-CoA, AhR and Sirtuins


SIRT1 regulates dendritic cell, NK cell and CD8+ T cell function, as well as the function of iNKT lymphocytes [67] and MDSC [68]. The loss of SIRT1 markedly upregulates ACC, decreasing acetyl-CoA and dramatically altering dendritic cell function [69]. As SIRT1, like melatonin, decreases over age, an ageing-associated decrease in SIRT1 will contribute to ACC elevations that lower acetyl-CoA, leading to a dysregulation in the co-ordination of glycolysis and OXPHOS [70]. Notably, the AhR increases with age and is proposed to be a major driver of ageing and ageing-associated medical conditions, including most cancers [71], as well as increases in ageing-associated fatality risk to SARS-CoV-2 infection and other age-linked medical conditions [1]. AhR activation also decreases SIRT1 in immune cells [72]. This is important to the regulation of mitochondria-located SIRT3 via the SIRT1 deacetylation and activation of SIRT3, and therefore mitochondrial function and SOD2 levels. Overall, ageing-associated changes in sirtuins, AhR, SOD2, and acetyl-CoA may be intimately linked to suboptimal cytolytic cell function, as an aspect of the changes underpinning immunosenescence, and contributing to alterations in the functioning and interactions of the cells of tumour microenvironment. Ageing-associated changes in sirtuins, acetyl-CoA, the melatonergic pathway and metabolism therefore modulate the function and interactions of the cells of the tumour microenvironment.




3.3. Circadian Dysregulation


Many factors dysregulate the circadian rhythm, including an increase in pro-inflammatory cytokines [73], amyloid-beta (Aβ) [74], gut-derived lipopolysaccharide (LPS) and high-mobility group box (HMGB1) [75], as well as circadian disruption associated with shift-work [76]. All of these factors are associated with decreased pineal gland melatonin production. Clinical and preclinical data indicate a role for circadian dysregulation in the aetiology and progression of tumours, with circadian disruption increasing the levels of CSC, proliferation and metastasis [77]. Variations in the circadian rhythm, including pineal melatonin, complicate the dynamic interactions of the cells in the tumour microenvironment [78]. Pineal melatonin upregulates Bmal1/PDC/acetyl-CoA/OXPHOS in immune cells, where under physiological conditions pineal melatonin may act to ‘reset’ the metabolism of immune cells. Consequently, factors acting to suppress pineal melatonin, such as pro-inflammatory cytokines, Aβ, LPS and HMGB1 will modulate the metabolism and interactions of the cells of the tumour microenvironment, adding another layer of complexity. The reciprocal negative interactions of melatonin and the AhR, coupled to the circadian rhythm of the AhR, would indicate that suppressed melatonin will significantly modulate the levels and effects of the AhR in the tumour microenvironment over the circadian rhythm. As such, suppressed pineal melatonin will modulate the AhR influence on the tumour microenvironment, including over the circadian rhythm.



Notably, pineal melatonin upregulates the alpha 7 nicotinic acetylcholine receptor (α7nAChR) levels. The α7nAChR significantly regulates immune cells and mitochondrial function [79], including from vagal ACh, allowing vagal ACh to afford protection against cancer progression via α7nAChR activation [80]. This would indicate that the suppression of pineal melatonin’s induction of the α7nAChR will contribute to alterations in the circadian regulation of the tumour microenvironment. Melatonin, the α7nAChR and the AhR are present on the mitochondria membrane [81], where their interactions will be important to determine. α7nAChR effects are complicated by its uniquely human duplicate, dupα7 (CHRFAM7A), which negatively regulates the α7nAChR. As the α7nAChR and dupα7 are differentially regulated, both genetically and epigenetically, this further complicates the interactions of melatonin, α7nAChR and dupα7 in the regulation of immune cells and mitochondrial function [82]. LPS can differentially regulate the α7nAChR and dupα7 [82], with LPS also inhibiting pineal melatonin, dysregulating immune responses and altering O-linked-N-acetylglucosaminylation (O-GlcNAcylation) [83]. O-GlcNAcylation is a significant regulator of tumours and cells of the tumour microenvironment. Such LPS effects would suggest that gut permeability-associated elevations in LPS may co-ordinate a number of important changes in the tumour microenvironment, including relative α7nAChR and dupα7 levels, with consequences for the circadian regulation of immune cells.





4. Wider Regulators of the Tumour Microenvironment and Immune Suppression


A number of other factors are frequently associated with the regulation of immune suppression in cancers, including yin yang (YY)1, protein phosphatase (PP)2A, glycogen synthase kinase (GSK)3β, ribosomal receptor for activated C-kinase 1 (RACK1) and the NOD-, LRR- and pyrin domain-containing protein 3 (NLRP3) inflammasome. Many of these factors have their pro-cancer effects significantly strengthened by O-GlcNAcylation, concurrent to alterations in acetyl-CoA and the melatonergic pathway.



4.1. O-linked-N-Acetylglucosaminylation (O-GlcNAcylation)


O-GlcNAcylation is a form of glycosylation, whereby a monosaccharide, viz O-GlcNAc, is added to a serine or threonine residue of nuclear and/or cytoplasmic protein by O-GlcNAc transferase (OGT). This is readily reversibly by the removal of O-GlcNAc by O-GlcNAcase (OGA). O-GlcNAcylation acts to regulate a wide array of physiological and pathophysiological processes by virtue of its ability to interact with nutrient sensing and metabolism, including via a host of signal transduction and transcription factors.



O-GlcNAcylation and the voltage-dependent anion channel (VDAC)2 are linked to the regulation of the apoptotic threshold during different physiological processes, including on mitochondria during the transfer of astrocyte mitochondria [84] and mitosis [85]. The O-GlcNAcylation of VDAC2 regulates the association of VDAC2 with Bcl-2-like family proteins, such as Bax and Bak, thereby modulating apoptotic susceptibility [86,87]. The O-GlcNAcylation of VDAC2 is therefore a significant determinant of mitochondria survival and presumably function during major physiological processes [88], including tumour survival via the regulation of chemotherapy resistance [86].



O-GlcNAcylation enhances the development, as well as the activation and proliferation of neutrophils, T and B cells, with regulatory effects in macrophages, whilst inhibiting the development and cytotoxicity of NK cells [89]. O-GlcNAcylation significantly regulates many of the transcriptional and translational processes that underpin fast effector CD8+ T cell proliferation, as well as a more limited number of studied proteins in memory-like CD8+T cells [90]. As such, variations in O-GlcNAcylation regulate the function of many cells in the tumour microenvironment, with some distinct and opposing effects in NK cells and CD8+ T cells. The relevance of O-GlcNAc to the regulation and dynamic interaction of cytolytic cells within the tumour microenvironment requires further investigation.




4.2. O-GlcNAcylation and Yin Yang1


The YY1 transcription factor significantly increases tumour cell growth and metastasis [91]. YY1 also induces immunosuppression, including by suppressing IFNγ [92], as well as upregulating PD-1, Lymphocyte-activation gene (Lag)3, and T cell immunoglobulin and mucin-containing domain (TIM)-3, indicating a significant role for YY1 in co-ordinating many of the correlates of ‘exhaustion’ [93]. O-GlcNAcylation increases YY1 stability, thereby stimulating YY1-dependent transcriptional activity, including of AANAT and the melatonergic pathway [94,95,96]. This would indicate that O-GlcNAcylated YY1 will interact with AhR activation to increase the NAS/melatonin ratio, and thereby NAS trophic support for tumours [8]. As YY1 upregulates TGF-β induced proliferation and migration in breast cancer cells [97], and O-GlcNAcylation stabilises TGF-β pathways [98,99], O-GlcNAcylation will have multiple effects on factors that promote tumour proliferation and immune suppression.



By inhibiting Bmal1 [100,101], YY1 will also contribute to how circadian dysregulation induces immune suppression, in association with an increase in PD-1 in cytolytic cells [102]. As pineal melatonin requires Bmal1 to drive the conversion of pyruvate to acetyl-CoA by PDC, YY1 and its potentiation by O-GlcNAcylation will modulate mitochondrial metabolism and its interactions, via acetyl-CoA, with glycolysis, thereby increasing key factors in these cells that regulate immune suppression and cytolytic cell ‘exhaustion’. YY1, like AhR activation, will therefore inhibit pineal melatonin’s ‘resetting’ of immune cell metabolism over the circadian rhythm. YY1 can also promote cytolytic cell ‘exhaustion’ via COX2 [103], PD-L1 induction [104] and the epithelial-mesenchymal transition (EMT) [105], whilst adenosine effects include YY1 induction [106]. This would indicate a positive feedback loop, whereby the YY1 upregulation of TGF-β effects, including adenosine induction in MDSCs will lead to adenosine induction of YY1, with this feedback loop being positively regulated by O-GlcNAcylation.



As well as increasing TGF-β in cancer cells [105], YY1 also increases TrkB levels in subsets of cancer cells, as shown in the squamous cell carcinoma (SCC)-25 cell line [107]. As noted, TrkB levels are increased in breast and glioma CSC, where TrkB activation contributes to CSC survival, proliferation and treatment resistance [18]. This is another CSC survival cycle that is increased by the O-GlcNAcylation of YY1, which concurrently enhances immunosuppression via TGF-β1 effects, including via the induction of MDSC adenosine leading to A2Ar activation-driven ‘exhaustion’ in NK cells and CD8+ T cells [108]. O-GlcNAcylation and YY1 may therefore be important co-ordinators of tumour progression and immune suppression, driven by alterations in metabolism and the melatonergic pathway in cells of the tumour microenvironment.




4.3. O-GlcNAcylation: PFK1, HIF-1α, PGK1 and Sirtuins


Hypoxia is proposed to afford a growth advantage to tumours partly mediated by the O-GlcNAc potentiation of the glycolytic enzyme, phosphofructokinase 1 (PFK1) at S529, thereby driving the pentose phosphate pathway in the generation of NADPH and GSH, which protects tumours from raised ROS levels [109]. O-GlcNAcylation also protects HIF-1α from proteasomal degradation, thereby enhancing tumour aerobic glycolysis [110] and protecting tumours against apoptosis [111], including from decreased epigenetic regulation by HDAC1 [112],




4.4. O-GlcNAcylation: Sirtuins and Metabolism


As noted, SIRT1 regulates immune cells [67,68], as well as ageing-associated changes in acetyl-CoA and OXPHOS [70]. SIRT1 also acts via the deacetylation and activation of mitochondria-located SIRT3. SIRT3 enhances mitochondrial respiration and lowers ROS production, whilst upregulating acetyl-CoA, and therefore mitochondrial OXPHOS, TCA cycle and melatonergic pathway [21]. SIRT3 directly interacts with PDC to increase its enzymatic activity, and therefore potentiates the conversion of pyruvate to acetyl-CoA [113], whilst also increasing PDC via Bmal1 upregulation [114], and thereby optimising the circadian regulation of metabolism. Consequently, SIRT1 and SIRT3 are important regulators of tumour cell survival [115,116] and cell function in the tumour microenvironment [117,118], with SIRT1 overexpression in mesenchymal stem cells (MSC) enhancing NK cell attraction, thereby shifting MSC effects from potentiating to supressing tumour progression [119]. SIRT1 effects are cell-dependent, allowing SIRT1 and SIRT3 to have differential effects in the cells of the tumour microenvironment [117]. O-GlcNAcylation of SIRT1 lowers SIRT1 levels and activity in an AMPK-dependent manner, with O-GlcNAcylated SIRT1 inhibiting the proteasomal degradation of oncogenic transcription factors [120] and SIRT3 activity, thereby lowering SIRT1- and SIRT3-driven PDC disinhibition, OXPHOS, TCA cycle, ATP and acetyl-CoA availability as well as lowering SOD2 and melatonergic pathway activation.



Whether the O-GlcNAcylation of SIRT1 is co-ordinated with the O-GlcNAcylation of YY1 and VDAC2, thereby enhancing YY1 transcription and VDAC2 protection against mitochondrial apoptosis, requires investigation. Clearly, any potentiation of YY1-induced AANAT, if coupled to AhR-induced CYP1B1 and the NAS activation of the BDNF receptor, TrkB, could allow co-ordinated O-GlcNAcylation to provide trophic support to tumours, whilst protecting mitochondria, limiting OXPHOS, maintaining HIF-1α and upregulating PFK1, PGK1 [121] and therefore glycolysis and the pentose phosphate pathway [110]. As c-MYC, including via the PI3K/Akt/mTOR/c-MYC pathway [122], is sufficient to upregulate O-GlcNAc and OGT in tumours, whilst mTORC1-induced c-MYC and its induction of LAT-1 are core aspects of glycolytic metabolism, changes driven by O-GlcNAcylation are integral aspects of the alterations in metabolism classically associated with tumours, namely glycolysis upregulation and the limited maintenance of OXPHOS. The differential effects of O-GlcNAcylation in tumours and NK cells may be a crucial aspect to the development of immune suppression amongst the cells of the tumour microenvironment. Shifts in these processes, coupled to sirtuin regulation, would not only underpin the tumour phenotype but would then alter the metabolism-driven tumour fluxes that influence metabolic responses in the cells of the tumour microenvironment. O-GlcNAcylation is therefore important to dynamic, intercellular aspects of metabolism, including via, but not limited to, sirtuin regulation.




4.5. O-GlcNAcylation: Protein Phosphatase (PP)2A, AhR, and mTORC1


Protein phosphatases (PP), especially PP2A, are long recognised as important regulators of the tumour microenvironment [123], including cytolytic cells, with PP2A inhibiting granzyme B and cytotoxicity in NK cells [124]. PP2A is also a powerful regulator of the AhR [125], with PP2A and mTORC1 being in a negative reciprocal interaction [126], indicating that PP2A will inhibit mTORC1-induced LAT1 and glycolysis, thereby driving ‘exhaustion’ in NK cells.



PP2A dephosphorylates and therefore activates ACC, thereby decreasing acetyl-CoA levels [127], indicating that PP2A may modulate the interactions of mitochondrial OXPHOS with the acetyl-CoA pathway driving glycolysis upregulation, as well as decreasing acetyl-CoA for the melatonergic pathway. As such, the negative reciprocal interactions of mTORC1 and PP2A in glycolytic cells may involve a PP2A-induced decrease in the acetylation of Raptor, thereby leading to the mislocalisation of mTORC1, a key aspect of ‘exhaustion’ in NK cells and CD8+ T cells. The interactions of miR-375 with PP2A may be important, as miR-375 disinhibits PP2A suppression from Cancerous Inhibitor of PP2A (CIP2A) [128], whilst miR-375 also suppresses 14-3-3ζ, and therefore prevents 14-3-3ζ from stabilising AANAT and initiating the melatonergic pathway [22,129]. Overall, PP2A decreases acetyl-CoA, the melatonergic pathway and the acetylated Raptor/mTORC1/glycolysis pathway, with PP2A levels and effects modulated by miR-375, in co-ordination with suppression of 14-3-3ζ and the melatonergic pathway.



PP2A can be O-GlcNAcylated, thereby regulating its function [130]. PPP2R2A is a major regulatory subunit of PP2A, with PPP2R2A promoting cancer cell survival and proliferation. The downregulation of PPP2R2A results in an elevation in the total levels of cellular O-GlcNAcylation, as shown in breast cancer cells [131]. This would suggest that any protection that the above would indicate as arising from decreasing PP2A, would be offset by the consequences of wider O-GlcNAcylation. This would indicate an array of intra- and intercellular options for the maintenance of immune suppression in the tumour microenvironment.




4.6. O-GlcNAcylation: RACK1 and NLRP3 Inflammasome


Ribosomal receptor for activated C-kinase 1 (RACK1) is associated with chemoresistance and tumour growth [132], with increased levels of RACK1 correlating with tumour progression and fatality [133]. RACK1 may act via a variety of processes in tumours, including upregulating the assembly and activity of the NLRP3 inflammasome [132,134], miRNAs patterning [135], and AhR regulation [136]. Being a ribosomal protein, RACK1 modulates how ribosomes spatiotemporally coordinate patterned gene expression, including local translation process [137] and centrosome regulation [138,139]. RACK1 stabilises PP2A [140], and PP2A-associated immune suppression [123]. RACK1 also induces immune suppression by increasing the M2/M1 macrophage ratio [141] and suppressing the numbers of CD4+, CD8+, and iNK T cells [142], as well as promoting the EMT [143]. As RACK1, in interaction with GSK3α, can regulate the circadian clock in mammalian cells [144], alterations in RACK1 levels and its interactions are likely to have wider circadian-driven immune-regulatory consequences. RACK1 therefore regulates many tumour associated pathways [145,146].



The O-GlcNAcylation of RACK1 increases its stability [147] and effects [132,148], including its association with PKCβ2, thereby enhancing eukaryotic translation initiation factor 4E phosphorylation and the translation of numerous, potent oncogenes [132]. RACK1 is a component of the NLRP3 inflammasome, increasing IL-1β and IL-18 levels [132,134]. Elevations in O-GlcNAcylation are associated with increased NLRP3 inflammasome and NF-κB signalling activity [147], with the NLRP3 inflammasome important to cancer progression and tumour microenvironment regulation [132], with effects at least partly regulated by the O-GlcNAcylation of RACK1.



RACK1 may also be regulated by YY1 [149], indicating wider interactions with factors known to regulate the tumour microenvironment, including the melatonergic pathway. The RACK1 upregulation of the NLRP3 inflammasome, IL-1β and IL-18 will induce the IDO/kynurenine/AhR pathway and therefore melatonergic pathway suppression. The O-GlcNAcylation of RACK1 may therefore modulate the melatonergic pathway in the tumour microenvironment via both YY1 and NLRP3. Although it is the effects of O-GlcNAcylated RACK1 on the NLRP3 inflammasome that are thought to underlie its regulation of tumours, tumour microenvironment and immune therapy response [150], the interactions of O-GlcNAcylated RACK1 on circadian, YY1, PP2A, acetyl-CoA and the melatonergic pathway may better integrate the effects of RACK1 with other tumour regulatory factors and processes, including metabolic.




4.7. O-GlcNAcylation: Mesenchymal Stem Cells (MSC)


MSC can upregulate tumour PD-L1 [151] and are important tumour microenvironment regulators [152]. MSC can self-renew, have a multidirectional differentiation potential, and efflux large quantities of exosomes, thereby potentially acting as a hub to integrate and influence signals across the tumour microenvironment [153]. MSC can release mitochondria, both directly and within extracellular vesicles, which can be taken up by other cells, which may be a treatment target [154]. MSC can also regulate the mitochondrial function of other cells [155]. MSC are regulated by circadian genes [156] and melatonin, with melatonin regulating OXPHOS [157], SIRT1/SOD2 [158] and exosome/vesicle content [159,160]. This would indicate that the circadian regulation of mitochondria by melatonin/SIRT1/SIRT3/Bmal1/PDC/OXPHOS pathway will modulate the phenotype of transferred mitochondria, with consequences for the functioning of cells uptaking such potentially distinct mitochondria ‘phenotypes’. It requires clarification as to whether increased VDAC2, and its O-GlcNAcylation, afford protection in the process of mitochondria transfer. The relevance of variations in MSC exosomes and mitochondria ‘phenotypes’ in tumours and other cells of the tumour microenvironment will be important to determine, including over the circadian rhythm [159], given the known immune regulatory effects of MSC exosomes [161].



Preclinical in vivo data on mitochondria transfer into rodent tumours show such transfer to significantly alter the tumour microenvironment, including by lowering oxidative stress, tumour size and enhancing immune cell infiltration [162]. Such data clearly indicate the importance of targeting metabolic processes in changing the tumour microenvironment. It will be important to clarify the impact of different mitochondria ‘phenotypes’, including as arising from alterations in the location and presence of the melatonergic pathway.



MSC are also important inducers of IDO, which is stably upregulated by the O-GlcNAcylation of signal transducer and activator of transcription 1 (STAT1) in these cells [163]. As IDO-induced kynurenine inhibits NK cells and CD8+ T cells via AhR activation [12], this is another route whereby O-GlcNAcylation in MSC, as well as in CSC [12], may modulate immune suppression in the tumour microenvironment. Interestingly, heightened O-GlcNAc in MSC is coupled to increased glycolysis [163], indicating that O-GlcNAcylation in MSC will modulate the interface between OXPHOS and glycolysis in these cells. The roles of alterations in acetyl-CoA and the melatonergic pathway in determining the MSC influence on the tumour microenvironment as well as exosomal content and mitochondria ‘phenotypes’ will be important to determine.




4.8. O-GlcNAcylation: Glycogen Synthase Kinase (GSK)3β and Cytolytic Cells


GSK3β inhibitors increase the cytotoxicity and maturation of NK cells and CD8+ T cells [164,165], coupled to PD-1 suppression [166]. GSK3β inhibition underpins the co-stimulatory effects of CD28 on CD8+ T cell cytotoxicity [167], whilst ligand activation of the NK cell activator receptor, NKG2D, is prevented by GSK3β [168]. CD28 co-stimulatory effects on CD8+ T cells increase mitochondria fusion, membrane potential and mitochondrial mass [169], highlighting the impact of GSK3β inhibition on mitochondrial metabolism in driving cytotoxicity, which is also evident from the increased acetyl-CoA and TCA cycle activity, as well as glycolysis, required for the initial activation of memory CD8+ T cells [170].



In contrast to NK cells, heightened O-GlcNAcylation enhances the functional response of CD8+ T cells [89,90], which may be mediated via the inhibitory effects of O-GlcNAcylation on GSK3β function [171]. As GSK3β inhibition also increased NK cells cytotoxicity, this would indicate that the differential effects of O-GlcNAcylation in NK cells and CD8+ T cells are not mediated via the O-GlcNAcylation, and inhibition, of GSK3β [172,173].



GSK3β is also intimately linked to the melatonergic pathway, with GSK3β inhibition attenuating IFNγ induction of IDO, as shown in dendritic cells [174], thereby decreasing kynurenine production for AhR activation and increasing serotonin availability for the melatonergic pathway. The O-GlcNAcylation of GSK3β may enhance more optimal pathway activity in cytolytic cells, including the melatonergic pathway. GSK3β inhibition prevents IFNγ-induced IDO [174], including in cancer cells [175], and dendritic cells [176]. Such inhibition involves suppression of the Janus-activated kinase (JAK)1/PKCδ/STAT1 pathway, which is also inhibited by green tea’s epigallocatechin gallate (EGCG) [175] and curcumin [176], as well as other GSK3β inhibitors [174]. GSK3β inhibition, including by O-GlcNAcylation, will therefore modulate both cancer cells and cytolytic cells.



GSK3β inhibition has reciprocal positive interactions with melatonin, with melatonin increasing the PI3K/Akt and ser9 phosphorylation and inhibition of GSK3β and GSK3β inhibition suppressing IDO [174]. However, a STAT1 binding site is present in the AANAT promotor [177], allowing STAT1 activation of IDO by IFNγ to induce the melatonergic pathway and melatonin release. It is likely that the concurrent release of melatonin would negatively feedback on the IFNγ/GSK3β/JAK1/PKCδ/STAT1/IDO, although AhR/CYP1B1 via the backward conversion of melatonin to NAS would have contrasting effects via TrkB activation. Clearly, a number of factors and interacting processes have evolved to regulate mitochondria metabolism and the melatonergic pathway, arising from their significant influence on cellular and intercellular functions, including many of the key processes classically associated with CSC proliferation and immunosuppression in the tumour microenvironment. Figure 2 shows O-GlcNAcylation of tumour environment factors.





5. Integrative Model


The above collection of diverse data indicates the important, if not over-riding, role that variations in metabolism, including from acetyl-CoA and the melatonergic pathway, can have on cellular function and intercellular interactions within the tumour microenvironment. The dynamic complexity of the tumour microenvironment, and the specific variations occurring in particular tissues and organs [178] may then be seen as a dynamic flux of interactions that act to modulate metabolism, driven in part, if not primarily, by variations in acetyl-CoA and the melatonergic pathway. The importance of metabolism is indicated by the dramatic changes occurring in tumours and the tumour microenvironment arising from mitochondria transfer in preclinical models [162]. Although many aspects of mitochondrial function may be relevant, the current article has highlighted the powerful role for acetyl-CoA regulation, including in co-ordinating OXPHOS and glycolysis in NK cells and cytolytic cells, as well as the impact that acetyl-CoA has on the melatonergic pathway. Such an integrative model provides a ‘higher-order’ structure, comprised of a metabolic matrix dynamically communicating across the different cells of the tumour microenvironment, including tumours.



It is proposed that metabolic alterations drive the patterning of miRNAs that underpin and co-ordinate the changing fluxes and plasma membrane receptors expressed in individual cells, as exemplified by the miR-138 inhibition of PD-1. Intercellularly, this metabolic power play is strongly driven by how various fluxes in the tumour microenvironment can influence acetyl-CoA and the melatonergic pathway in other cells. It would also suggest that metabolic interventions targeted to any cell in the tumour microenvironment would shift the pattern of interactions of all cells. This would seem more obvious in some cells, such as cancer cells or NK cells, than others, such as macrophages. Many of the factors significantly associated with tumour progression and immunosuppression, such as YY1, SIRT1/3, GSK3β, STAT, IDO and the AhR can have their influence and interactions more plausibly integrated by their impacts on metabolism, acetyl-CoA and the melatonergic pathway within the cells of the tumour microenvironment.



Clearly, factors acting to regulate the interactions of OXPHOS and glycolysis via acetyl-CoA and the melatonergic pathway may be variably important across the different cells of the tumour microenvironment. Although, requiring experimental investigation, the above would indicate that targeting metabolic processes, acetyl-CoA regulation and melatonergic pathway variations in NK cells may be the most viable treatment target for changing the intercellular interactions within the immune suppressed tumour microenvironment. NK cells are one of the early cells to interact with tumours and alterations in NK function seem important to tumour microenvironment development. This may arise as a consequence of how CSCs react to NK cell IFNγ efflux [Liu et al., 2018], especially to IFNγ-induced IDO and kynurenine, which upon release activates the AhR on NK cells and other cells in the emerging tumour microenvironment, thereby initiating a pattern of CSC influence on acetyl-CoA, the melatonergic pathway and metabolism in other cells.



The significant effects of O-GlcNAcylation in the regulation of CSC levels, survival and proliferation [179] are intimately linked to its regulation of the processes underlying variations in metabolic regulation and the melatonergic pathway, both within tumours and other cells of the tumour microenvironment. TrkB+CSC are important to the survival, proliferation and recurrence of breast cancers and GBM [18,180], indicating that BDNF and any released NAS are crucial regulators of CSCs. The O-GlcNAcylation of YY1 and the upregulation of NAS seem important drivers of TrkB effects. Importantly, TrkB activation triggers the PI3K/Akt/mTOR and cMYC pathways that upregulate O-GlcNAcylation [181,182]. This is why the initial response in CSCs in regard to increasing kynurenine release and AhR activation is important, as any O-GlcNAcylation of YY1 and melatonergic pathway activation will have its effects dramatically determined by variations in the NAS/melatonin ratio. Consequently, biasing the melatonergic pathway to increase NAS or the NAS/melatonin ratio may result in heightened NAS activation of TrkB, leading to an increase in O-GlcNAcylation of crucial factors acting to regulate CSC and the wider tumour microenvironment. This would indicate a maintained positive feedback loop involving O-GlcNAcylation and factors increasing the NAS/melatonin ratio, especially AhR-induced CYP1B1, but also P2Y1r and mGluR5 activators, as well as regulators of O-demethylation, which all ‘backward’ convert melatonin to NAS. These processes clearly require further investigation, including as to whether cytotoxic cells can be converted to Trojan horses carrying and releasing trophic NAS for CSC maintenance and proliferation. How such processes act to upregulate BDNF will also be important to determine, including NAS-induced BDNF, as shown in the brain [18].



Such a perspective incorporates a lot of previously disparate data on tumours and the tumour microenvironment, some of which have been highlighted in this article. A number of treatment and future research implications arise from this.




6. Future Research


	(1)

	
Does tumour-derived kynurenine activation of the AhR on tumour microenvironment cells differentially regulate acetyl-CoA and the melatonergic pathway in these cells, including an increase in the NAS/melatonin ratio? Is NAS released and/or does NAS induce BDNF? Does this contrast to a total suppression of melatonin and the melatonergic pathway in CSCs?




	(2)

	
As melatonin release is important to the switching of macrophages and other immune cells to an anti-inflammatory M2-like phenotype [183], is the cytoplasmic induction of AANAT and ASMT relevant to modulating the activation state of CD8+ T cells and NK cells? Would factors, such as AhR-induced CYP1B1, increase NAS, rather than melatonin, release under such conditions, thereby affording protection of CSC? Is NAS always released with melatonin from immune cells, as occurs nightly in the pineal gland, such that variations in immune, and other cells, NAS/melatonin ratio may contribute to tumour initiation?




	(3)

	
As GSK3β inhibitors, including lithium, have long been known to increase NK cell and CD8+ T cells cytotoxicity [165], the interaction of GSK3β with the AhR, acetyl-CoA and the melatonergic pathway in NK cells and CD8+ T cells requires investigation.




	(4)

	
Caffeine elevates CD8+ T cell cytotoxicity, including by decreasing PD-1 [184]. Is this mediated by A2Ar inhibition and/or via metabolic impacts driving an increase in miR-138?




	(5)

	
Is there a circadian rhythm to the levels and/or content of MSC exosomes, including transferred mitochondria and mitochondria ‘phenotype’ via the melatonin/SIRT1/SIRT3/Bmal1/PDC/OXPHOS pathway?




	(6)

	
How important is pineal melatonin-induced sirtuins to the resetting of mitochondrial and cellular function in CD8+ T cells and NK cells over the circadian rhythm, and does the suppression of pineal melatonin over age contribute to ageing-associated cancer risk/severity?




	(7)

	
Is the O-GlcNAcylation of STAT1 and raised IDO and glycolysis levels co-ordinated with O-GlcNAcylation of VDAC2 and YY1 in CSC and MSC [163]? Does the GlcNAcylation of VDAC2 constitute a protected mitochondria phenotype, including of NK cells and other tumour microenvironment cells within such a challenging microenvironment?




	(8)

	
Is the AhR expressed on chimeric antigen receptor (CAR)-NK cells and does its activation/antagonism modulate the utility of CAR-NK cells in the treatment of an array of different cancers [3].




	(9)

	
Are there distinct ‘suppressed’ TIM-3+ PD-1+ Lag3+ CD8+T cells, versus ‘exhausted’ CD8+ T cells, as recently proposed [91]. Given that YY1 increases TIM-3, PD-1 and Lag3 [93], are ‘suppressed’ CD8+ T cells driven by YY1 and its O-GlcNAcylation, with ‘exhaustion’ driven by wider O-GlcNAcylated factors and metabolic regulators?




	(10)

	
Experimental circadian rhythm disruption increases tumour growth in association with alterations in the immune cells of the tumour microenvironment [185]. How important is the O-GlcNAcylated YY1 suppression of Bmal1 to the function and circadian rhythm of tumour microenvironment cells?




	(11)

	
How important are the gut microbiome-derived short-chain fatty acids, especially butyrate and acetate, in the regulation of metabolism, acetyl-CoA and the melatonergic pathway in the cells of the tumour microenvironment, as indicated by previous data [186,187].




	(12)

	
Is the differential regulation of the α7nAChR and dupα7 by LPS co-ordinated with alterations in the levels of O-GlcNAc, as some data could suggest [83]. The consequences of the differential expression of α7nAChR and dupα7 on immune activity, including the tumour microenvironment over the circadian rhythm, clearly require investigation, including as to any interactions with gut permeability-derived LPS.




	(13)

	
PD-1 is upregulated by many transcription factors and pathways [188], as well as kynurenine’s activation of the AhR [12]. All can be repressed by melatonin, whilst melatonin also upregulates many of the PD-1 repressors [188]. As to how these PD-1 inducing and repressing factors interact with acetyl-CoA, the melatonergic pathway and OXPHOS in CD8+ T cells and NK cells will be interesting to determine. For example, would the suppression of melatonin production within immune cells, perhaps via lost autocrine effects [183], prevent its beneficial effects on such immune checkpoint regulation?




	(14)

	
As a number of miRNAs, including miR-28, miR-138, miR-4717, and miR-374b, suppress PD-1 expression levels via direct binding to the 3′ UTR of PD-1 mRNA, the regulation of miRNAs is one of the ways by which alterations in metabolism may modulate PD-1 expression levels. Notably, miR-28, miR-138 and miR-347b [189,190,191] can also regulate glycolysis and metabolism. Clearly, the interface of miRNAs with metabolism, acetyl-CoA and the melatonergic pathway require investigation. The importance of this is highlighted by data showing miR-138 can also suppresses COX2 and PDK1, indicating that it will disinhibit the PDC, and increase the conversion of pyruvate to acetyl-CoA, whilst preventing PD-1 and COX2/PGE2/EP4-driven ‘exhaustion’ [114,192]. Clearly, miRNA patterning will be an important mediator of co-ordinated transcriptional responses to altered metabolic regulation, as indicated in Figure 1.




	(15)

	
Although taurine has a number of anticancer and anti-inflammatory effects [193], its induction of the lncRNA, taurine upregulated (TUG)1, leads to increased tumour proliferation, metastasis and survival [194]. TUG-1 also induces ACC, thereby lowering acetyl-CoA and inhibits miR-138 [195], and therefore the miR-138 inhibition of PD-1. TUG-1 also binds to the PGC-1α promotor, inhibiting PGC-1α induction of optimal mitochondrial function [196], indicating that it will have significant effects on metabolism and miRNA patterning. TUG-1 effects on acetyl-CoA, the melatonergic pathway, metabolism and miRNA patterning clearly require further investigation in cytolytic cells.




	(16)

	
Does racial discrimination stress have biological consequences relevant to the modulation of cancer risk and severity, including by acting on the tumour microenvironment, as recently proposed for similar processes in COVID-19 associated infection [1]? African-Americans, vs. European Americans, have an increased cancer risk, severity and fatality [197], which is typically explained by ethnic genetic diversity, decreased vitamin D, low therapy maintenance or lower maintenance of health insurance policies [198]. Heightened cytokine levels in African-Americans correlate with racial discrimination stress experiences, indicating the association of racism with increased kynurenine activation of the AhR, thereby priming for immune suppression [1]. This will be important to investigate and may indicate wider biological consequences of social stratification processes across different cultures.




	(17)

	
Some of the consequences of racial discrimination stress can overlap with PTSD [199]. PTSD is associated with a decrease in the CpG demethylation of the AhR repressor (AHRR) [200], indicating PTSD to interact with the epigenetic regulation of the AhR by the AHRR. PTSD also associates with increased cancer risk [201]. Given the overlaps of racial discrimination stress with PTSD, it requires investigation as to whether some of the impacts of racism on the crucial role of the AhR in cancers may be modulated by discrimination stress impacts on the CpG methylation status of the AHRR, and thereby on AhR regulation of tumours and the tumour microenvironment.




	(18)

	
Ten-eleven translocation (TET) are important drivers of cancer initiation and progression via the regulation of epigenetic processes [202]. O-GlcNAcylation potentiates TET effects, including via DNA demethylation and histone methylation [202]. The interactions of O-GlcNAcylated TET with the AhR/AHRR and mitochondrial function in cells of the tumour microenvironment will be important to determine, especially as this has been proposed to underpin AhR-driven active DNA demethylation and thereby epigenetic memory [203]. Notably, YY1 is a significant regulator of TET2 [204], and TET2 is an important aspect of chronic stress and its treatment [205], indicating that this could have relevance to how PTSD and racism modulate the AhR/AHRR and its possible association with racial health disparities. This is supported by preclinical data showing social stress to significantly increase TET [206].




	(19)

	
Both acute and chronic stress can exacerbate tumour initiation and progression [207,208]. Much of the research on stress has highlighted the role of alterations in sympathetic nervous system activity [208]. As to how alterations in the autonomic nervous system are co-ordinated with the cytokine/IDO/kynurenine/AhR pathway in the effects of acute and chronic stress, including racial discrimination stressors, will be important to determine.




	(20)

	
The AhR level and AhR-induced CYP1B1 levels are positively correlated with leptin in childhood obesity. Leptin primes cytolytic cells for attenuated cytotoxicity [7]. Whether the association of leptin, CYP1B1 and AhR ligands is correlated in adult obesity, in association with a decreased CD8+ T cell and NK cell cytotoxicity, as some data could suggest [209], will be important to determine.




	(21)

	
Work on T cell function indicates an important role for mitochondria calcium regulation [210], with mitochondrial calcium uptake (MICU)1 and MICU2, rather than mitochondrial metabolic activity per se, proposed as significant regulators of immune cell function [211]. Recent data show melatonin to prevent cellular pathology via MICU regulation [212], indicating that variations in pineal and local melatonin production will modulate the MICU influence on mitochondria-determined immune cell function. Given the role of MICU in tumour pathophysiology [213], the relevance of MICU regulation in the cells of the tumour microenvironment, including as regulated by melatonin, will be important to determine. Other aspects of mitochondria calcium regulation may be associated with melatonergic pathway regulation, given the Leucine zipper-EF-hand containing transmembrane protein 1 (LETM1) transporter on the inner mitochondria membrane has a 14-3-3-like motif that may bind and stabilise AANAT [214]. Consequently, the melatonergic pathway may be intimately linked to mitochondria calcium regulation. This could indicate that a mitochondrial calcium, rather than metabolic, regulation of the tumour microenvironment may be intimately linked to the regulation of the mitochondrial melatonergic pathway.




	(22)

	
Given that the SARS-CoV-2 virus may lead to changes in the immune responses that parallel those evident in the tumour microenvironment [1], it will be important to determine the influence of SARS-CoV-2 infection on tumour aetiology and progression.








7. Treatment Implications


Although cancer treatment has focussed primarily on killing cancer cells, including by inhibiting tumour mitochondrial function [215], it has long been realised that a more sophisticated treatment would be to change the nature of cellular interactions in the tumour microenvironment, thereby allowing NK cells, CD8+ T cells, CD4+ T cells and γδ T cells to eliminate tumours. The dynamic complexity of the intercellular interactions of the tumour microenvironment have thwarted such attempts. The past decade has seen a growing interest in the utilisation of immune checkpoint inhibitors, such as PD-1 inhibitors, in an attempt to achieve this, which have not fulfilled the expectations raised [216]. The integrative model above provides a framework that emphasises the importance of factors acting to regulate variations in cellular metabolism, especially acetyl-CoA and the melatonergic pathways, as major drivers of the ever-changing, dynamic fluxes occurring amongst cells in the tumour microenvironment. This is a conceptualisation that focusses on the complexity of the intracellular processes that act to regulate variations in metabolism, including the interactions of OXPHOS and glycolysis, whilst highlighting the important role of acetyl-CoA, the melatonergic pathway and the AhR. Such a conceptualisation indicates that current treatment targets, such as PD-1 inhibitors and adenosine A2Ar antagonists/antibodies, are treatments targeting factors that are downstream of metabolic-driven alterations in miRNA-driven gene expression patterning. This suggests that the fate of immune cells within the tumour microenvironment does not have to be determined by cancer cell-driven fluxes, which can be overcome by interventions targeting intracellular processes driving the complexity of metabolic regulation within immune cells.



Clearly, future research investigating fundamental aspects of metabolic processes, such as the role of increase NAS production and subsequent TrkB activation in driving CSC survival and proliferation, will help to provide more focussed treatment. In the absence of such data, a number of possible treatment implications may arise from the above.



	(1)

	
Although melatonin can kill most cancer cells, its utilisation has primarily been as an adjunctive, often to prevent side-effects of other medications. Treatments targeting the upregulation of local melatonin production across the cells in the tumour microenvironment, coupled to the suppression of factors such as CYP1B1 that backward convert melatonin to NAS, could allow melatonin to induce apoptotic processes in tumours as well as change the nature of the cellular interactions within the tumour microenvironment.




	(2)

	
It is seldom that treatments are utilised that take into account circadian factors. The re-instatement of a circadian rhythm within the cells of the tumour microenvironment, including the expression of Bmal1 and SIRT1, will modulate the cells of the tumour microenvironment, including by the utilisation of exogenous melatonin [217].




	(3)

	
Targeting MSC mitochondria release, both directly and within extracellular vesicles, for uptake in cells of the tumour microenvironment may be a viable treatment target [154].




	(4)

	
Given the importance of the immune response, it is clear that a more holistic conceptualisation of immune cell regulation may also guide more physiology-based treatments. The gut microbiome short-chain fatty acids levels are significant regulators of PD-1 inhibitor treatment of solid tumours [218]. This may be linked to the utility of butyrate as a HDAC inhibitor. However, butyrate also optimises mitochondrial function, by increasing PDC, acetyl-CoA and the melatonergic pathway [219,220]. This is supported by data showing butyrate supplementation to increase the efficacy of CD8+ T cells via metabolic impacts [187,188] as well as the cytotoxicity of NK cells against tumours [221]. As butyrate also inhibits YY1 [222], the adjunctive use of sodium butyrate would have clinical utility via a number of processes.




	(5)

	
The efficacy of a number of nutraceuticals in the beneficial regulation of the tumour microenvironment may also be placed within the above model. Nutraceutical antagonists of the AhR, including EGCG, resveratrol, folate, vitamin B12 and curcumin [1]. All have anticancer efficacy and modulate the interactions of the tumour microenvironment [223,224,225,226,227]. Notably, these factors can upregulate the melatonergic pathway [228]. EGCG and curcumin can also inhibit GSK3β [175,176]. The utilisation of multifunctional nanoparticles that target the tumour microenvironment will improve both efficacy and specificity of such effects [223].




	(6)

	
Quercetin may be another nutraceutical target. As quercetin suppresses ACC, thereby increasing acetyl-CoA, it may be mediating some of its antitumour benefits via a decrease in ‘exhaustion’ susceptibility, rather than an increase in basal or in vitro stimulated NK cell activation [229]. Quercetin and doxorubicin nanoparticles allow for increased efficacy, via the tumour microenvironment remodelling effects of Quercetin that allow greater doxorubicin penetration into tumour tissues [230].




	(7)

	
The utilisation of oncolytic viruses may help to turn ‘cold’ tumour microenvironments to ‘hot’ and therefore immune responsive [2]. Likewise, the elimination of solid tumour hypoxia by synthetic oxygenation agents and natural blood substitutes may block the hypoxia-HIF-1α-adenosine/A2Ar pathway, thereby enhancing immunotherapy-targeted treatments [44]. Preclinical in vivo data on mitochondria transfer into rodent tumours show such transfer to significantly alters the tumour microenvironment, including by lowering oxidative stress, tumour size and enhancing immune cell infiltration [162]. Such data clearly indicate the importance of targeting metabolic processes in changing the tumour microenvironment.








8. Conclusions


This article reviews the role of the mitochondrial and cytoplasmic melatonergic pathway in the tumour microenvironment and how this may be intimately linked to the wide array of factors and processes underpinning tumour suppression. The impacts of O-GlcNAcylation on tumour growth and tumour microenvironment cellular responses seem predominantly mediated by factors, such as YY1, and processes, such as OXPHOS and glycolytic metabolism, that are intimately linked to acetyl-CoA and the regulation of the melatonergic pathway. The capacity of CSCs to increase kynurenine release and AhR activation to the NK cell release of IFNγ may be important to the initiation and development of immune suppression in the tumour microenvironment, especially as NK cells are often the first cytolytic cell to encounter tumours. A pattern for the alterations in metabolism, as well as acetyl-CoA and melatonergic pathway regulation would then underpin and drive the dynamic intercellular fluxes of the tumour microenvironment.



It is also important to note that the tumour microenvironment is distinctly regulated in different organs and tissues, as highlighted by recent data on MDSC in different organs [178]. These authors showed cancer-associated MDSC cellular processes are significantly determined by organ-specific conditions [178]. Such data show the plasticity and complexity arising from the distinct and dynamic intercellular interactions occurring within the tumour microenvironment. Whether acetyl-CoA regulation and the melatonergic pathway within mitochondria form a crucial hub in determining such plasticity and complexity will be important to determine across different tumour microenvironments. This could suggest that treatments focussed on regulating acetyl-CoA and the mitochondrial melatonergic pathway may be targets, with the potential to over-ride the dynamic intercellular interactions within the tumour microenvironment across different organs and tissues.
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Abbreviations




	α7nAChR
	alpha 7 nicotinic acetylcholine receptor



	Aβ
	amyloid-beta



	AANAT
	aralkylamine N-acetyltransferase



	ACC
	acetyl-CoA carboxylase



	Acetyl-CoA
	acetyl-coenzyme A



	AhR
	aryl hydrocarbon receptor



	AMPK
	AMP-activated protein kinase



	CD8+
	cluster of differentiation 8



	COVID-19
	coronavirus disease-19



	COX
	cyclooxygenase



	CRH
	corticotropin-releasing hormone



	CSC
	cancer stem-like cells



	CYP
	cytochdrome P450



	EGCG
	epigallocatechin gallate



	EP4
	prostaglandin E2 receptor 4



	FICZ
	6-formylindolo[3,2-b]carbazole



	HIF
	hypoxia-inducible factor



	HMGB
	high-mobility group box



	IDO
	indoleamine 2,3-dioxygenase



	IFN
	interferon



	IL
	interleukin



	JAK
	Janus-activated kinase



	LAG-3
	lymphocyte-activation gene 3



	LPS
	lipopolysaccharide



	MDSC
	myeloid-derived suppressor cells



	MHC
	major histocompatibility complex



	NAS
	N-acetylserotonin



	NK
	natural killer



	NLRP3
	NOD-, LRR- and pyrin domain-containing protein 3



	O-GlcNAc
	O-linked-N-acetylglucosaminylation



	OXPHOS
	oxidative phosphorylation



	PDC
	pyruvate dyhydroganse complex



	PD-1
	programmed cell death-1



	PD-L1
	programmed cell death ligand 1



	PDK
	pyruvate dehydrogenase kinase



	PGE2
	prostaglandin E2



	PP2A
	protein phosphatase 2A



	RACK1
	ribosomal receptor for activated C-kinase 1



	S1P
	sphingosine-1-phosphate



	SARS-CoV-2
	severe acute respiratory syndrome coronavirus



	SNP
	single-nucleotide polymorphism



	SOD
	superoxide dismutase



	STAT
	signal transducer and activator of transcription



	TCA
	tricarboxylic acid



	TCDD
	2,3,7,8-tetrachlorodibenzo-p-dioxin



	TDO
	tryptophan 2,3-dioxygenase



	TGF
	transforming growth factor



	TIM-3
	T cell immunoglobulin and mucin domain 3



	TLR
	toll-like receptor



	TNF
	tumour necrosis factor



	Treg
	regulatory T cells



	TUG
	taurine upregulated



	YY1
	yin yang 1







References


	



Anderson, G.; Carbone, A.; Mazzoccoli, G. Aryl Hydrocarbon Receptor Role in Co- Ordinating SARS-CoV-2 Entry and Symptomatology: Linking Cytotoxicity Changes in COVID-19 and Cancers; Modulation by Racial Discrimination Stress. Biology 2020, 9, 249. [Google Scholar] [CrossRef] [PubMed]

	



Hwang, J.K.; Hong, J.; Yun, C.O. Oncolytic Viruses and Immune Checkpoint Inhibitors: Preclinical Developments to Clinical Trials. Int. J. Mol. Sci. 2020, 21, 8627. [Google Scholar] [CrossRef]

	



Xie, G.; Dong, H.; Liang, Y.; Ham, J.D.; Rizwan, R.; Chen, J. CAR-NK cells: A promising cellular immunotherapy for cancer. EBioMedicine 2020, 59, 102975. [Google Scholar] [CrossRef] [PubMed]

	



Matsuoka, H.; Hayashi, T.; Takigami, K.; Imaizumi, K.; Shiroki, R.; Ohmiya, N.; Sugiura, K.; Kawada, K.; Sawaki, A.; Maeda, K.; et al. Correlation between immune-related adverse events and prognosis in patients with various cancers treated with anti PD-1 antibody. BMC Cancer 2020, 20, 656. [Google Scholar] [CrossRef] [PubMed]

	



Johnson, D.B.; Jakubovic, B.D.; Sibaud, V.; Sise, M.E. Balancing Cancer Immunotherapy Efficacy and Toxicity. J. Allergy Clin. Immunol. Pract. 2020, 8, 2898–2906. [Google Scholar] [CrossRef]

	



Anderson, G. The effects of melatonin on signaling pathways and molecules involved in glioma: Melatonin and glioblastoma: Pathophysiology and treatment. Fundam. Clin. Pharmacol. 2020, 34, 189–191. [Google Scholar] [CrossRef]

	



Bähr, I.; Goritz, V.; Doberstein, H.; Hiller, G.G.; Rosenstock, P.; Jahn, J.; Pörtner, O.; Berreis, T.; Mueller, T.; Spielmann, J.; et al. Diet-Induced Obesity Is Associated with an Impaired NK Cell Function and an Increased Colon Cancer Incidence. J. Nutr. Metab. 2017, 2017, 4297025. [Google Scholar] [CrossRef]

	



Anderson, G. Breast cancer: Occluded role of mitochondria N-acetylserotonin/melatonin ratio in co-ordinating pathophysiology. Biochem. Pharmacol. 2019, 168, 259–268. [Google Scholar] [CrossRef]

	



Anderson, G.; Rodriguez, M. Multiple sclerosis, seizures, and antiepileptics: Role of IL-18, IDO, and melatonin. Eur. J. Neurol. 2011, 18, 680–685. [Google Scholar] [CrossRef]

	



Labadie, B.W.; Bao, R.; Luke, J.J. Reimagining IDO Pathway Inhibition in Cancer Immunotherapy via Downstream Focus on the Tryptophan-Kynurenine-Aryl Hydrocarbon Axis. Clin. Cancer Res. 2019, 25, 1462–1471. [Google Scholar] [CrossRef]

	



Leja-Szpak, A.; Góralska, M.; Link-Lenczowski, P.; Czech, U.; Nawrot-Porąbka, K.; Bonior, J.; Jaworek, J. The Opposite Effect of L-kynurenine and Ahr Inhibitor Ch223191 on Apoptotic Protein Expression in Pancreatic Carcinoma Cells (Panc-1). Anti-Cancer Agents Med. Chem. 2019, 19, 2079–2090. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Y.; Liang, X.; Dong, W.; Fang, Y.; Lv, J.; Zhang, T.; Fiskesund, R.; Xie, J.; Liu, J.; Yin, X.; et al. Tumor-Repopulating Cells Induce PD-1 Expression in CD8+ T Cells by Transferring Kynurenine and AhR Activation. Cancer Cell 2018, 33, 480–494. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, P.; Yu, H.; Zhou, K.; Bai, Y.; Qi, R.; Zhang, S. 3,3’-Diindolylmethane modulates aryl hydrocarbon receptor of esophageal squamous cell carcinoma to reverse epithelial- mesenchymal transition through repressing RhoA/ROCK1-mediated COX2/PGE2 pathway. J. Exp. Clin. Cancer Res. 2020, 39, 113. [Google Scholar] [CrossRef] [PubMed]

	



Ikeya, S.; Sakabe, J.I.; Yamada, T.; Naito, T.; Tokura, Y. Voriconazole-induced photocarcinogenesis is promoted by aryl hydrocarbon receptor-dependent COX-2 upregulation. Sci. Rep. 2018, 8, 5050. [Google Scholar] [CrossRef] [PubMed]

	



Miao, J.; Lu, X.; Hu, Y.; Piao, C.; Wu, X.; Liu, X.; Huang, C.; Wang, Y.; Li, D.; Liu, J. Prostaglandin E2 and PD-1 mediated inhibition of antitumor CTL responses in the human tumor microenvironment. Oncotarget 2017, 8, 89802. [Google Scholar] [CrossRef]

	



Morianos, I.; Trochoutsou, A.I.; Papadopoulou, G.; Semitekolou, M.; Banos, A.; Konstantopoulos, D.; Manousopoulou, A.; Kapasa, M.; Wei, P.; Lomenick, B.; et al. Activin- A limits Th17 pathogenicity and autoimmune neuroinflammation via CD39 and CD73 ectonucleotidases and Hif1-α-dependent pathways. Proc. Natl. Acad. Sci. USA 2020, 117, 12269–12280. [Google Scholar] [CrossRef]

	



Jang, S.W.; Liu, X.; Pradoldej, S.; Tosini, G.; Chang, Q.; Iuvone, P.M.; Ye, K. N- acetylserotonin activates TrkB receptor in a circadian rhythm. Proc. Natl. Acad. Sci. USA 2010, 107, 3876–3881. [Google Scholar] [CrossRef]

	



Anderson, G.; Reiter, R.J. Glioblastoma: Role of Mitochondria N-acetylserotonin/Melatonin Ratio in Mediating Effects of miR-451 and Aryl Hydrocarbon Receptor and in Coordinating Wider Biochemical Changes. Int. J. Tryptophan Res. 2019, 12. [Google Scholar] [CrossRef]

	



Zhao, Y.; Fu, Y.; Sun, Y.; Zou, M.; Peng, X. Transcriptional Regulation of gga-miR-451 by AhR:Arnt in Mycoplasma gallisepticum (HS Strain) Infection. Int. J. Mol. Sci. 2019, 20, 3087. [Google Scholar] [CrossRef]

	



Anderson, G. Glioblastoma chemoresistance: Roles of the mitochondrial melatonergic pathway. Cancer Drug Resist. 2020, 3, 334–355. [Google Scholar] [CrossRef]

	



Reiter, R.J.; Sharma, R.; Ma, Q.; Rosales-Corral, S.A.; Acuna-Costroviejo, D.; Escames, G. Inhibition of mitochondrial pyruvate dehydrogenase kinase: A proposed mechanism by which melatonin causes cancer cells to overcome cytosolic glycolysis, reduce tumor biomass and reverse insensitivity to chemotherapy. Melatonin Res. 2019, 2, 105–119. [Google Scholar] [CrossRef]

	



Anderson, G. Daytime orexin and night-time melatonin regulation of mitochondria melatonin::roles in circadian oscillations systemically and centrally in breast cancer symptomatology. Melatonin Res. 2019, 2, 1–8. [Google Scholar] [CrossRef]

	



Cascio, S.; Medsger, T.A., Jr.; Hawse, W.F.; Watkins, S.C.; Milcarek, C.; Moreland, L.W.; Lafyatis, R.A.; Fuschiotti, P. 14-3-3z sequesters cytosolic T-bet, upregulating IL-13 levels in TC2 and CD8+ lymphocytes from patients with scleroderma. J. Allergy Clin. Immun. 2018, 142, 109–119.e6. [Google Scholar] [CrossRef] [PubMed]

	



Graubardt, N.; Fahrner, R.; Trochsler, M.; Keogh, A.; Breu, K.; Furer, C.; Stroka, D.; Robson, S.C.; Slack, E.; Candinas, D.; et al. Promotion of liver regeneration by natural killer cells in a murine model is dependent on extracellular adenosine triphosphate phosphohydrolysis. Hepatology 2013, 57, 1969–1979. [Google Scholar] [CrossRef] [PubMed]

	



Storto, M.; de Grazia, U.; Battaglia, G.; Felli, M.P.; Maroder, M.; Gulino, A.; Ragona, G.; Nicoletti, F.; Screpanti, I.; Frati, L.; et al. Expression of metabotropic glutamate receptors in murine thymocytes and thymic stromal cells. J. Neuroimmunol. 2000, 109, 112–120. [Google Scholar] [CrossRef]

	



Gunderson, A.J.; Yamazaki, T.; McCarty, K.; Fox, N.; Phillips, M.; Alice, A.; Blair, T.; Whiteford, M.; O’Brien, D.; Ahmad, R.; et al. TGFβ suppresses CD8+ T cell expression of CXCR3 and tumor trafficking. Nat. Commun. 2020, 11. [Google Scholar] [CrossRef]

	



Donatelli, S.S.; Zhou, J.M.; Gilvary, D.L.; Eksioglu, E.A.; Chen, X.; Cress, W.D.; Haura, E.B.; Schabath, M.B.; Coppola, D.; Wei, S.; et al. TGF-β-inducible microRNA-183 silences tumor-associated natural killer cells. Proc. Natl. Acad. Sci. USA 2014, 111, 4203–4208. [Google Scholar] [CrossRef]

	



Lohr, J.; Ratliff, T.; Huppertz, A.; Ge, Y.; Dictus, C.; Ahmadi, R.; Grau, S.; Hiraoka, N.; Eckstein, V.; Ecker, R.C.; et al. Effector T-cell infiltration positively impacts survival of glioblastoma patients and is impaired by tumor-derived TGF-β. Clin. Can. Res. 2011, 17, 4296–4308. [Google Scholar] [CrossRef]

	



Chang, R.Q.; Shao, J.; Meng, Y.H.; Wang, J.; Li, D.J.; Li, M.Q. Decidual RANKL/RANK interaction promotes the residence and polarization of TGF-β1-producing regulatory γδ T cells. Cell Death Dis. 2019, 10, 113. [Google Scholar] [CrossRef]

	



Krneta, T.; Gillgrass, A.; Poznanski, S.; Chew, M.; Lee, A.J.; Kolb, M.; Ashkar, A.A. M2- polarized and tumor-associated macrophages alter NK cell phenotype and function in a contact-dependent manner. J. Leukoc. Biol. 2017, 101, 285–295. [Google Scholar] [CrossRef]

	



Kalathil, S.G.; Lugade, A.A.; Pradhan, V.; Miller, A.; Parameswaran, G.I.; Sethi, S.; Thanavala, Y. T-regulatory cells and programmed death 1+ T cells contribute to effector T- cell dysfunction in patients with chronic obstructive pulmonary disease. Am. J. Respir. Crit. Care Med. 2014, 190, 40–50. [Google Scholar] [CrossRef] [PubMed]

	



Mao, Y.; Sarhan, D.; Steven, A.; Seliger, B.; Kiessling, R.; Lundqvist, A. Inhibition of tumor-derived prostaglandin-e2 blocks the induction of myeloid-derived suppressor cells and recovers natural killer cell activity. Clin. Cancer Res. 2014, 20, 4096–4106. [Google Scholar] [CrossRef] [PubMed]

	



Liu, H.; Zhu, Y.; Zhu, H.; Cai, R.; Wang, K.F.; Song, J.; Wang, R.X.; Zhou, R.X. Role of transforming growth factor β1 in the inhibition of gastric cancer cell proliferation by melatonin in vitro and in vivo. Oncol. Rep. 2019, 42, 753–762. [Google Scholar] [CrossRef] [PubMed]

	



Che, H.; Wang, Y.; Li, H.; Li, Y.; Sahil, A.; Lv, J.; Liu, Y.; Yang, Z.; Dong, R.; Xue, H.; et al. Melatonin alleviates cardiac fibrosis via inhibiting lncRNA MALAT1/miR-141- mediated NLRP3 inflammasome and TGF-β1/Smads signaling in diabetic cardiomyopathy. FASEB J. 2020, 34, 5282–5298. [Google Scholar] [CrossRef]

	



Kim, J.Y.; Park, J.H.; Jeon, E.J.; Leem, J.; Park, K.K. Melatonin Prevents Transforming Growth Factor-β1-Stimulated Transdifferentiation of Renal Interstitial Fibroblasts to Myofibroblasts by Suppressing Reactive Oxygen Species-Dependent Mechanisms. Antioxidants 2020, 9, 39. [Google Scholar] [CrossRef]

	



Xu, Y.; Liu, J.; Liu, Z.; Ren, H.; Yong, J.; Li, W.; Wang, H.; Yang, Z.; Wang, Y.; Chen, G.; et al. Blockade of Platelets Using Tumor-Specific NO-Releasing Nanoparticles Prevents Tumor Metastasis and Reverses Tumor Immunosuppression. ACS Nano 2020, 14, 9780–9795, Erratum in: ACS Nano 2020, 14, 12259. [Google Scholar] [CrossRef]

	



Yamaguchi, T.; Fushida, S.; Kinoshita, J.; Okazaki, M.; Ishikawa, S.; Ohbatake, Y.; Terai, S.; Okamoto, K.; Nakanuma, S.; Makino, I.; et al. Extravasated platelet aggregation contributes to tumor progression via the accumulation of myeloid-derived suppressor cells in gastric cancer with peritoneal metastasis. Oncol. Lett. 2020, 20, 1879–1887. [Google Scholar] [CrossRef]

	



Pombo, M.; Lamé, M.W.; Walker, N.J.; Huynh, D.H.; Tablin, F. TCDD and omeprazole prime platelets through the aryl hydrocarbon receptor (AhR) non-genomic pathway. Toxicol. Lett. 2015, 235, 28–36. [Google Scholar] [CrossRef]

	



Anderson, G.; Rodriguez, M.; Reiter, R.J. Multiple Sclerosis: Melatonin, Orexin, and Ceramide Interact with Platelet Activation Coagulation Factors and Gut-Microbiome- Derived Butyrate in the Circadian Dysregulation of Mitochondria in Glia and Immune Cells. Int. J. Mol. Sci. 2019, 20, 5500. [Google Scholar] [CrossRef]

	



Mann, E.H.; Chambers, E.S.; Chen, Y.H.; Richards, D.F.; Hawrylowicz, C.M. 1A,25- dihydroxyvitamin D3 acts via transforming growth factor-β to up-regulate expression of immunosuppressive CD73 on human CD4+ Foxp3- T cells. Immunology 2015, 146, 423–431. [Google Scholar] [CrossRef]

	



Chen, S.; Fan, J.; Zhang, M.; Qin, L.; Dominguez, D.; Long, A.; Wang, G.; Ma, R.; Li, H.; Zhang, Y.; et al. CD73 expression on effector T cells sustained by TGF-β facilitates tumor resistance to anti-4-1BB/CD137 therapy. Nat. Commun. 2019, 10. [Google Scholar] [CrossRef] [PubMed]

	



Shi, L.; Feng, M.; Du, S.; Wei, X.; Song, H.; Yixin, X.; Song, J.; Wenxian, G. Adenosine Generated by Regulatory T Cells Induces CD8+ T Cell Exhaustion in Gastric Cancer through A2aR Pathway. BioMed Res. Int. 2019, 2019, 4093214. [Google Scholar] [CrossRef] [PubMed]

	



Sitkovsky, M.V.; Hatfield, S.; Abbott, R.; Belikoff, B.; Lukashev, D.; Ohta, A. Hostile, hypoxia-A2-adenosinergic tumor biology as the next barrier to overcome for tumor immunologists. Cancer Immunol. Res. 2014, 2, 598–605. [Google Scholar] [CrossRef] [PubMed]

	



Halpin-Veszeleiova, K.; Hatfield, S.M. Oxygenation and A2AR blockade to eliminate hypoxia/HIF-1a-adenosinergic immunosuppressive axis and improve cancer immunotherapy. Curr. Opin. Pharmacol. 2020, 53, 84–90. [Google Scholar] [CrossRef] [PubMed]

	



Chen, Y.; Zhang, T.; Liu, X.; Li, Z.; Zhou, D.; Xu, W. Melatonin suppresses epithelial-to- mesenchymal transition in the MG-63 cell line. Mol. Med. Rep. 2020, 21, 1356–1364. [Google Scholar] [CrossRef] [PubMed]

	



Liu, T.; Jin, L.; Chen, M.; Zheng, Z.; Lu, W.; Fan, W.; Li, L.; Zheng, F.; Zhu, Q.; Qiu, H.; et al. Ku80 promotes melanoma growth and regulates antitumor effect of melatonin by targeting HIF1-α dependent PDK-1 signaling pathway. Redox Biol. 2019, 25, 101197. [Google Scholar] [CrossRef]

	



Prigione, A.; Rohwer, N.; Hoffmann, S.; Mlody, B.; Drews, K.; Bukowiecki, R.; Blümlein, K.; Wanker, E.E.; Ralser, M.; Cramer, T.; et al. HIF1α modulates cell fate reprogramming through early glycolytic shift and upregulation of PDK1-3 and PKM2. Stem Cells 2014, 32, 364–376. [Google Scholar] [CrossRef]

	



Li, Y.; Gruber, J.J.; Litzenburger, U.M.; Zhou, Y.; Miao, Y.R.; LaGory, E.L.; Li, A.M.; Hu, Z.; Yip, M.; Hart, L.S.; et al. Acetate supplementation restores chromatin accessibility and promotes tumor cell differentiation under hypoxia. Cell Death Dis. 2020, 11, 102. [Google Scholar] [CrossRef]

	



Mastelic-Gavillet, B.; Navarro Rodrigo, B.; Décombaz, L.; Wang, H.; Ercolano, G.; Ahmed, R.; Lozano, L.E.; Ianaro, A.; Derré, L.; Valerio, M.; et al. Adenosine mediates functional and metabolic suppression of peripheral and tumor-infiltrating CD8+ T cells. J. Immunother. Cancer 2019, 7, 257. [Google Scholar] [CrossRef]

	



Finlay, D.K.; Rosenzweig, E.; Sinclair, L.V.; Feijoo-Carnero, C.; Hukelmann, J.L.; Rolf, J.; Panteleyev, A.A.; Okkenhaug, K.; Cantrell, D.A. PDK1 regulation of mTOR and hypoxia- inducible factor 1 integrate metabolism and migration of CD8+ T cells. J. Exp. Med. 2012, 209, 2441–2453. [Google Scholar] [CrossRef]

	



Pollizzi, K.N.; Sun, I.H.; Patel, C.H.; Lo, Y.C.; Oh, M.H.; Waickman, A.T.; Tam, A.J.; Blosser, R.L.; Wen, J.; Delgoffe, G.M.; et al. Asymmetric inheritance of mTORC1 kinase activity during division dictates CD8+ T cell differentiation. Nat. Immunol. 2016, 17, 704–711. [Google Scholar] [CrossRef] [PubMed]

	



Donnelly, R.P.; Loftus, R.M.; Keating, S.E.; Liou, K.T.; Biron, C.A.; Gardiner, C.M.; Finlay, D.K. mTORC1-dependent metabolic reprogramming is a prerequisite for NK cell effector function. J. Immunol. 2014, 193, 4477–4484. [Google Scholar] [CrossRef] [PubMed]

	



He, A.; Chen, X.; Tan, M.; Chen, Y.; Lu, D.; Zhang, X.; Dean, J.M.; Razani, B.; Lodhi, I.J. Acetyl-CoA Derived from Hepatic Peroxisomal β-Oxidation Inhibits Autophagy and Promotes Steatosis via mTORC1 Activation. Mol. Cell 2020, 79, 30–42.e4. [Google Scholar] [CrossRef] [PubMed]

	



Lee, J.Y.; Han, S.H.; Park, M.H.; Song, I.S.; Choi, M.K.; Yu, E.; Park, C.M.; Kim, H.J.; Kim, S.H.; Schuchman, E.H.; et al. N-AS-triggered SPMs are direct regulators of microglia in a model of Alzheimer’s disease. Nat. Commun. 2020, 11. [Google Scholar] [CrossRef]

	



Rao, E.; Zhang, Y.; Zhu, G.; Hao, J.; Persson, X.M.; Egilmez, N.K.; Suttles, J.; Li, B. Deficiency of AMPK in CD8+ T cells suppresses their anti-tumor function by inducing protein phosphatase-mediated cell death. Oncotarget 2015, 6, 7944–7958. [Google Scholar] [CrossRef]

	



Zhang, Z.; Li, F.; Tian, Y.; Cao, L.; Gao, Q.; Zhang, C.; Zhang, K.; Shen, C.; Ping, Y.; Maimela, N.R.; et al. Metformin Enhances the Antitumor Activity of CD8+ T Lymphocytes via the AMPK-miR-107-Eomes-PD-1 Pathway. J. Immunol. 2020, 204, 2575–2588. [Google Scholar] [CrossRef]

	



Jeon, S.M.; Hay, N. The dark face of AMPK as an essential Oncotarget tumor promoter. Cell. Logist. 2012, 2, 197–202. [Google Scholar] [CrossRef]

	



Li, T.; Liu, J.; Guo, G.; Ning, B.; Li, X.; Zhu, G.; Yang, D.; Moran, T.H.; Smith, W.W. Synphilin-1 Interacts with AMPK and Increases AMPK Phosphorylation. Int. J. Mol. Sci. 2020, 21, 4352. [Google Scholar] [CrossRef]

	



Duan, Q.; Li, H.; Gao, C.; Zhao, H.; Wu, S.; Wu, H.; Wang, C.; Shen, Q.; Yin, T. High glucose promotes pancreatic cancer cells to escape from immune surveillance via AMPK- Bmi1-GATA2-MICA/B pathway. J. Exp. Clin. Can. Res. 2019, 38. [Google Scholar] [CrossRef]

	



Li, L.; Wang, L.; Li, J.; Fan, Z.; Yang, L.; Zhang, Z.; Zhang, C.; Yue, D.; Qin, G.; Zhang, T.; et al. Metformin-Induced Reduction of CD39 and CD73 Blocks Myeloid-Derived Suppressor Cell Activity in Patients with Ovarian Cancer. Cancer Res. 2018, 78, 1779–1791. [Google Scholar] [CrossRef]

	



Li, L.; Yu, R.; Cai, T.; Chen, Z.; Lan, M.; Zou, T.; Wang, B.; Wang, Q.; Zhao, Y.; Cai, Y. Effects of immune cells and cytokines on inflammation and immunosuppression in the tumor microenvironment. Int. Immunopharmacol. 2020, 88, 106939. [Google Scholar] [CrossRef] [PubMed]

	



Shi, L.; Chen, X.; Zang, A.; Li, T.; Hu, Y.; Ma, S.; Lü, M.; Yin, H.; Wang, H.; Zhang, X.; et al. TSC1/mTOR-controlled metabolic-epigenetic cross talk underpins DC control of CD8+ T-cell homeostasis. PLoS Biol. 2019, 17, e3000420. [Google Scholar] [CrossRef] [PubMed]

	



Yang, M.; Chen, S.; Du, J.; He, J.; Wang, Y.; Li, Z.; Liu, G.; Peng, W.; Zeng, X.; Li, D.; et al. NK cell development requires Tsc1-dependent negative regulation of IL-15-triggered mTORC1 activation. Nat. Commun. 2016, 7, 12730. [Google Scholar] [CrossRef]

	



Basit, F.; de Vries, I.J.M. Dendritic Cells Require PINK1-Mediated Phosphorylation of BCKDE1α to Promote Fatty Acid Oxidation for Immune Function. Front. Immunol. 2019, 10, 2386. [Google Scholar] [CrossRef] [PubMed]

	



Castañeda, A.R.; Pinkerton, K.E.; Bein, K.J.; Magaña-Méndez, A.; Yang, H.T.; Ashwood, P.; Vogel, C.F.A. Ambient particulate matter activates the aryl hydrocarbon receptor in dendritic cells and enhances Th17 polarization. Toxicol. Lett. 2018, 292, 85–96. [Google Scholar] [CrossRef]

	



Neamah, W.H.; Singh, N.P.; Alghetaa, H.; Abdulla, O.A.; Chatterjee, S.; Busbee, P.B.; Nagarkatti, M.; Nagarkatti, P. AhR Activation Leads to Massive Mobilization of Myeloid- Derived Suppressor Cells with Immunosuppressive Activity through Regulation of CXCR2 and MicroRNA miR-150-5p and miR-543-3p That Target Anti-Inflammatory Genes. J. Immunol. 2019, 203, 1830–1844. [Google Scholar] [CrossRef]

	



Hodge, G.; Tran, H.B.; Reynolds, P.N.; Jersmann, H.; Hodge, S. Lymphocyte senescence in COPD is associated with decreased sirtuin 1 expression in steroid resistant pro-inflammatory lymphocytes. Ther. Adv. Respir. Dis. 2020, 14. [Google Scholar] [CrossRef]

	



Liu, G.; Bi, Y.; Shen, B.; Yang, H.; Zhang, Y.; Wang, X.; Liu, H.; Lu, Y.; Liao, J.; Chen, X.; et al. SIRT1 limits the function and fate of myeloid-derived suppressor cells in tumors by orchestrating HIF-1α-dependent glycolysis. Cancer Res. 2014, 74, 727–737. [Google Scholar] [CrossRef]

	



Elesela, S.; Morris, S.B.; Narayanan, S.; Kumar, S.; Lombard, D.B.; Lukacs, N.W. Sirtuin 1 regulates mitochondrial function and immune homeostasis in respiratory syncytial virus infected dendritic cells. PLoS Pathog. 2020, 16, e1008319. [Google Scholar] [CrossRef]

	



Currais, A.; Huang, L.; Goldberg, J.; Petrascheck, M.; Ates, G.; Pinto-Duarte, A.; Shokhirev, M.N.; Schubert, D.; Maher, P. Elevating acetyl-CoA levels reduces aspects of brain aging. eLife 2019, 8, e47866. [Google Scholar] [CrossRef]

	



Brinkmann, V.; Ale-Agha, N.; Haendeler, J.; Ventura, N. The Aryl Hydrocarbon Receptor (AhR) in the Aging Process: Another Puzzling Role for This Highly Conserved Transcription Factor. Front. Physiol. 2020, 10, 1561. [Google Scholar] [CrossRef] [PubMed]

	



Wu, Z.; Mei, X.; Ying, Z.; Sun, Y.; Song, J.; Shi, W. Ultraviolet B inhibition of DNMT1 activity via AhR activation dependent SIRT1 suppression in CD4+ T cells from systemic lupus erythematosus patients. J. Dermatol. Sci. 2017, 86, 230–237. [Google Scholar] [CrossRef] [PubMed]

	



Markus, R.P.; Fernandes, P.A.; Kinker, G.S.; da Silveira Cruz-Machado, S.; Marçola, M. Immune-pineal axis—Acute inflammatory responses coordinate melatonin synthesis by pinealocytes and phagocytes. Br. J. Pharmacol. 2018, 175, 3239–3250. [Google Scholar] [CrossRef] [PubMed]

	



Cecon, E.; Chen, M.; Marçola, M.; Fernandes, P.A.; Jockers, R.; Markus, R.P. Amyloid β peptide directly impairs pineal gland melatonin synthesis and melatonin receptor signaling through the ERK pathway. FASEB J. 2015, 29, 2566–2582. [Google Scholar] [CrossRef]

	



Da Silveira Cruz-Machado, S.; Carvalho-Sousa, C.E.; Tamura, E.K.; Pinato, L.; Cecon, E.; Fernandes, P.A.; de Avellar, M.C.; Ferreira, Z.S.; Markus, R.P. TLR4 and CD14 receptors expressed in rat pineal gland trigger NFKB pathway. J. Pineal Res. 2010, 49, 183–192. [Google Scholar] [CrossRef]

	



Xiang, S.; Dauchy, R.T.; Hoffman, A.E.; Pointer, D.; Frasch, T.; Blask, D.E.; Hill, S.M. Epigenetic inhibition of the tumor suppressor ARHI by light at night-induced circadian melatonin disruption mediates STAT3-driven paclitaxel resistance in breast cancer. J. Pineal Res. 2019, 67, e12586. [Google Scholar] [CrossRef]

	



Hadadi, E.; Taylor, W.; Li, X.M.; Aslan, Y.; Villote, M.; Rivière, J.; Duvallet, G.; Auriau, C.; Dulong, S.; Raymond-Letron, I.; et al. Chronic circadian disruption modulates breast cancer stemness and immune microenvironment to drive metastasis in mice. Nat. Commun. 2020, 11, 3193. [Google Scholar] [CrossRef]

	



Hass, R. Role of MSC in the Tumor Microenvironment. Cancers 2020, 12, 2107. [Google Scholar] [CrossRef]

	



Anderson, G.; Maes, M. Alpha 7 Nicotinic receptor agonist modulatory interactions with melatonin: Relevance not only to cognition, but to wider neuropsychiatric and immune inflammatory disorders. In Frontiers in Clinical Drug Research- Central Nervous System; Bentham Science Publishers: Amsterdam, The Netherlands, 2016; pp. 186–202. [Google Scholar]

	



Reijmen, E.; Vannucci, L.; De Couck, M.; De Grève, J.; Gidron, Y. Therapeutic potential of the vagus nerve in cancer. Immunol. Lett. 2018, 202, 38–43. [Google Scholar] [CrossRef]

	



Anderson, G.; Maes, M. Interactions of Tryptophan and Its Catabolites With Melatonin and the Alpha 7 Nicotinic Receptor in Central Nervous System and Psychiatric Disorders: Role of the Aryl Hydrocarbon Receptor and Direct Mitochondria Regulation. Int. J. Tryptophan Res. 2017, 10. [Google Scholar] [CrossRef]

	



Anderson, G.; Reiter, R.J. COVID-19 pathophysiology: Interactions of gut microbiome, melatonin, vitamin D, stress, kynurenine and the alpha 7 nicotinic receptor: Treatment implications. Melatonin Res. 2020, 3, 322–345. [Google Scholar] [CrossRef]

	



Hwang, S.Y.; Hwang, J.S.; Kim, S.Y.; Han, I.O. O-GlcNAc transferase inhibits LPS- mediated expression of inducible nitric oxide synthase through an increased interaction with mSin3A in RAW264.7 cells. Am. J. Physiol. Cell Physiol. 2013, 305, C601–C608. [Google Scholar] [CrossRef]

	



Park, J.H.; Nakamura, Y.; Li, W.; Hamanaka, G.; Arai, K.; Lo, E.H.; Hayakawa, K. Effects of O-GlcNAcylation on functional mitochondrial transfer from astrocytes. J. Cereb. Blood Flow Metab. 2020. [Google Scholar] [CrossRef] [PubMed]

	



Pedley, R.; King, L.E.; Mallikarjun, V.; Wang, P.; Swift, J.; Brennan, K.; Gilmore, A.P. BioID-based proteomic analysis of the Bid interactome identifies novel proteins involved in cell-cycle-dependent apoptotic priming. Cell Death Dis. 2020, 11, 872. [Google Scholar] [CrossRef]

	



Wang, Z.; Qin, J.; Zhao, J.; Li, J.; Li, D.; Popp, M.; Popp, F.; Alakus, H.; Kong, B.; Dong, Q.; et al. Inflammatory IFIT3 renders chemotherapy resistance by regulating post- translational modification of VDAC2 in pancreatic cancer. Theranostics 2020, 10, 7178–7192. [Google Scholar] [CrossRef] [PubMed]

	



Palaniappan, K.K.; Hangauer, M.J.; Smith, T.J.; Smart, B.P.; Pitcher, A.A.; Cheng, E.H.; Bertozzi, C.R.; Boyce, M. A chemical glycoproteomics platform reveals O-GlcNAcylation of mitochondrial voltage-dependent anion channel 2. Cell Rep. 2013, 5, 546–552. [Google Scholar] [CrossRef] [PubMed]

	



Dudko, H.V.; Urban, V.A.; Davidovskii, A.I.; Veresov, V.G. Structure-based modeling of turnover of Bcl-2 family proteins bound to voltage-dependent anion channel 2 (VDAC2): Implications for the mechanisms of proapoptotic activation of Bak and Bax in vivo. Comput. Biol. Chem. 2020, 85, 107203. [Google Scholar] [CrossRef]

	



Chang, Y.H.; Weng, C.L.; Lin, K.I. O-GlcNAcylation and its role in the immune system. J. Biomed. Sci. 2020, 27, 57. [Google Scholar] [CrossRef]

	



Lopez Aguilar, A.; Gao, Y.; Hou, X.; Lauvau, G.; Yates, J.R.; Wu, P. Profiling of Protein O- GlcNAcylation in Murine CD8+ Effector- and Memory-like T Cells. ACS Chem. Biol. 2017, 12, 3031–3038. [Google Scholar] [CrossRef]

	



Yang, P.; Li, J.; Peng, C.; Tan, Y.; Chen, R.; Peng, W.; Gu, Q.; Zhou, J.; Wang, L.; Tang, J.; et al. TCONS_00012883 promotes proliferation and metastasis via DDX3/YY1/MMP1/PI3K-AKT axis in colorectal cancer. Clin. Transl. Med. 2020, 10, e211. [Google Scholar] [CrossRef]

	



Ye, J.; Cippitelli, M.; Dorman, L.; Ortaldo, J.R.; Young, H.A. The nuclear factor YY1 suppresses the human gamma interferon promoter through two mechanisms: Inhibition of AP1 binding and activation of a silencer element. Mol. Cell. Biol. 1996, 16, 4744–4753. [Google Scholar] [CrossRef] [PubMed]

	



Balkhi, M.Y.; Wittmann, G.; Xiong, F.; Junghans, R.P. YY1 Upregulates Checkpoint Receptors and Downregulates Type I Cytokines in Exhausted, Chronically Stimulated Human T Cells. iScience 2018, 2, 105–122. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, G.; Qian, M.; Lu, L.; Chen, Y.; Zhang, X.; Wu, Q.; Liu, Y.; Bian, Z.; Yang, Y.; Guo, S.; et al. O-GlcNAcylation of YY1 stimulates tumorigenesis in colorectal cancer cells by targeting SLC22A15 and AANAT. Carcinogenesis 2019, 40, 1121–1131. [Google Scholar] [CrossRef] [PubMed]

	



Sarvagalla, S.; Kolapalli, S.P.; Vallabhapurapu, S. The Two Sides of YY1 in Cancer: A Friend and a Foe. Front. Oncol. 2019, 9, 1230. [Google Scholar] [CrossRef] [PubMed]

	



Bernard, M.; Voisin, P. Photoreceptor-specific expression, light-dependent localization, and transcriptional targets of the zinc-finger protein Yin Yang 1 in the chicken retina. J. Neurochem. 2008, 105, 595–604. [Google Scholar] [CrossRef] [PubMed]

	



Yang, W.; Feng, B.; Meng, Y.; Wang, J.; Geng, B.; Cui, Q.; Zhang, H.; Yang, Y.; Yang, J. FAM3C-YY1 axis is essential for TGFβ-promoted proliferation and migration of human breast cancer MDA-MB-231 cells via the activation of HSF1. J. Cell. Mol. Med. 2019, 23, 3464–3475. [Google Scholar] [CrossRef] [PubMed]

	



Kim, Y.J.; Kang, M.J.; Kim, E.; Kweon, T.H.; Park, Y.S.; Ji, S.; Yang, W.H.; Yi, E.C.; Cho, J.W. O-GlcNAc stabilizes SMAD4 by inhibiting GSK-3β-mediated proteasomal degradation. Sci. Rep. 2020, 10, 19908. [Google Scholar] [CrossRef]

	



Authier, F.; Muha, V.; van Aalten, D.M.F. A mouse model for functional dissection of TAB1 O-GlcNAcylation. Wellcome Open Res. 2020, 4, 128. [Google Scholar] [CrossRef]

	



Jiang, W.; Zhao, S.; Shen, J.; Guo, L.; Sun, Y.; Zhu, Y.; Ma, Z.; Zhang, X.; Hu, Y.; Xiao, W.; et al. The MiR-135b-BMAL1-YY1 loop disturbs pancreatic clockwork to promote tumourigenesis and chemoresistance. Cell Death Dis. 2018, 9, 149. [Google Scholar] [CrossRef] [PubMed]

	



Curtis, A.M.; Fagundes, C.T.; Yang, G.; Palsson-McDermott, E.M.; Wochal, P.; McGettrick, A.F.; Foley, N.H.; Early, J.O.; Chen, L.; Zhang, H.; et al. Circadian control of innate immunity in macrophages by miR-155 targeting Bmal1. Proc. Natl. Acad. Sci. USA 2015, 112, 7231–7236. [Google Scholar] [CrossRef]

	



Inokawa, H.; Umemura, Y.; Shimba, A.; Kawakami, E.; Koike, N.; Tsuchiya, Y.; Ohashi, M.; Minami, Y.; Cui, G.; Asahi, T.; et al. Chronic circadian misalignment accelerates immune senescence and abbreviates lifespan in mice. Sci. Rep. 2020, 10, 2569. [Google Scholar] [CrossRef] [PubMed]

	



Joo, M.; Wright, J.G.; Hu, N.N.; Sadikot, R.T.; Park, G.Y.; Blackwell, T.S.; Christman, J.W. Yin Yang 1 enhances cyclooxygenase-2 gene expression in macrophages. Am. J. Physiol.-Lung Cell. Mol. Physiol. 2007, 292, L1219–L1226. [Google Scholar] [CrossRef] [PubMed]

	



Hays, E.; Bonavida, B. YY1 regulates cancer cell immune resistance by modulating PD-L1 expression. Drug Resist. Updates 2019, 43, 10–28. [Google Scholar] [CrossRef] [PubMed]

	



Xia, W.; Li, Y.; Wu, Z.; Wang, Y.; Xing, N.; Yang, W.; Wu, S. Transcription factor YY1 mediates epithelial-mesenchymal transition through the TGFβ signaling pathway in bladder cancer. Med. Oncol. 2020, 37, 93. [Google Scholar] [CrossRef]

	



Hou, X.; Li, Y.; Huang, Y.; Zhao, H.; Gui, L. Adenosine Receptor A1-A2a Heteromers Regulate EAAT2 Expression and Glutamate Uptake via YY1-Induced Repression of PPARγ Transcription. PPAR Res. 2020, 2020, 2410264. [Google Scholar] [CrossRef]

	



Dudás, J.; Riml, A.; Tuertscher, R.; Pritz, C.; Steinbichler, T.B.; Schartinger, V.H.; Sprung, S.; Glueckert, R.; Schrott-Fischer, A.; Johnson Chacko, L.; et al. Brain-Derived Neurotrophin and TrkB in Head and Neck Squamous Cell Carcinoma. Int. J. Mol. Sci. 2019, 20, 272. [Google Scholar] [CrossRef]

	



Li, J.; Wang, L.; Chen, X.; Li, L.; Li, Y.; Ping, Y.; Huang, L.; Yue, D.; Zhang, Z.; Wang, F.; et al. CD39/CD73 upregulation on myeloid-derived suppressor cells via TGF-β-mTOR-HIF- 1 signaling in patients with non-small cell lung cancer. Oncoimmunology 2017, 6, e1320011. [Google Scholar] [CrossRef]

	



Yi, W.; Clark, P.M.; Mason, D.E.; Keenan, M.C.; Hill, C.; Goddard, W.A., 3rd; Peters, E.C.; Driggers, E.M.; Hsieh-Wilson, L.C. Phosphofructokinase 1 glycosylation regulates cell growth and metabolism. Science 2012, 337, 975–980. [Google Scholar] [CrossRef]

	



Ferrer, C.M.; Lynch, T.P.; Sodi, V.L.; Falcone, J.N.; Schwab, L.P.; Peacock, D.L.; Vocadlo, D.J.; Seagroves, T.N.; Reginato, M.J. O-GlcNAcylation regulates cancer metabolism and survival stress signaling via regulation of the HIF-1 pathway. Mol. Cell 2014, 54, 820–831. [Google Scholar] [CrossRef]

	



Ma, Z.; Chalkley, R.J.; Vosseller, K. Hyper-O-GlcNAcylation activates nuclear factor κ- light-chain-enhancer of activated B cells (NF-κB) signaling through interplay with phosphorylation and acetylation. J. Biol. Chem. 2017, 292, 9150–9163. [Google Scholar] [CrossRef]

	



Zhu, G.; Tao, T.; Zhang, D.; Liu, X.; Qiu, H.; Han, L.; Xu, Z.; Xiao, Y.; Cheng, C.; Shen, A. O-GlcNAcylation of histone deacetylases 1 in hepatocellular carcinoma promotes cancer progression. Glycobiology 2016, 26, 820–833. [Google Scholar] [CrossRef] [PubMed]

	



Ozden, O.; Park, S.H.; Wagner, B.A.; Song, H.Y.; Zhu, Y.; Vassilopoulos, A.; Jung, B.; Buettner, G.R.; Gius, D. SIRT3 deacetylates and increases pyruvate dehydrogenase activity in cancer cells. Free Radic. Biol. Med. 2014, 76, 163–172. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; Lv, D.; Liu, W.; Li, S.; Chen, J.; Shen, Y.; Wang, F.; Hu, L.F.; Liu, C.F. Disruption of the Circadian Clock Alters Antioxidative Defense via the SIRT1-BMAL1 Pathway in 6- OHDA-Induced Models of Parkinson’s Disease. Oxidative Med. Cell. Longev. 2018, 2018, 4854732. [Google Scholar] [CrossRef]

	



Wang, T.W.; Chern, E.; Hsu, C.W.; Tseng, K.C.; Chao, H.M. SIRT1-mediated expression of CD24 and epigenetic suppression of novel tumor suppressor miR-1185-1 increases colorectal cancer stemness. Cancer Res. 2020, 80, 5257–5269. [Google Scholar] [CrossRef] [PubMed]

	



Kabziński, J.; Walczak, A.; Mik, M.; Majsterek, I. Sirt3 regulates the level of mitochondrial DNA repair activity through deacetylation of NEIL1, NEIL2, OGG1, MUTYH, APE1 and LIG3 in colorectal cancer. Pol. Prz. Chir. 2019, 92, 1–4. [Google Scholar] [CrossRef]

	



Jeng, M.Y.; Hull, P.A.; Fei, M.; Kwon, H.S.; Tsou, C.L.; Kasler, H.; Ng, C.P.; Gordon, D.E.; Johnson, J.; Krogan, N.; et al. Metabolic reprogramming of human CD8+ memory T cells through loss of SIRT1. J. Exp. Med. 2018, 215, 51–62. [Google Scholar] [CrossRef]

	



Yu, Q.; Dong, L.; Li, Y.; Liu, G. SIRT1 and HIF1α signaling in metabolism and immune responses. Cancer Lett. 2018, 418, 20–26. [Google Scholar] [CrossRef]

	



Yu, Y.; Zhang, Q.; Meng, Q.; Zong, C.; Liang, L.; Yang, X.; Lin, R.; Liu, Y.; Zhou, Y.; Zhang, H.; et al. Mesenchymal stem cells overexpressing Sirt1 inhibit prostate cancer growth by recruiting natural killer cells and macrophages. Oncotarget 2016, 7, 71112–71122. [Google Scholar] [CrossRef]

	



Ferrer, C.M.; Lu, T.Y.; Bacigalupa, Z.A.; Katsetos, C.D.; Sinclair, D.A.; Reginato, M.J. O- GlcNAcylation regulates breast cancer metastasis via SIRT1 modulation of FOXM1 pathway. Oncogene 2017, 36, 559–569. [Google Scholar] [CrossRef]

	



Nie, H.; Ju, H.; Fan, J.; Shi, X.; Cheng, Y.; Cang, X.; Zheng, Z.; Duan, X.; Yi, W. O- GlcNAcylation of PGK1 coordinates glycolysis and TCA cycle to promote tumor growth. Nat. Commun. 2020, 11, 36. [Google Scholar] [CrossRef]

	



Sodi, V.L.; Khaku, S.; Krutilina, R.; Schwab, L.P.; Vocadlo, D.J.; Seagroves, T.N.; Reginato, M.J. mTOR/MYC Axis Regulates O-GlcNAc Transferase Expression and O-GlcNAcylation in Breast Cancer. Mol. Cancer Res. 2015, 13, 923–933. [Google Scholar] [CrossRef] [PubMed]

	



Ruvolo, P.P. Role of protein phosphatases in the cancer microenvironment. Biochim. Biophys. Acta Mol. Cell Res. 2019, 1866, 144–152. [Google Scholar] [CrossRef] [PubMed]

	



Trotta, R.; Ciarlariello, D.; Dal Col, J.; Mao, H.; Chen, L.; Briercheck, E.; Yu, J.; Zhang, J.; Perrotti, D.; Caligiuri, M.A. The PP2A inhibitor SET regulates granzyme B expression in human natural killer cells. Blood 2011, 117, 2378–2384. [Google Scholar] [CrossRef] [PubMed]

	



Shimoyama, S.; Kasai, S.; Kahn-Perlès, B.; Kikuchi, H. Dephosphorylation of Sp1 at Ser-59 by protein phosphatase 2A (PP2A) is required for induction of CYP1A1 transcription after treatment with 2,3,7,8-tetrachlorodibenzo-p-dioxin or omeprazole. Biochim. Biophys. Acta 2014, 1839, 107–115. [Google Scholar] [CrossRef] [PubMed]

	



Barthelemy, C.; Barry, A.O.; Twyffels, L.; André, B. FTY720-induced endocytosis of yeast and human amino acid transporters is preceded by reduction of their inherent activity and TORC1 inhibition. Sci. Rep. 2017, 7, 13816. [Google Scholar] [CrossRef]

	



Wang, T.; Yu, Q.; Chen, J.; Deng, B.; Qian, L.; Le, Y. PP2A mediated AMPK inhibition promotes HSP70 expression in heat shock response. PLoS ONE 2010, 5, e13096. [Google Scholar] [CrossRef]

	



Ruvolo, P.P. The Interplay between PP2A and microRNAs in Leukemia. Front. Oncol. 2015, 5, 43. [Google Scholar] [CrossRef]

	



Jung, H.M.; Phillips, B.L.; Chan, E.K.L. miR-375 activates p21 and suppresses telomerase activity by coordinately regulating HPV E6/E7, E6AP, CIP2A, and 14-3-3ζ. Mol. Cancer 2014, 13, 80. [Google Scholar] [CrossRef]

	



Dehennaut, V.; Slomianny, M.C.; Page, A.; Vercoutter-Edouart, A.S.; Jessus, C.; Michalski, J.C.; Vilain, J.P.; Bodart, J.F.; Lefebvre, T. Identification of structural and functional O- linked N-acetylglucosamine-bearing proteins in Xenopus laevis oocyte. Mol. Cell. Proteom. 2008, 7, 2229–2245. [Google Scholar] [CrossRef]

	



Li, X.; Zhang, J.; Ma, D. PPP2R2A binds and dephosphorylates GFPT2 in breast cancer cells. Sheng Wu Gong Cheng Xue Bao 2018, 34, 956–963. [Google Scholar] [CrossRef]

	



Duan, F.; Wu, H.; Jia, D.; Wu, W.; Ren, S.; Wang, L.; Song, S.; Guo, X.; Liu, F.; Ruan, Y.; et al. O-GlcNAcylation of RACK1 promotes hepatocellular carcinogenesis. J. Hepatol. 2018, 68, 1191–1202. [Google Scholar] [CrossRef] [PubMed]

	



Berkel, C.; Cacan, E. DYNLL1 is hypomethylated and upregulated in a tumor stage- and grade-dependent manner and associated with increased mortality in hepatocellular carcinoma. Exp. Mol. Pathol. 2020, 117, 104567. [Google Scholar] [CrossRef] [PubMed]

	



Duan, Y.; Zhang, L.; Angosto-Bazarra, D.; Pelegrín, P.; Núñez, G.; He, Y. RACK1 Mediates NLRP3 Inflammasome Activation by Promoting NLRP3 Active Conformation and Inflammasome Assembly. Cell Rep. 2020, 33, 108405. [Google Scholar] [CrossRef] [PubMed]

	



Wang, J.; Chen, S. RACK1 promotes miR-302b/c/d-3p expression and inhibits CCNO expression to induce cell apoptosis in cervical squamous cell carcinoma. Cancer Cell Int. 2020, 20, 385. [Google Scholar] [CrossRef]

	



Lee, H.G.; Kim, S.Y.; Choi, E.J.; Park, K.Y.; Yang, J.H. Translocation of PKC-betaII is mediated via RACK-1 in the neuronal cells following dioxin exposure. Neurotoxicology 2007, 28, 408–414. [Google Scholar] [CrossRef]

	



Buoso, E.; Masi, M.; Long, A.; Chiappini, C.; Travelli, C.; Govoni, S.; Racchi, M. Ribosomes as a nexus between translation and cancer progression: Focus on ribosomal Receptor for Activated C Kinase 1 (RACK1) in breast cancer. Br. J. Pharmacol. 2020, 29. [Google Scholar] [CrossRef]

	



Otsuka, K.; Yoshino, Y.; Qi, H.; Chiba, N. The Function of BARD1 in Centrosome Regulation in Cooperation with BRCA1/OLA1/RACK1. Genes 2020, 11, 842. [Google Scholar] [CrossRef]

	



Yoshino, Y.; Kobayashi, A.; Qi, H.; Endo, S.; Fang, Z.; Shindo, K.; Kanazawa, R.; Chiba, N. RACK1 regulates centriole duplication through promoting the activation of polo-like kinase 1 by Aurora A. J. Cell Sci. 2020, 133, jcs238931. [Google Scholar] [CrossRef]

	



Kiely, M.; Adams, D.R.; Hayes, S.L.; O’Connor, R.; Baillie, G.S.; Kiely, P.A. RACK1 stabilises the activity of PP2A to regulate the transformed phenotype in mammary epithelial cells. Cell. Signal. 2017, 35, 290–300. [Google Scholar] [CrossRef]

	



Dan, H.; Liu, S.; Liu, J.; Liu, D.; Yin, F.; Wei, Z.; Wang, J.; Zhou, Y.; Jiang, L.; Ji, N.; et al. RACK1 promotes cancer progression by increasing the M2/M1 macrophage ratio via the NF-κB pathway in oral squamous cell carcinoma. Mol. Oncol. 2020, 14, 795–807. [Google Scholar] [CrossRef]

	



Qiu, G.; Liu, J.; Cheng, Q.; Wang, Q.; Jing, Z.; Pei, Y.; Zhao, M.; Wang, J.; Guo, J.Y.; Zhang, J. Impaired Autophagy and Defective T Cell Homeostasis in Mice with T Cell- Specific Deletion of Receptor for Activated C Kinase 1. Front. Immunol. 2017, 8, 575. [Google Scholar] [CrossRef] [PubMed]

	



Lv, Q.L.; Huang, Y.T.; Wang, G.H.; Liu, Y.L.; Huang, J.; Qu, Q.; Sun, B.; Hu, L.; Cheng, L.; Chen, S.H.; et al. Overexpression of RACK1 Promotes Metastasis by Enhancing Epithelial- Mesenchymal Transition and Predicts Poor Prognosis in Human Glioma. Int. J. Environ. Res. Public Health 2016, 13, 1021. [Google Scholar] [CrossRef] [PubMed]

	



Zeidner, L.C.; Buescher, J.L.; Phiel, C.J. A novel interaction between Glycogen Synthase Kinase-3α (GSK-3α) and the scaffold protein Receptor for Activated C-Kinase 1 (RACK1) regulates the circadian clock. Int. J. Biochem. Mol. Biol. 2011, 2, 318–327. [Google Scholar] [PubMed]

	



Li, Y.; Sun, X.; Gao, D.; Ding, Y.; Liu, J.; Chen, J.; Luo, J.; Zhang, J.; Liu, Q.; Zhou, Z. Dual functions of Rack1 in regulating Hedgehog pathway. Cell Death Differ. 2020, 27, 3082–3096. [Google Scholar] [CrossRef]

	



Yang, S.J.; Park, Y.S.; Cho, J.H.; Moon, B.; An, H.J.; Lee, J.Y.; Xie, Z.; Wang, Y.; Pocalyko, D.; Lee, D.C.; et al. Regulation of hypoxia responses by flavin adenine dinucleotide- dependent modulation of HIF-1α protein stability. EMBO J. 2017, 36, 1011–1028. [Google Scholar] [CrossRef]

	



Wu, H.; Song, S.; Yan, A.; Guo, X.; Chang, L.; Xu, L.; Hu, L.; Kuang, M.; Liu, B.; He, D.; et al. RACK1 promotes the invasive activities and lymph node metastasis of cervical cancer via galectin-1. Cancer Lett. 2020, 469, 287–300. [Google Scholar] [CrossRef]

	



Cheng, S.; Ren, J.; Su, L.; Liu, J.; Liu, Q.; Zhou, J.; Ye, X.; Zhu, N. O-GlcNAcylation of the Signaling Scaffold Protein, GNB2L1 Promotes its Degradation and Increases Metastasis of Gastric Tumours. Biochem. Biophys. Res. Commun. 2016, 478, 1497–1502. [Google Scholar] [CrossRef]

	



Chou, Y.C.; Chou, C.C.; Chen, Y.K.; Tsai, S.; Hsieh, F.M.; Liu, H.J.; Hseu, T.H. Structure and genomic organization of porcine RACK1 gene. Biochim. Biophys. Acta 1999, 1489, 315–322. [Google Scholar] [CrossRef]

	



Ju, M.; Bi, J.; Wei, Q.; Jiang, L.; Guan, Q.; Zhang, M.; Song, X.; Chen, T.; Fan, J.; Li, X.; et al. Pan-cancer analysis of NLRP3 inflammasome with potential implications in prognosis and immunotherapy in human cancer. Brief. Bioinform. 2020, bbaa345. [Google Scholar] [CrossRef]

	



Aboulkheyr Es, H.; Bigdeli, B.; Zhand, S.; Aref, A.R.; Thiery, J.P.; Warkiani, M.E. Mesenchymal stem cells induce PD-L1 expression through the secretion of CCL5 in breast cancer cells. J. Cell. Physiol. 2020. [Google Scholar] [CrossRef]

	



Gan, L.; Shen, H.; Li, X.; Han, Z.; Jing, Y.; Yang, X.; Wu, M.; Xia, Y. Mesenchymal stem cells promote chemoresistance by activating autophagy in intrahepatic cholangiocarcinoma. Oncol. Rep. 2020. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, R.; Chen, X.; Song, H.; Bie, Q.; Zhang, B. Dual Role of MSC-Derived Exosomes in Tumor Development. Stem Cells Int. 2020, 2020, 8844730. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Z.; Sheng, H.; Liao, L.; Xu, C.; Zhang, A.; Yang, Y.; Zhao, L.; Duan, L.; Chen, H.; Zhang, B. Mesenchymal Stem Cell-Conditioned Medium Improves Mitochondrial Dysfunction and Suppresses Apoptosis in Okadaic Acid-Treated SH-SY5Y Cells by Extracellular Vesicle Mitochondrial Transfer. J. Alzheimers Dis. 2020. [Google Scholar] [CrossRef]

	



Seok, J.; Jun, S.; Lee, J.O.; Kim, G.J. Mitochondrial Dynamics in Placenta-Derived Mesenchymal Stem Cells Regulate the Invasion Activity of Trophoblast. Int. J. Mol. Sci. 2020, 21, 8599. [Google Scholar] [CrossRef]

	



Boucher, H.; Vanneaux, V.; Domet, T.; Parouchev, A.; Larghero, J. Circadian Clock Genes Modulate Human Bone Marrow Mesenchymal Stem Cell Differentiation, Migration and Cell Cycle. PLoS ONE 2016, 11, e0146674. [Google Scholar] [CrossRef] [PubMed]

	



Fan, C.; Feng, J.; Tang, C.; Zhang, Z.; Feng, Y.; Duan, W.; Zhai, M.; Yan, Z.; Zhu, L.; Feng, L.; et al. Melatonin suppresses ER stress-dependent proapoptotic effects via AMPK in bone mesenchymal stem cells during mitochondrial oxidative damage. Stem Cell Res. Ther. 2020, 11, 442. [Google Scholar] [CrossRef]

	



Zhang, Y.; Zhu, X.; Wang, G.; Chen, L.; Yang, H.; He, F.; Lin, J. Melatonin Rescues the Ti Particle-Impaired Osteogenic Potential of Bone Marrow Mesenchymal Stem Cells via the SIRT1/SOD2 Signaling Pathway. Calcif. Tissue Int. 2020, 107, 474–488. [Google Scholar] [CrossRef]

	



Liu, W.; Yu, M.; Xie, D.; Wang, L.; Ye, C.; Zhu, Q.; Liu, F.; Yang, L. Melatonin-stimulated MSC-derived exosomes improve diabetic wound healing through regulating macrophage M1 and M2 polarization by targeting the PTEN/AKT pathway. Stem Cell Res. Ther. 2020, 11, 259. [Google Scholar] [CrossRef]

	



Zahran, R.; Ghozy, A.; Elkholy, S.S.; El-Taweel, F.; El-Magd, M.A. Combination therapy with melatonin, stem cells and extracellular vesicles is effective in limiting renal ischemia- reperfusion injury in a rat model. Int. J. Urol. 2020, 27, 1039–1049. [Google Scholar] [CrossRef]

	



Qian, X.; An, N.; Ren, Y.; Yang, C.; Zhang, X.; Li, L. Immunosuppressive Effects of Mesenchymal Stem Cells-derived Exosomes. Stem Cell Rev. Rep. 2020. [Google Scholar] [CrossRef]

	



Chang, J.C.; Chang, H.S.; Wu, Y.C.; Cheng, W.L.; Lin, T.T.; Chang, H.J.; Chen, S.T.; Liu, C.S. Antitumor Actions of Intratumoral Delivery of Membrane-Fused Mitochondria in a Mouse Model of Triple-Negative Breast Cancers. Onco Targets Ther. 2020, 13, 5241–5255. [Google Scholar] [CrossRef] [PubMed]

	



Jitschin, R.; Böttcher, M.; Saul, D.; Lukassen, S.; Bruns, H.; Loschinski, R.; Ekici, A.B.; Reis, A.; Mackensen, A.; Mougiakakos, D. Inflammation-induced glycolytic switch controls suppressivity of mesenchymal stem cells via STAT1 glycosylation. Leukemia 2019, 33, 1783–1796. [Google Scholar] [CrossRef] [PubMed]

	



Cichocki, F.; Valamehr, B.; Bjordahl, R.; Zhang, B.; Rezner, B.; Rogers, P.; Gaidarova, S.; Moreno, S.; Tuininga, K.; Dougherty, P.; et al. GSK3 Inhibition Drives Maturation of NK Cells and Enhances Their Antitumor Activity. Cancer Res. 2017, 77, 5664–5675. [Google Scholar] [CrossRef] [PubMed]

	



Young, W. Review of lithium effects on brain and blood. Cell Transplant. 2009, 18, 951–975. [Google Scholar] [CrossRef] [PubMed]

	



Taylor, A.; Harker, J.A.; Chanthong, K.; Stevenson, P.G.; Zuniga, E.I.; Rudd, C.E. Glycogen Synthase Kinase 3 Inactivation Drives T-bet-Mediated Downregulation of Co-receptor PD-1 to Enhance CD8+ Cytolytic T Cell Responses. Immunity 2016, 44, 274–286. [Google Scholar] [CrossRef]

	



Taylor, A.; Rudd, C.E. Glycogen Synthase Kinase 3 Inactivation Compensates for the Lack of CD28 in the Priming of CD8+ Cytotoxic T-Cells: Implications for anti-PD-1 Immunotherapy. Front. Immunol. 2017, 8, 1653. [Google Scholar] [CrossRef] [PubMed]

	



Kwon, H.J.; Kwon, S.J.; Lee, H.; Park, H.R.; Choi, G.E.; Kang, S.W.; Kwon, S.W.; Kim, N.; Lee, S.Y.; Ryu, S.; et al. NK cell function triggered by multiple activating receptors is negatively regulated by glycogen synthase kinase-3β. Cell. Signal. 2015, 27, 1731–1741. [Google Scholar] [CrossRef]

	



Beckermann, K.E.; Hongo, R.; Ye, X.; Young, K.; Carbonell, K.; Healey, D.C.C.; Siska, P.J.; Barone, S.; Roe, C.E.; Smith, C.C.; et al. CD28 costimulation drives tumor-infiltrating T cell glycolysis to promote inflammation. JCI Insight 2020, 5, 138729. [Google Scholar] [CrossRef]

	



Bantug, G.R.; Fischer, M.; Grählert, J.; Balmer, M.L.; Unterstab, G.; Develioglu, L.; Steiner, R.; Zhang, L.; Costa, A.; Gubser, P.M.; et al. Mitochondria-Endoplasmic Reticulum Contact Sites Function as Immunometabolic Hubs that Orchestrate the Rapid Recall Response of Memory CD8+ T Cells. Immunity 2018, 48, 542–555.e6. [Google Scholar] [CrossRef]

	



Inoue, Y.; Moriwaki, K.; Ueda, Y.; Takeuchi, T.; Higuchi, K.; Asahi, M. Elevated O- GlcNAcylation stabilizes FOXM1 by its reduced degradation through GSK-3β inactivation in a human gastric carcinoma cell line, MKN45 cells. Biochem. Biophys. Res. Commun. 2018, 495, 1681–1687. [Google Scholar] [CrossRef]

	



Parameswaran, R.; Ramakrishnan, P.; Moreton, S.A.; Xia, Z.; Hou, Y.; Lee, D.A.; Gupta, K.; deLima, M.; Beck, R.C.; Wald, D.N. Repression of GSK3 restores NK cell cytotoxicity in AML patients. Nat. Commun. 2016, 7, 11154. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, J.Y.; Zhao, Y.L.; Lv, Y.P.; Cheng, P.; Chen, W.; Duan, M.; Teng, Y.S.; Wang, T.T.; Peng, L.S.; Mao, F.Y.; et al. Modulation of CD8+ memory stem T cell activity and glycogen synthase kinase 3β inhibition enhances anti-tumoral immunity in gastric cancer. Oncoimmunology 2018, 7, 1412900. [Google Scholar] [CrossRef] [PubMed]

	



Noh, K.T.; Son, K.H.; Jung, I.D.; Kang, T.H.; Choi, C.H.; Park, Y.M. Glycogen Synthase Kinase-3β (GSK-3β) Inhibition Enhances Dendritic Cell-based Cancer Vaccine Potency via Suppression of Interferon-γ-induced Indoleamine 2,3-Dioxygenase Expression. J. Biol. Chem. 2015, 290, 12394–12402. [Google Scholar] [CrossRef] [PubMed]

	



Cheng, C.W.; Shieh, P.C.; Lin, Y.C.; Chen, Y.J.; Lin, Y.H.; Kuo, D.H.; Liu, J.Y.; Kao, J.Y.; Kao, M.C.; Way, T.D. Indoleamine 2,3-dioxygenase, an immunomodulatory protein, is suppressed by (-)-epigallocatechin-3-gallate via blocking of gamma-interferon-induced JAK-PKC-delta-STAT1 signaling in human oral cancer cells. J. Agric. Food Chem. 2010, 58, 887–894. [Google Scholar] [CrossRef] [PubMed]

	



Jeong, Y.I.; Kim, S.W.; Jung, I.D.; Lee, J.S.; Chang, J.H.; Lee, C.M.; Chun, S.H.; Yoon, M.S.; Kim, G.T.; Ryu, S.W.; et al. Curcumin suppresses the induction of indoleamine 2,3- dioxygenase by blocking the Janus-activated kinase-protein kinase Cdelta-STAT1 signaling pathway in interferon-gamma-stimulated murine dendritic cells. J. Biol. Chem. 2009, 284, 3700–3708. [Google Scholar] [CrossRef]

	



Barbosa Lima, L.E.; Muxel, S.M.; Kinker, G.S.; Carvalho-Sousa, C.E.; da Silveira Cruz-Machado, S.; Markus, R.P.; Fernandes, P. STAT1-NFκB crosstalk triggered by interferon gamma regulates noradrenaline-induced pineal hormonal production. J. Pineal Res. 2019, 67, e12599. [Google Scholar] [CrossRef]

	



Guha, P.; Gardell, J.; Rabinowitz, B.; Lopes, M.; DaSilva, N.A.; Rowley, D.; Katz, S.C. Monocytic and granulocytic myeloid-derived suppressor cell plasticity and differentiation are organ-specific. Oncogene 2020. [Google Scholar] [CrossRef]

	



Akella, N.M.; Le Minh, G.; Ciraku, L.; Mukherjee, A.; Bacigalupa, Z.A.; Mukhopadhyay, D.; Sodi, V.L.; Reginato, M.J. O-GlcNAc Transferase Regulates Cancer Stem-like Potential of Breast Cancer Cells. Mol. Cancer Res. 2020, 18, 585–598. [Google Scholar] [CrossRef]

	



Yin, B.; Ma, Z.Y.; Zhou, Z.W.; Gao, W.C.; Du, Z.G.; Zhao, Z.H.; Li, Q.Q. The TrkB+ cancer stem cells contribute to post-chemotherapy recurrence of triple-negative breast cancers in an orthotopic mouse model. Oncogene 2015, 34, 761–770. [Google Scholar] [CrossRef]

	



Mao, X.Y.; Zhou, H.H.; Li, X.; Liu, Z.Q. Huperzine A Alleviates Oxidative Glutamate Toxicity in Hippocampal HT22 Cells via Activating BDNF/TrkB-Dependent PI3K/Akt/mTOR Signaling Pathway. Cell. Mol. Neurobiol. 2016, 36, 915–925. [Google Scholar] [CrossRef]

	



Westermark, U.K.; Wilhelm, M.; Frenzel, A.; Henriksson, M.A. The MYCN oncogene and differentiation in neuroblastoma. Semin. Cancer Biol. 2011, 21, 256–266. [Google Scholar] [CrossRef]

	



Muxel, S.M.; Pires-Lapa, M.A.; Monteiro, A.W.; Cecon, E.; Tamura, E.K.; Floeter-Winter, L.M.; Markus, R.P. NF-κB drives the synthesis of melatonin in RAW 264.7 macrophages by inducing the transcription of the arylalkylamine-N-acetyltransferase (AA-NAT) gene. PLoS ONE 2012, 7, e52010. [Google Scholar] [CrossRef]

	



Tej, G.N.V.C.; Neogi, K.; Nayak, P.K. Caffeine-enhanced anti-tumor activity of anti-PD1 monoclonal antibody. Int. Immunopharmacol. 2019, 77. [Google Scholar] [CrossRef] [PubMed]

	



Aiello, I.; Fedele, M.L.M.; Román, F.; Marpegan, L.; Caldart, C.; Chiesa, J.J.; Golombek, D.A.; Finkielstein, C.V.; Paladino, N. Circadian disruption promotes tumor-immune microenvironment remodeling favoring tumor cell proliferation. Sci. Adv. 2020, 6, eaaz4530. [Google Scholar] [CrossRef]

	



Luu, M.; Weigand, K.; Wedi, F.; Breidenbend, C.; Leister, H.; Pautz, S.; Adhikary, T.; Visekruna, A. Regulation of the effector function of CD8+ T cells by gut microbiota-derived metabolite butyrate. Sci. Rep. 2018, 8, 14430. [Google Scholar] [CrossRef] [PubMed]

	



Trompette, A.; Gollwitzer, E.S.; Pattaroni, C.; Lopez-Mejia, I.C.; Riva, E.; Pernot, J.; Ubags, N.; Fajas, L.; Nicod, L.P.; Marsland, B.J. Dietary Fiber Confers Protection against Flu by Shaping Ly6c- Patrolling Monocyte Hematopoiesis and CD8+ T Cell Metabolism. Immunity 2018, 48, 992–1005.e8. [Google Scholar] [CrossRef] [PubMed]

	



Yu, X.; Gao, R.; Li, Y.; Zeng, C. Regulation of PD-1 in T cells for cancer immunotherapy. Eur. J. Pharmacol. 2020, 881, 173240. [Google Scholar] [CrossRef]

	



Lone, S.N.; Maqbool, R.; Parray, F.Q.; Ul Hussain, M. Triose-phosphate isomerase is a novel target of miR-22 and miR-28, with implications in tumorigenesis. J. Cell. Physiol. 2018, 233, 8919–8929. [Google Scholar] [CrossRef]

	



Wang, Y.; Zhang, D.; Li, Y.; Fang, F. MiR-138 Suppresses the PDK1 Expression to Decrease the Oxaliplatin Resistance of Colorectal Cancer. Onco Targets Ther. 2020, 13, 3607. [Google Scholar] [CrossRef]

	



Zhao, Z.; Zhao, Y.; Ying-Chun, L.; Zhao, L.; Zhang, W.; Yang, J.G. Protective role of microRNA-374 against myocardial ischemia-reperfusion injury in mice following thoracic epidural anesthesia by downregulating dystrobrevin alpha-mediated Notch1 axis. J. Cell. Physiol. 2019, 234, 10726–10740. [Google Scholar] [CrossRef]

	



Ren, R.; Chen, S.D.; Fan, J.; Zhang, G.; Li, J.B. miRNA-138 regulates MLK3/JNK/MAPK pathway to protect BV-2 cells from H2O2-induced apoptosis. Bratisl. Lek. Listy 2018, 119, 284–288. [Google Scholar] [CrossRef]

	



Wang, G.; Ma, N.; He, F.; Kawanishi, S.; Kobayashi, H.; Oikawa, S.; Murata, M. Taurine Attenuates Carcinogenicity in Ulcerative Colitis-Colorectal Cancer Mouse Model. Oxidative Med. Cell. Longev. 2020, 2020, 7935917. [Google Scholar] [CrossRef] [PubMed]

	



Wang, X.; Bai, X.; Yan, Z.; Guo, X.; Zhang, Y. The lncRNA TUG1 promotes cell growth and migration via the TUG1/miR-145-5p/TRPC6 pathway in colorectal cancer. Biochem. Cell Biol. 2020. [CrossRef]

	



Yan, Z.; Bi, M.; Zhang, Q.; Song, Y.; Hong, S. LncRNA TUG1 promotes the progression of colorectal cancer via the miR-138-5p/ZEB2 axis. Biosci. Rep. 2020, 40. [Google Scholar] [CrossRef] [PubMed]

	



Long, J.; Badal, S.S.; Ye, Z.; Wang, Y.; Ayanga, B.A.; Galvan, D.L.; Green, N.H.; Chang, B.H.; Overbeek, P.A.; Danesh, F.R. Long noncoding RNA Tug1 regulates mitochondrial bioenergetics in diabetic nephropathy. J. Clin. Investig. 2016, 126, 4205–4218. [Google Scholar] [CrossRef] [PubMed]

	



Pellom, S.T., Jr.; Arnold, T.; Williams, M.; Brown, V.L.; Samuels, A.D. Examining breast cancer disparities in African Americans with suggestions for policy. Cancer Causes Control 2020, 31, 795–800. [Google Scholar] [CrossRef] [PubMed]

	



Chen, F.; Bailey, C.E.; Alvarez, R.D.; Shu, X.O.; Zheng, W. Adherence to treatment guidelines as a major determinant of survival disparities between black and white patients with ovarian cancer. Gynecol. Oncol. 2020. [Google Scholar] [CrossRef]

	



Sibrava, N.J.; Bjornsson, A.S.; Pérez Benítez, A.C.I.; Moitra, E.; Weisberg, R.B.; Keller, M.B. Posttraumatic stress disorder in African American and Latinx adults: Clinical course and the role of racial and ethnic discrimination. Am. Psychol. 2019, 74, 101–116. [Google Scholar] [CrossRef]

	



Smith, A.K.; Ratanatharathorn, A.; Maihofer, A.X.; Naviaux, R.K.; Aiello, A.E.; Amstadter, A.B.; Ashley-Koch, A.E.; Baker, D.G.; Beckham, J.C.; Boks, M.P.; et al. Epigenome-wide meta-analysis of PTSD across 10 military and civilian cohorts identifies methylation changes in AHRR. Nat. Commun. 2020, 11, 5965. [Google Scholar] [CrossRef]

	



Clouston, S.A.P.; Kuan, P.; Kotov, R.; Mukherjee, S.; Thompson-Carino, P.; Bromet, E.J.; Luft, B.J. Risk factors for incident prostate cancer in a cohort of world trade center responders. BMC Psychiatry 2019, 19, 389. [Google Scholar] [CrossRef]

	



Li, H.J.; Wang, Y.; Li, B.X.; Yang, Y.; Guan, F.; Pang, X.C.; Li, X. Roles of ten-eleven translocation family proteins and their O-linked β-N-acetylglucosaminylated forms in cancer development. Oncol. Lett. 2021, 21, 1. [Google Scholar] [CrossRef] [PubMed]

	



Amenya, H.Z.; Tohyama, C.; Ohsako, S. Dioxin induces Ahr-dependent robust DNA demethylation of the Cyp1a1 promoter via Tdg in the mouse liver. Sci. Rep. 2016, 6. [Google Scholar] [CrossRef] [PubMed]

	



Guo, J.; Xiang, Q.; Xin, Y.; Huang, Y.; Zou, G.; Liu, T. miR-544 promotes maturity and antioxidation of stem cell-derived endothelial like cells by regulating the YY1/TET2 signalling axis. Cell Commun. Signal. 2020, 18, 35. [Google Scholar] [CrossRef] [PubMed]

	



Hu, J.; Cao, S.; Zhang, Z.; Wang, L.; Wang, D.; Wu, Q.; Li, L. Effects of caffeic acid on epigenetics in the brain of rats with chronic unpredictable mild stress. Mol. Med. Rep. 2020, 22, 5358–5368. [Google Scholar] [CrossRef] [PubMed]

	



Karen, C.; Rajan, K.E. Social Behaviour and Epigenetic Status in Adolescent and Adult Rats: The Contribution of Early-Life Stressful Social Experience. Cell. Mol. Neurobiol. 2019, 39, 371–385. [Google Scholar] [CrossRef]

	



Zhang, L.; Pan, J.; Chen, W.; Jiang, J.; Huang, J. Chronic stress-induced immune dysregulation in cancer: Implications for initiation, progression, metastasis, and treatment. Am. J. Cancer Res. 2020, 10, 1294–1307. [Google Scholar]

	



Shin, K.J.; Lee, Y.J.; Yang, Y.R.; Park, S.; Suh, P.G.; Follo, M.Y.; Cocco, L.; Ryu, S.H. Molecular Mechanisms Underlying Psychological Stress and Cancer. Curr. Pharm. Des. 2016, 22, 2389–2402. [Google Scholar] [CrossRef]

	



Shahin, N.N.; Abd-Elwahab, G.T.; Tawfiq, A.A.; Abdelgawad, H.M. Potential role of aryl hydrocarbon receptor signaling in childhood obesity. Biochim. Biophys. Acta Mol. Cell Biol. Lipids 2020, 1865, 158714. [Google Scholar] [CrossRef]

	



Uzhachenko, R.; Shanker, A.; Dupont, G. Computational properties of mitochondria in T cell activation and fate. Open Biol. 2016, 6, 160192. [Google Scholar] [CrossRef]

	



Tedesco, S.; Scattolini, V.; Albiero, M.; Bortolozzi, M.; Avogaro, A.; Cignarella, A.; Fadini, G.P. Mitochondrial Calcium Uptake Is Instrumental to Alternative Macrophage Polarization and Phagocytic Activity. Int. J. Mol. Sci. 2019, 20, 4966. [Google Scholar] [CrossRef]

	



Yang, Y.; Du, J.; Xu, R.; Shen, Y.; Yang, D.; Li, D.; Hu, H.; Pei, H.; Yang, Y. Melatonin alleviates angiotensin-II-induced cardiac hypertrophy via activating MICU1 pathway. Aging 2020, 12. [Google Scholar] [CrossRef]

	



Wang, X.; Song, X.; Cheng, G.; Zhang, J.; Dong, L.; Bai, J.; Luo, D.; Xiong, Y.; Li, S.; Liu, F.; et al. The Regulatory Mechanism and Biological Significance of Mitochondrial Calcium Uniporter in the Migration, Invasion, Angiogenesis and Growth of Gastric Cancer. Onco Targets Ther. 2020, 13, 11781–11794. [Google Scholar] [CrossRef] [PubMed]

	



Bjørklund, G.; Dadar, M.; Anderson, G.; Chirumbolo, S.; Maes, M. Preventive treatments to slow substantia nigra damage and Parkinson’s disease progression: A critical perspective review. Pharmacol. Res. 2020, 61, 105065. [Google Scholar] [CrossRef] [PubMed]

	



Catalán, M.; Olmedo, I.; Faúndez, J.; Jara, J.A. Medicinal Chemistry Targeting Mitochondria: From New Vehicles and Pharmacophore Groups to Old Drugs with Mitochondrial Activity. Int. J. Mol. Sci. 2020, 21, 8684. [Google Scholar] [CrossRef] [PubMed]

	



Camelliti, S.; Le Noci, V.; Bianchi, F.; Moscheni, C.; Arnaboldi, F.; Gagliano, N.; Balsari, A.; Garassino, M.C.; Tagliabue, E.; Sfondrini, L.; et al. Mechanisms of hyperprogressive disease after immune checkpoint inhibitor therapy: What we (don’t) know. J. Exp. Clin. Cancer Res. 2020, 39, 236. [Google Scholar] [CrossRef]

	



Moradkhani, F.; Moloudizargari, M.; Fallah, M.; Asghari, N.; Heidari Khoei, H.; Asghari, M.H. Immunoregulatory role of melatonin in cancer. J. Cell. Physiol. 2020, 235, 745–757. [Google Scholar] [CrossRef]

	



Nomura, M.; Nagatomo, R.; Doi, K.; Shimizu, J.; Baba, K.; Saito, T.; Matsumoto, S.; Inoue, K.; Muto, M. Association of Short-Chain Fatty Acids in the Gut Microbiome With Clinical Response to Treatment With Nivolumab or Pembrolizumab in Patients With Solid Cancer Tumors. JAMA Netw. Open 2020, 3, e202895. [Google Scholar] [CrossRef]

	



Anderson, G.; Maes, M. Gut Dysbiosis Dysregulates Central and Systemic Homeostasis via Suboptimal Mitochondrial Function: Assessment, Treatment and Classification Implications. Curr. Top. Med. Chem. 2020, 20, 524–539. [Google Scholar] [CrossRef]

	



Jin, C.J.; Engstler, A.J.; Sellmann, C.; Ziegenhardt, D.; Landmann, M.; Kanuri, G.; Lounis, H.; Schröder, M.; Vetter, W.; Bergheim, I. Sodium butyrate protects mice from the development of the early signs of non-alcoholic fatty liver disease: Role of melatonin and lipid peroxidation. Br. J. Nutr. 2016, 116, 1682–1693. [Google Scholar] [CrossRef]

	



Ma, X.; Zhou, Z.; Zhang, X.; Fan, M.; Hong, Y.; Feng, Y.; Dong, Q.; Diao, H.; Wang, G. Sodium butyrate modulates gut microbiota and immune response in colorectal cancer liver metastatic mice. Cell Biol. Toxicol. 2020, 36, 509–515. [Google Scholar] [CrossRef]

	



Wang, Z.T.; Chen, Z.J.; Jiang, G.M.; Wu, Y.M.; Liu, T.; Yi, Y.M.; Zeng, J.; Du, J.; Wang, H.S. Histone deacetylase inhibitors suppress mutant p53 transcription via HDAC8/YY1 signals in triple negative breast cancer cells. Cell. Signal. 2016, 28, 506–515. [Google Scholar] [CrossRef] [PubMed]

	



Chen, M.L.; Lai, C.J.; Lin, Y.N.; Huang, C.M.; Lin, Y.H. Multifunctional nanoparticles for targeting the tumor microenvironment to improve synergistic drug combinations and cancer treatment effects. J. Mater. Chem. B 2020, 8, 10416–10427. [Google Scholar] [CrossRef] [PubMed]

	



Talib, W.H.; Alsayed, A.R.; Farhan, F.; Al Kury, L.T. Resveratrol and Tumor Microenvironment: Mechanistic Basis and Therapeutic Targets. Molecules 2020, 25, 4282. [Google Scholar] [CrossRef] [PubMed]

	



Feng, C.; Xiong, Z.; Wang, C.; Xiao, W.; Xiao, H.; Xie, K.; Chen, K.; Liang, H.; Zhang, X.; Yang, H. Folic acid-modified Exosome-PH20 enhances the efficiency of therapy via modulation of the tumor microenvironment and directly inhibits tumor cell metastasis. Bioact. Mater. 2020, 6, 963–974. [Google Scholar] [CrossRef]

	



Hernández-SanMiguel, E.; Gargini, R.; Cejalvo, T.; Segura-Collar, B.; Núñez-Hervada, P.; Hortigüela, R.; Sepúlveda-Sánchez, J.M.; Hernández-Laín, A.; Pérez-Núñez, A.; Sanz, E.; et al. Ocoxin Modulates Cancer Stem Cells and M2 Macrophage Polarization in Glioblastoma. Oxidative Med. Cell. Longev. 2019, 2019, 9719730. [Google Scholar] [CrossRef]

	



Wang, Y.; Lu, J.; Jiang, B.; Guo, J. The roles of curcumin in regulating the tumor immunosuppressive microenvironment. Oncol. Lett. 2020, 19, 3059–3070. [Google Scholar] [CrossRef]

	



Anderson, G.; Maes, M. Pharmaceutical and Nutritional Benefits in Alzheimer’s Disease via Convergence on the Melatoninergic Pathways. In FCDR-Alzheimer Disorder; Bentham Science Publisher: Amsterdam, The Netherlands, 2015; Volume 4, pp. 50–127. [Google Scholar]

	



Heinz, S.A.; Henson, D.A.; Nieman, D.C.; Austin, M.D.; Jin, F. A 12-week supplementation with quercetin does not affect natural killer cell activity, granulocyte oxidative burst activity or granulocyte phagocytosis in female human subjects. Br. J. Nutr. 2010, 104, 849–857. [Google Scholar] [CrossRef]

	



Li, M.; Yue, X.; Wang, Y.; Zhang, J.; Kan, L.; Jing, Z. Remodeling the tumor microenvironment to improve drug permeation and antitumor effects by co-delivering quercetin and doxorubicin. J. Mater. Chem. B 2019, 7, 7619–7626. [Google Scholar] [CrossRef]








[image: Ijms 22 00141 g001 550] 





Figure 1. Shows how AhR ligands, such as air pollutants, FICZ, TCDD and kynurenine, including tumour derived, activate the AhR to modulate mitochondrial metabolism, partly via the regulation of the melatonergic pathway. The melatonergic pathway is shown in the mitochondrion, but is also present in the cytoplasm. AhR activation drives a number of processes and factors underpinning exhaustion and tumour survival, including the COX2/PGE2/EP4, adenosine A2Ar, TGF-β, ACC and NAS. In NK cells and CD8+ T cells, factors inhibiting acetyl-CoA, such as HIF-1α/Ku80 and PDK1 inducers, will inhibit the TCA cycle, OXPHOS and the co-ordination of OXPHOS with glycolysis, in association with a decreased acetylation of COX2. OXPHOS and glycolysis are co-ordinated by a decreased acetylation of Raptor within the mTORC1 complex. The changes in mitochondrial function driven by decreased melatonin, acetyl-CoA, Sirtuins, SOD2, OXPHOS and AMPK will modulate gene expression, partly via levels of ROS production and the associated changes in miRNAs expressed. Altered miRNA patterning will drive variations in the classical immune checkpoint inhibitors, such as the PD-1 suppression by miR-138. Variations in such acetyl-CoA, melatonergic pathway regulation of OXPHOS and glycolysis will occur in the array of immune cells within the tumour microenvironment, with the dynamic intracellular and intercellular interactions of these cells driven by variations in metabolic regulation. Other factors may also ‘backward’ convert melatonin to NAS, including activation of the P2Y1 and mGluR5 receptors, as well as O-demethylation, which are not shown for clarity. The processes highlighted in the figure indicate an important AhR role in the regulation of mitochondrial function. However, the temporal and functional specifics of this await determination in the different cells of the tumour microenvironment, including the interactions of AhR, O-GlcNAcylation, acetyl-CoA and melatonergic pathway. The interactions of AhR effects on mitochondrial function with wider AhR effects on transcription in the different cells of the tumour microenvironment will also be important to determine. Arrows indicate increases/induces; T-arrows indicate suppresses. Abbreviations: AANAT: aralkylamine N-acetyltransferase; ACC: acetyl-CoA carboxylase; acetyl-CoA: acetyl-coenzyme A; AhR: aryl hydrocarbon receptor; AMPK: AMP-activated protein kinase; ASMT: acetylserotonin methyltransferase; CD8+: cluster of differentiation 8; COX2: cyclooxygenase 2; CYP: cytochrome P450; EP4: Prostaglandin E2 receptor 4; FICZ: 6-formylindolo[3,2-b]carbazole; HIF: hypoxia-inducible factor; mTORC1: mammalian target of rapamycin complex 1; NK: natural killer; OXPHOS: oxidative phosphorylation; NAS: N-acetylserotonin; PD-1: programmed cell death-1: PD-L1: programmed cell death ligand 1; PDC: pyruvate dehydrogenase complex; PDK: pyruvate dehydrogenase kinase; SOD: superoxide dismutase; TCA: tricarboxylic acid; TCDD: 2,3,7,8-tetrachlorodibenzo-p-dioxin; TGF: transforming growth factor. 






Figure 1. Shows how AhR ligands, such as air pollutants, FICZ, TCDD and kynurenine, including tumour derived, activate the AhR to modulate mitochondrial metabolism, partly via the regulation of the melatonergic pathway. The melatonergic pathway is shown in the mitochondrion, but is also present in the cytoplasm. AhR activation drives a number of processes and factors underpinning exhaustion and tumour survival, including the COX2/PGE2/EP4, adenosine A2Ar, TGF-β, ACC and NAS. In NK cells and CD8+ T cells, factors inhibiting acetyl-CoA, such as HIF-1α/Ku80 and PDK1 inducers, will inhibit the TCA cycle, OXPHOS and the co-ordination of OXPHOS with glycolysis, in association with a decreased acetylation of COX2. OXPHOS and glycolysis are co-ordinated by a decreased acetylation of Raptor within the mTORC1 complex. The changes in mitochondrial function driven by decreased melatonin, acetyl-CoA, Sirtuins, SOD2, OXPHOS and AMPK will modulate gene expression, partly via levels of ROS production and the associated changes in miRNAs expressed. Altered miRNA patterning will drive variations in the classical immune checkpoint inhibitors, such as the PD-1 suppression by miR-138. Variations in such acetyl-CoA, melatonergic pathway regulation of OXPHOS and glycolysis will occur in the array of immune cells within the tumour microenvironment, with the dynamic intracellular and intercellular interactions of these cells driven by variations in metabolic regulation. Other factors may also ‘backward’ convert melatonin to NAS, including activation of the P2Y1 and mGluR5 receptors, as well as O-demethylation, which are not shown for clarity. The processes highlighted in the figure indicate an important AhR role in the regulation of mitochondrial function. However, the temporal and functional specifics of this await determination in the different cells of the tumour microenvironment, including the interactions of AhR, O-GlcNAcylation, acetyl-CoA and melatonergic pathway. The interactions of AhR effects on mitochondrial function with wider AhR effects on transcription in the different cells of the tumour microenvironment will also be important to determine. Arrows indicate increases/induces; T-arrows indicate suppresses. Abbreviations: AANAT: aralkylamine N-acetyltransferase; ACC: acetyl-CoA carboxylase; acetyl-CoA: acetyl-coenzyme A; AhR: aryl hydrocarbon receptor; AMPK: AMP-activated protein kinase; ASMT: acetylserotonin methyltransferase; CD8+: cluster of differentiation 8; COX2: cyclooxygenase 2; CYP: cytochrome P450; EP4: Prostaglandin E2 receptor 4; FICZ: 6-formylindolo[3,2-b]carbazole; HIF: hypoxia-inducible factor; mTORC1: mammalian target of rapamycin complex 1; NK: natural killer; OXPHOS: oxidative phosphorylation; NAS: N-acetylserotonin; PD-1: programmed cell death-1: PD-L1: programmed cell death ligand 1; PDC: pyruvate dehydrogenase complex; PDK: pyruvate dehydrogenase kinase; SOD: superoxide dismutase; TCA: tricarboxylic acid; TCDD: 2,3,7,8-tetrachlorodibenzo-p-dioxin; TGF: transforming growth factor.
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Figure 2. Shows how O-GlcNAcylation increases the activity of factors driving tumour survival and immune suppression of NK cells and CD8+ T cells, including by enhancing the activity of YY1, RACK1, TGF-β, PP2A, STAT1 and NLRP3, whilst inhibiting the beneficial effects of the sirtuins. All of these factors are also associated with the regulation of the melatonergic pathway, highlighting the importance of this pathway in driving the pathophysiological changes underpinning tumour survival and proliferation as well as immune suppression in cytolytic cells. Whether these factors, such as YY1 and RACK1, show co-ordinated O-GlcNAcylation in tumours and/or cytolytic cells awaits further investigation. It should also be noted that O-GlcNAcylation can inhibit GSK3β, thereby decreasing tumour survival and enhancing cytotoxicity in CD8+ T cells, indicating some contrasting effects of O-GlcNAcylation in NK cells. Abbreviations: Acetyl-CoA: acetyl-CoEnzyme A; NLRP3: NOD-, LRR- and pyrin domain-containing protein 3; O-GlcNAcylation: O-linked-N-acetylglucosaminylation; PP2A: protein phosphatase 2A; RACK1: ribosomal receptor for activated C-kinase 1; STAT: signal transducer and activator of transcription; TGF: transforming growth factor; YY1: yin yang 1. 
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