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Abstract

:

Simple Summary


The circadian cycle is a natural cycle of the body repeated every 24 h, based on a day and night rhythm, and it affects many body processes. The present article reviews the importance and role of the circadian cycle in cancer and its association with the immune system and immunotherapy drugs at the cellular and molecular levels. It also examines the genes and cellular pathways involved in both circadian and immune systems. It offers possible computational solutions to increase the effectiveness of cancer treatment concerning the circadian cycle.




Abstract


Cancer is the leading cause of death and a major problem to increasing life expectancy worldwide. In recent years, various approaches such as surgery, chemotherapy, radiation, targeted therapies, and the newest pillar, immunotherapy, have been developed to treat cancer. Among key factors impacting the effectiveness of treatment, the administration of drugs based on the circadian rhythm in a person and within individuals can significantly elevate drug efficacy, reduce adverse effects, and prevent drug resistance. Circadian clocks also affect various physiological processes such as the sleep cycle, body temperature cycle, digestive and cardiovascular processes, and endocrine and immune systems. In recent years, to achieve precision patterns for drug administration using computational methods, the interaction of the effects of drugs and their cellular pathways has been considered more seriously. Integrated data-derived pathological images and genomics, transcriptomics, and proteomics analyses have provided an understanding of the molecular basis of cancer and dramatically revealed interactions between circadian and immunity cycles. Here, we describe crosstalk between the circadian cycle signaling pathway and immunity cycle in cancer and discuss how tumor microenvironment affects the influence on treatment process based on individuals’ genetic differences. Moreover, we highlight recent advances in computational modeling that pave the way for personalized immune chronotherapy.
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1. Introduction


According to the American Cancer Society’s assessment, cancer is the leading cause of death and the major obstacle to increasing life expectancy. Cancer incidence and mortality have increased dramatically in all countries in the 21st century [1]. Common treatments for cancer include surgery, radiotherapy and chemotherapy. Currently, one of the treatments for cancer with the most growth is immunotherapy, which includes various parts; chemical and biological inhibitors and cell therapy [2].



The circadian rhythm is governed by the mammalian endogenous time system, which is synchronized with the circadian cycle of the environment produced by the Earth’s rotation. Existing data indicate that approximately 10% of the human genome is controlled by circadian clocks that also affect various physiological processes such as the sleep cycle, body temperature cycle, digestive and cardiovascular processes, and endocrine and immune systems [3].



Owing to the complex relationship between circadian rhythm, cancer and the immune system, consideration of the effect of the circadian rhythm and targeting introduces a new area in combination therapy and personalized medicine based on personal circadian rhythm. Combination therapy ameliorates effectiveness, reduces side effects, prevents drug resistance, and increases response to treatment [4,5]. The drug’s mechanism of action (MoA) and cellular pathway must be predicted to properly use two or more drugs together. Therefore, in recent years, to achieve this goal using computational methods, the interaction of the effects of drugs and their cellular pathways has been considered more strongly. In the present review, we focused on the interaction of two sets, the circadian cycle and cancer immunity, and highlighted existing methods to predict these interactions in the efficacy of immunotherapy drugs [6].




2. Circadian Cycle: Nature’s Clock of the Human Body


The basic structure of circadian rhythm mechanisms in living species is typically described by a self-regulating feedback loop that is autonomous from the expression of genes involved in metabolic, biosynthetic, signal transduction, and circulatory pathways. The circadian rhythms arising from primary and peripheral clocks are very similar at the cellular and molecular level [7]. The central molecular clock consists of two self-regulating transcriptional and translational feedback loops (ITTFs) that counter-modulate to create a circadian cycle of gene expression. Over 14 core and 37 associated circadian clock genes participate in the circadian clock process [7,8].



Note that the circadian locomotor output cycles kaput (CLOCK) [9] and the brain and muscle protein Arntlike1 (BMAL1) are considered to be activators of the circadian clock, while the proteins PERIOD (PER-1; PER-2; PER-3) and cryptochromes (CRY-1; CRY-2) [10] are regarded as inhibitors [8,11]. CLOCK which can be replaced by their paralogous neuronal PAS domain protein 2 (NPAS2), form a heterodimer that binds to the activator element Ebox to facilitate the transcription of target genes and modulator proteins, including PER-1, PER-2, PER-3 to activate, CRY-1 and CRY-2, thereby forming a feedback loop (Figure 1) [8,11].



Although other studies have reported that PER1, PER2, CRY1, and CRY2 play a crucial role in regulating the circadian clock rhythm, PER3 has no circadian phenotype; in the second primary cycle, the translated proteins of CRY and PER classes form heteromultimeric complexes in the cytoplasm and are transported to the cell nucleus, which negatively regulates the activation of CLOCK/BMAL1 (NPAS2) heterodimers [11,12]. These positive and negative ITTFs circulate with a circadian periodicity of approximately 24 h. In this process, casein kinase 1 (CK-1) [13] limits the negative feedback potential of PER and CRY through degeneration or phosphorylation. The ITTF, as mentioned earlier, is a CLOCK/BMAL1 heterodimer, driving the rhythmic transcription of the nuclear receptor, REV-ERB, and retinoic acid-related orphan receptors (RORs) [14] subfamilies binding to E boxes in their promotional genes. RVE/ERB-α/β and ROR-α/β can regulate BMAL1 transcription. This molecular mechanism is shared in the brain and peripheral organ systems and forms a circadian network spanning the entire body [11,12,15].




3. Role of Circadian Clock in Cancer; Guilty or Injured


Cancer progression processes can disrupt the circadian clock’s homeostatic equilibrium, allowing cancer characteristics to emerge more easily. Other research, also suggests that cancer is influenced by circadian rhythm disruption and that clock genes regulate it [16]. Components of the circadian cycle are known through three major mechanisms [17]:




	(i)

	
Circadian clock components control the expression of hundreds or thousands of genes in various cell types, resulting in daily rhythms in different cellular functions such as nutritional metabolism [18,19,20,21], redox regulation [22,23,24,25], autophagy [26,27,28], DNA damage repair [29], protein folding [30], and cell secretion [31].









Individual equilibrium is dependent on the daily cycle of these biological processes. Changes in circadian rhythms impair these cellular activities, resulting in a cellular milieu favorable to tumor growth (e.g., metabolic reprogramming, redox imbalance, chronic inflammation, etc.). Thus, altering the circadian clock’s function or the production of clock proteins can either protect or promote cancer [32].




	(ii)

	
The cellular environment is sensed by circadian clock proteins and their associated proteins [33]. A change in the redox status of the cell, for example, can affect the CLOCK/BMAL1 complex’s affinity for DNA [34]. Furthermore, the nutritional condition of the cell or events influenced by signals determines the amounts of cofactors, including heme binding to REV-ERB [35], and the activity of factors mediating post-translational modifications, such as acetylation and phosphorylation of circadian clock proteins [36].




	(iii)

	
The circadian clock controls the expression of a variety of released hormones with paracrine and endocrine activities [37]. Some of these secreted substances, such as cytokines [38,39], hormones, and neurotransmitters [40,41], can impact the clock’s activity by sending signals to their associated receptors and downstream pathways and pulling or synchronizing clocks in various tissues. These endocrine variables have the potential to serve as biomarkers for circadian function in various tissues. Furthermore, some malignancies can release excessive amounts of these hormones or cytokines that affect the circadian clock, thereby disrupting clocks in distant organs [42,43].









3.1. Genetic and Genomics of Circadian Cycle in Cancer


According to data from the Cancer Genome Atlas (TCGA) database, the mutation rate of clock genes in cancer is relatively low [44,45]. Despite the rarity of clock gene mutations in malignancies, studies of breast cancer survival trends have revealed that patients with mutations in all central clock genes or all PERs have a lower survival rate than patients without mutations [45,46]. Although gene mutations were uncommon, analyses of gene expression datasets such as TCGA and NCBI Gene Expression Omnibus (GEO) show that the circadian clock’s relative expression pattern significantly differs from that of non-tumor samples [47]. These analyzes show that a significant proportion of rhythmic transcripts (almost 15%, including PER-1 and CRY-1) do not show circadian oscillations in cancer [44,45,46].



Genetic and genomic investigations of malignancies have revealed that changes in clock gene expression are more common than clock gene mutations, leading to the concept that oncogenic programs can disrupt circadian regulation, further complicating and stimulating tumor growth [45,48].



Circadian transcriptome investigations and targeted mechanistic research point to the concept that the circadian clock in normal cells exerts tight control over numerous cancer features [49,50]. Bypassing circadian regulation, these cancer traits may make it easier for normal cells to become malignant. In normal cells, regulatory systems known as checkpoints regulate DNA replication and the cell cycle [51]. Normal cells have a finite reproduction potential, whereas cancer cells are immortal and can replicate indefinitely. Cancer cells, maintain telomere length to avoid replicative senescence induced by telomere shortening. BMAL/CLOCK directly regulates telomerase expression, presumably via E-boxes in the TERT (Telomerase Reverse Transcriptase) gene promoter [51,52,53]. Changes in clock genes may thus have a direct impact on TERT expression, facilitating cellular immortality [52,53].




3.2. DNA Damage Response Pathway and Circadian Cycle


The DNA damage response pathway (DDR), DNA repair and the circadian cycle closely interact with each other. Several DNA repair genes display a circadian rhythm in their mRNA expression and protein accumulation [54]. In addition, several circadian components interact with the components of the DDR pathway. CRYs are structurally similar to photolysis, a group of enzymes involved in repairing single-stranded DNA fractures. Although mammalian CRYs lack DNA repair activity, CRY-1 facilitates ATR interaction with TIM (timeless), leading to a circadian rhythm in the ATR activity [55]. In fact, after in vivo treatment with cisplatin, which is a chemotherapy drug that causes DNA damage, MCM-2 phosphorylation affects ATR more when CRY-1 expression reaches its peak. Moreover, CRY-2 may facilitate interactions between ATR, TIM, and Chk1 [56].




3.3. Cell Cycle and Circadian Cycle


Many cell cycle regulators, such as cyclin-dependent kinase (CDK)2, CDK-4, CDK-6, Cdc25a, Cdc25b for cell cycle stages, various CDK inhibitors, and several cyclins, have daily cycles in their expression [57]. The CLOCK/BMAL or ROR/REV-ERB arms of the circadian oscillator control some of these genes directly [58]. The temporal control of G1/S transition factors, which regulate the G1/S transition by influencing P16-Ink4A expressions, is an example of a circadian cell cycle checkpoint. P16-Ink4A causes cell cycle arrest by blocking the CDK-4 and CDK-6-mediated phosphorylation of pRB, which sequesters E2F transcription factors into inactive pRb/E2F complexes. At the P16 promoter (Cdkn2A), the PER-2 clock component interacts with the NONO RNA binding protein, resulting in a daily rate of P16Ink4A expression. When the circadian rhythm is disrupted, the temporal regulation of the G1/S transition is disturbed, resulting in an enhanced proliferation [59].




3.4. Tumor Suppressor and Circadian Cycle


Other cell regulatory factors, such as tumor suppressors and oncogenes, demonstrate circadian modulation in addition to cell cycle regulators. P53, as one of the most important tumor suppressor proteins [59], has circadian oscillations, and its transcription, activity, and stability are regulated by BMAL1 and PER2 [60]. The lack of PER2 inhibits p53 activation in DNA damage, which could be due to the role of PER2 in p53 nuclear stability and translocation. BMAL expression is also downregulated, affecting the p53-dependent activation of p21 [61]. The stability of the protein p53 is aided by a second process. The circadian rhythm is trained by ATF4 (activator of transcription factor 4) [62]. The major ubiquitin ligase responsible for the stability of the p53 protein is p14ARF (Cdkn2A), a recognized inhibitor of MDM2. The clock genes thus exert control over p53 on multiple levels. Moreover, tumor suppression mechanisms guarantee that circadian rhythmicity is maintained. Indeed, the p53 pathway (namely, p53 and MDM2) modulates PER2 levels, forming a feedback loop that could be useful for tumor suppression and anticancer therapy [63].



In several types of cancers, the RAS/MAPK signaling pathway is particularly active. Based on experimental studies of non-cancerous tissue, RAS activity can regulate circadian rhythms [64]. The phosphatidylinositol-3-kinase (PI3K), which has pleiotropic effects on non-malignant cells and appears to be required for the heterodimerization of BMAL1/CLOCK [65], is a key component in the RAS signaling pathway. This condition could explain a recent finding that abnormal RAS activation causes changes in circadian rhythm, presumably due to BMAL1/CLOCK activity and Ink4a/Arf overexpression [66].




3.5. Inflammation, Immunosuppression and Circadian Cycle


Tumor formation is aided by abnormal inflammation, immunosuppression, and circumventing immune surveillance by boosting cell proliferation, cell survival, angiogenesis, and invasiveness. The immune system and inflammatory processes are both regulated by the circadian clock and its components. NF-κB, one of the key inflammatory regulators, is modulated by the circadian clock components BMAL1, CLOCK, and CRY [67]. During an inflammatory response linked with NF-κB activation via phosphorylation of the p65 subunit, BMAL1 is negatively regulated physiologically. CLOCK, on the other hand, binds to p65 and increases NF-κB-induced inflammatory gene transcription [68]. CRYs regulate NF-κB activation by modulating adenyl cyclase, an enzyme that regulates cAMP levels and increases protein kinase A (PKA), which promotes NF-κB activation by phosphorylating p65, resulting in a lack of CRY in fibroblasts and macrophages and decreased expression of NF-κB targets such as TNF, IL6, and CXCL1 [69].



Immunosuppression allows tumors to evade immune monitoring, which is essential for tumor development and spread. Due to abnormal expression of proinflammatory cytokines such as CXCL12, IL-18, IL-1, IL-10, and other immunosuppressive components in the tumor microenvironment, circadian clock irregularity could play a key role in immunosuppression [70]. Among the immunosuppressive cytokines, the transforming growth factor (TGF) is a key mediator. TGF-β slows dendritic cell development, alters the balance from type 1 helper T cells (Th1) to Th2, decreases the activation of cytotoxic T lymphocytes, and increases regulatory T cells (Tregs) [71]. TGF-β signaling has been linked to components of the circadian clock in a variety of physiological situations [72]. TGF-β mRNA expression fluctuated with circadian rhythms under the control of CLOCK-BMAL1 heterodimers. An animal study has shown that a lack of the Clock gene in mice increases TGF-β expression [73].



According to a recent study, in metastatic melanoma, high BMAL1 levels are related to enhanced T cell infiltration and activation. Furthermore, patients with high BMAL1 expression respond to anti-PD-1 therapy better than those with low BMAL1 levels [74]. Immune cell development, trafficking, and function are all influenced by circadian clock genes. BMAL1 orchestrates rhythmic oscillations in the number of white blood cells in non-cancerous situations and is known to play a function in B-cell development with CRY [75]. REV-ERBs play a role in macrophage cell motility and adhesion. Clock deficiency causes mice to have a low number of Th1 cells. RORt and NFIL3 regulate the differentiation of IL17-producing CD4 + (Th17) helper T cells through BMAL1, CLOCK, and REV-ERB [75].





4. Cancer Immunity System and Tumor Microenvironment


In recent years, immunotherapy has become a revolutionary treatment with mild side effects and a higher survival rate in most malignancies.



The tumor microenvironment (TME) consists of several types of cells, including tumor cells, fibroblasts, stromal cells, immune and inflammatory cells, and extracellular matrix (ECM) [76]. Immune cells in TME are crucial factors influencing tumor growth and response to therapy [76,77]. It is believed that many important immune cells are involved in the cancer process, including natural killer cells (NK) [78], tumor-associated macrophages (TAM) [79], natural neutrophil killer T (NKT) cells, dendritic cells (DCs), T lymphocytes, and B lymphocytes [80]. A growing body of evidence strongly supports the idea that immune disorders in patients can be applied to predict the outcome of various solid cancers, such as non-small cell lung cancer (NSCLC) and liver cancer. The consensus indicated that high macrophage infiltration in TME could show the rate of therapy resistance and prediction of prognosis [81]. Regarding effects, several early clinical studies targeting macrophages were successfully completed [82]. The activation of numerous T cells has been suppressed using immunosuppressive TME factors, which ultimately facilitates the tumor cells’ escape from immune systems, thus promoting cancer progression and metastasis. T cells are significantly associated with the prognosis of NSCLC [83,84].



Stimulation of immunity against cancer can be obtained through a circulatory mechanism called the cancer immunity cycle (See Figure 2). In the first step, antigen-presenting cells (APCs) can efficiently take up and process neoantigens from dying cells, including presenting target antigens and tumor cells [85]. To generate an immune response against tumor cells, they must be accompanied by cytokine release and activation of signals to induce peripheral tolerance against tumor antigens. Then, DCs present tumor-associated antigens (TAAs) to the T cells. The effector T cells are then activated to eliminate cancer-specific antigens. With the release of chemokines, effector lymphocytes activate, transfer, and infiltrate tumor tissue. Subsequently, cytotoxic lymphocytes (CTL) recognize malignant cells and associate them with them. Eventually, the cancer cells die. Furthermore, additional antigens are released enhancing the tumor’s immune response in subsequent cycles. Here, understanding how the circadian clock modulates immunity is critical [86].



Cancer Immunity Cycle


A number of sequential actions must be initiated and allowed to proceed and repeatedly expand for an anticancer immune response to lead to the efficient destruction of cancer cells [87,88]. These processes are known as the cancer immunity cycle. Neoantigens produced by oncogenesis are released and collected by dendritic cells (DCs) in the first step (Step 1). If this step is to result in an anticancer T cell response, it must be followed by signals that define immunity, otherwise peripheral tolerance to tumor antigens will be generated. Proinflammatory cytokines and substances generated by dying tumor cells or the gut microbiota could be examples of immunogenic signals [87,89].



In the second step (Step 2), the collected antigens on MHCI and MHCII molecules are then presented to T cells, resulting in the priming and activation of effector T cell responses against cancer-specific antigens that are recognized as foreign or for which central tolerance has been broken (Step 3) [87,89].



At this point, the nature of the immune response is defined with a vital balance indicating the ratio of T effector cells to T regulatory cells being crucial to the final result. In step 4, the activated effector T cells migrate to the tumor bed and eventually infiltrate it in the next step (Step 5), where they selectively recognize and connect to cancer cells via the interaction of their T cell receptor (TCR) and the corresponding antigen coupled to MHCI (Step 6), and destroy their target cancer cell (Step 7) [87,89]. Once again, the cancer cell is killed (Step 1), releasing additional tumor-associated antigens (Step 1) that expand the range and depth of the response. The cancer-immunity cycle does not work properly in cancer patients. Many of the variables restricting the production of effector cells are found in the tumor microenvironment, such as the presence of tumor antigens that cannot be recognized, DCs misidentifying antigens as self rather than foreign, and T cells that are unable to infiltrate the tumors adequately [87,88,89].





5. Circadian and Immunity Cross Talk


The circadian clock acts as a gate, controlling many aspects of cancer-related immune functions, including the release and presentation of antigens to cancer cells, initiation and activation of immune effector cells, trade and infiltration, immunity to tumors, and elimination of tumor cells (Figure 3).



5.1. Steps 1–3: Antigen-Presentation and T Cell Activation


Cancer cells usually contain TAAs and tumor-specific antigens (TSA). After the tumor cells’ death, their antigens are released into the plasma and then, captured by DCs and macrophages. These cells are potent antigen-presenting cells (APCs) in the human body. When these are stimulated by inflammatory antigens or cytokines, particularly IL1β, TNFα, and TGFβ, immature DCs can differentiate into mature DCs and express MHC II molecules on their surface [90].



TAAs and TSAs are commonly found in cancer cells. DCs and macrophages trap these antigens that are released into the plasma when tumor cells die. Antigen-presenting cells (APCs) in the human body include DCs, macrophages, and B cells [91]. Various inflammatory cytokines, such as IL-1, TNF-α, and TGF-β, can induce the maturation of immature DCs, which then express MHC II molecules on their surface [92]. Co-stimulatory molecules and adhesion molecules are both expressed at higher quantities on their surface at the same time. DCs can also release IL-12, which induces T cells in tumor microenvironments (TMEs) to develop into T helper (Th) cells to aid cell eradication and growth suppression [93]. Moreover, the expression levels of co-stimulatory and adhesion molecules are significantly increased on their surface. Therefore, tumor antigens are extracted from peripheral tissues to trigger and activate T cells.



In addition, DCs can secrete IL-12, which differentiates TME T cells into T helper cells (Th) to promote the elimination of tumor cells and the inhibition of growth [94]. Functional molecules of the circadian cycle such as CLOCK, PER, and BMAL1 exhibit daily oscillations and indicate that DC hosts are subject to circadian regulation [95].



Previous studies showed that the expression of proinflammatory cytokines, co-stimulatory molecules, and MHC II in DC was elevated in Rev-Erbα- and Rev-Erbβ-deficient mice. This finding demonstrated that Rev-Erbs negatively modulated the DC development and activation and were important in antigen presentation [96]. These studies prove that clock genes can regulate DC functions to some extent. However, the magnitude of the effects and mechanisms involved needs to be further explored.



TAMs are separated into two polarized extremes in this broad spectrum of activation states, notably M1-type TAM macrophages (classically active TAMs) and TAM Type M2 (alternatively activated anti-inflammatory). They exert integrated effects as central regulators of the TME complex, recruitment and activation of T helper (Th) cells through releasing a wide various cytokines [97]. M1-type TAMs also play a role in pathogen-associated molecular models (PAMPAs), causing APC maturation and affecting tumor cells directly. In addition, the dominant-negative expression of CLOCK, REV-ERB, or ROR, results in fewer Th17 cells in mice [98]. RORt is required for the formation, differentiation, and survival of effector subsets of T cells, which produce the cytokines IL-17A, IL-17F, GMCSF, and IL-22, as well as Chemokine (C-C motif) ligand 20 (CCL20) and have anticancer capabilities in animals [99].




5.2. Steps 4–5: Lymphocyte Transportation and Infiltration


Lymphocyte transportation and localization play an antitumor role, involving adhesion chemokines and co-stimulatory molecules. Rhythmic fluctuations in the expression of adhesion molecules have been observed in tissues, including intercellular adhesion molecule 1 (ICAM-1) and 2 (ICAM-2), and vascular cell adhesion molecule 1 (VCAM-1) [100].



Other analyzes have revealed that BMAL11 (a circadian clock gene) regulates the expression of ICAM1 and VCAM1 in endothelial cells or leukocyte subsets [101]. Studies have shown that T and B cell migration exhibit stronger discontinuous oscillations in the lymph nodes, compared to the thymus and bone marrow. This phenomenon is closely associated with the expression of CXCR-4, CCL-20 and CX3CR-1, which are controlled by glucocorticoids, catecholamines, and the hypoxia-inducible factor 1α (HIF-1α) signaling pathway [101,102]. Autonomous cell clocks are essential to lymphocyte production and critical factors in the migration of T and B cells [101].



The central circadian clock gene plays a crucial role in regulating tumor immunity by upregulating OLFML3 transcription in glioblastoma, which recruits immunosuppressive microglia into the tumor microenvironment [103]. These studies suggest that the lymphocyte transport subset is strongly under the control of components of the cellular circadian clock; therefore, optimizing the application of tumor immunotherapy is critical [103]. Regarding the infiltration of lymphocytes in TME, the circadian clock genes in clear cell renal carcinoma (ccRCC), including CLOCK, BMAL1, and CRY-1 have been positively correlated with a variety of immune cell infiltrates such as neutrophil cells, DCs, and CD4+ T cells [101]. A similar phenomenon was also observed in cancer patients: CLOCK and the BMAL1 were closely associated with the extent of CD8+ T cell infiltration. There is evidence that compared to BMAL1 expression in patients with healthy skin, BMAL1 expression in melanoma patients is significantly changed, which represents a dysfunctional circadian clock and correlates positively with T-cell infiltration/activation. However, these studies focus on the level of transcription of the clock genes and therefore do not reflect extensive changes. The mechanism by which the circadian clock modulates the immune infiltration of tumors remains to be explored [104].




5.3. Steps 6–7: Recognition and Elimination of Cancer Cells


When the immune system fails to respond to checkpoint blockade therapy, it is generally regarded as a poor prognostic indicator. Cancer antigen-specific T and NK cells can be manipulated by circadian clock components to destroy cancer cells. Recent studies have indicated that the circadian clock and immunological escape are linked to each other. In metastatic melanomas, the expression of BMAL1 is responsible for T-cell activation, differentiation and exhaustion markers, CTLA-4, PD-1, and PD-L1 [105,106]. Many immune-related pathways, including the PD-L1 and PD-1 checkpoint pathway in cancer, as well as the T cell receptor signaling pathway and TNFα signaling pathway, were found to be enriched in circadian clock pathways [44]. Circadian clock genes Per1 and Cry2 are connected to the expression of CD4+ T cells and the expression of PD-1 in normal lung tissues. Furthermore, the percentage of PD-1+ Type 17 cells and PD-1 levels on individual cells are decreased when Ror is knocked down. Cancer treatment may benefit from targeting circadian clock genes [107].



There are different surface receptors on the NK cells that can activate or inhibit the growth and spread of tumor cells. Interferon-γ (IFN-γ), TNF-α, and granulocyte-macrophage colony-stimulating factor (GM-CSF) are some of the cytokines and growth factors secreted by NK cells to kill cancer cells [108]. Researchers found that when Per2 or Bmal1 was omitted, the NK cell’s production of IFN-γ, granzyme B and perforin was markedly reduced [109].





6. Cancer Immunotherapy


Effective immunotherapy against cancer has been demonstrated in clinical studies as well as experimental and preclinical studies. There are many different types of immunotherapeutic agents approved by the Food and Drug Administration (FDA) for cancer treatment. Recombinant human IL2 for the treatment of kidney cancer cells, a first monoclonal antibody for malignant B-cell tumors, the first DC-based cancer vaccine for the treatment of prostate cancer, cell therapy developed for the chimeric antigen receptor (CAR) for B-cell lymphoma, and programmed death ligand1 (PD-L1) immune checkpoint inhibitors for melanoma are examples of immunotherapies approved for the treatment of cancer over the past three decades [110].



Immune Checkpoint Inhibitor; Good but Not Great


Undoubtedly, the most significant achievement in cancer treatment over the past decade has been the introduction of immunomodulators targeting T cells. The best inhibitory immune checkpoints mentioned in various studies are the T4 cell-associated cytotoxic molecule (CTLA-4), the programmed cell death receptor 1 (PD-1), and the programmed cell death receptor ligand 1 (PD-L1). CTLA-4 is a molecule upregulated on the surface of active T cells to prevent over-stimulation by T cell receptors (TCR) [111]. CTLA-4 competes with CD28, a TCR co-stimulatory receptor, to bind ligands such as B71 and B72; This process prevents CD28-mediated T cell activation. PD-1 is also upregulated on activated T cells by binding to its ligand, PD-L1, and transmits a negative co-stimulatory signal limiting T cell activation [112]. The oncogenic and immunosuppressive phenotype of TME is characterized by overexpression of PD-L1 by tumor cells as well as overexpression of PD-1 and CTLA-4 by T lymphocytes. Blocking these molecules triggers an immune-mediated antitumor response [113].



Ipilimumab, the first immune checkpoint inhibitor blocking CTLA-4, was approved in 2011. After that, PD-1 inhibitors such as pembrolizumab, nivolumab, cemiplimab and PD-L1 inhibitors such as avelumab, atezolizumab, durvalumab were developed for various types of cancers. They improved the results of the treatment, and even after stopping the treatment, a stable response was observed. However, their effectiveness is limited to a small number of patients.



PD-L1 is generally expressed by macrophages, specific activated T and B cells, DCs, and specific epithelial cells, particularly under inflammatory conditions. Moreover, PD-L1 is expressed by tumor cells as an “adaptive immune mechanism” to avoid antitumor responses [114]. In ovarian cancer cells, IFN-γ has been proven to cause upregulation of PD-L1, which is responsible for disease progression, while inhibition of the IFN-γ 1 receptor may reduce PD-L1 expression in the mouse models of acute myeloid leukemia via extracellular signal-regulated MEK/kinase (ERK) and MYD-88/TRAF-6 pathways. IFNγ induces protein kinase D isoform- 2 (PKD-2), essential for the regulation of PD-L1. Inhibition of PKD2 activity inhibits PD-L1 expression and promotes a potent antitumor immune response [115]. NK cells secreted IFN-γ by Janus kinase [116] 1, JAK-2 and signal transducer and activator of transcription pathways (STAT) 1, increasing the expression of PD-L1 on the surface of tumor cells. Studies on melanoma cells have indicated that IFN-γ secreted by T lymphocytes via the JAK-1/JAK-2-STAT-1/STAT-2/STAT-3-IRF-1 pathway can regulate PDL1. NK cells and T cells appear to secrete IFNγ, which induces the expression of PD-L1 on the surface of target cells, including cancer cells [115].



As mentioned, a large number of metabolic pathways affect PD-1 and PD-L1 pathways, which can also affect the response to immunotherapy drugs [117]. Additionally, the circadian cycle in tumors has a considerable effect on metabolic pathways; therefore, the effect of the circadian cycle on the response to immunotherapy drugs is significant.





7. Circadian Cycle and Immunotherapy; New Insight into Cancer Therapy


Owing to the rapid development of immunotherapy drugs as well as the increase in studies into the effects of circadian cycles on the prognosis and treatment of cancer, the study of the effects of these two areas has become indispensable. Currently, the application of the circadian clock in cancer immunotherapy mainly involves two aspects: drug development for biological clock targets aimed at combination therapy and chemoimmunotherapy; see Figure 4.



7.1. Chronotherapy; a New Way in Precision Medicine Area


Cancer chronotherapy has gained traction as a cutting-edge treatment method that takes advantage of circadian rhythms and time when administering anticancer medications and minimizes side effects on healthy cells [118,119]. Antitumor medication tolerability is significantly influenced by the timing of administration in at least 22 clinical trials [120].



In one of those clinical trials, patients with metastatic colorectal cancer (mCRC) received chemotherapy drugs (5-fluorouracil and oxaliplatin) and two randomized phase III clinical studies, which found that cancer chronotherapy reduced treatment side effects by up to five times and virtually doubled the antitumor efficacy [121]. When these two investigations were coupled with another clinical study in which 564 individuals received identical medications (497 men and 345 women in total), a meta-analysis found that the chrono-modulated pharmacological modality considerably boosted the efficacy and survival in males while diminishing those in women [122]. A clinical investigation of 199 mCRC patients treated with oxaliplatin (infusion peak 4 pm), 5-fluorouracil (infusion peak 4 am), and irinotecan given at six distinct circadian timings confirmed this sex-specificity. Both investigations found that females had a larger circadian amplitude than males and indicated a significant difference in the optimal timing between the two sexes. It has recently been demonstrated that the timing of midsleep, the circadian maximum in skin surface temperature, and physical activity differed by up to 12 h among individuals being monitored for circadian biomarkers [123].



Chronoimmunotherapy is a subcategory of cancer chronotherapy aimed at treating cancers based on specific times during the circadian cycle [124]. Some anticancer treatments, according to experimental immunotherapies, are intended to lessen the drug toxicity and increase the tumor response rate, and response length. IFN-γ, a pleiotropic cytokine important for immune system control, was found to have a more effective anticancer impact in tumor-bearing mice in the early light phase than in the early dark phase [125]. IL-2 chronotherapy, which was used to treat metastatic renal cell cancer in phase I/II clinical research, exhibited moderate toxicity, practicality in a standard care unit, and antitumor activity [126].



In another clinical study, the relationship between the effectiveness of immune checkpoint inhibitors and their infusion time during the day was investigated. In one study on 209 patients with melanoma (Stage IV), the results showed that adaptive immune responses were less strong during the initial stimulation in the evening than when stimulated during the day [5]. Although prospective studies on the timing of injections of immune checkpoint inhibitors are essential, efforts to schedule injections before mid-afternoon can be considered in the management of advanced multidisciplinary melanoma [5].



These findings could aid in the development of well-thought-out pharmacological therapies to control of circadian clock components that may be disrupted in malignancies. However, chrono-immunotherapies are still in their early stages of development, and further research into the mechanisms is needed to improve the current anticancer treatment. A crucial way to develop cancer chronotherapy is to assess the link between clock genes and existing drug targets. Prescription of a clock-related drug following the time of day may significantly improve the efficacy and reduce the side effect.




7.2. Combination Therapy; Circadian Targets Beside the Immune Checkpoint


There is circadian expression of PD-L1 in healthy tissue [127]. However, tumors can express the protein on all cells in an intrinsically immune-resistant manner, or they can be adaptively stimulated to express PD-L1 by nearby lymphocytes [128]. Increased expression of circadian cycle genes has been linked to an increase in the levels of immune checkpoint and effector cells in different cancers. Many different cancers were found to directly affect PD-L1 expression by downregulating the circadian cycle gene expression, which in turn has an immunosuppressive effect on tumor phenotype [44]. The type of cancer affects the nature and direction of these connections, suggesting that the disease and the environment have an impact on these influences [44].



As powerful ROR synthetic agonists, LYC-53772 and LYC-54143 may promote Th17 cell differentiation, block Treg-driven immunosuppression, and significantly increase secreted cytokines such IL-17A, IL-17F, and GM-CSF, as well as IL-22, they may have antitumor action. T cells are also resistant to PD-L1 suppression when treated with ROR agonists, which is important in reducing antitumor immunity [129]. Furthermore, when administered during ex vivo expansion, ROR agonists increase the tumor-eliminating activity of cytotoxic Th17 cells and CAR-T cells, as well as the cytotoxic activity of human T cells, allowing tumors in tumor-bearing animals to be regressed. When reactivated against a number of tumor cell lines expressing mesothelin, the function of CAR Type 17 cells was raised compared to ROR agonist-untreated cells, and they released more cytokines, including IL17A and IFN [129].



Experimental studies on mice bearing melanoma tumors have indicated that ROR agonist-primed cells possess a stem-like memory phenotype and provide long-term protection against tumor challenge when co-infused with TRP-1 Th17 and pmel-1 Tc17. In addition, the ROR synthetic agonist SR1078 has been shown to significantly boost CD8+ T cell effector responses to anticancer immunity [130].



In one study on the breast cancer cell line, Per2 silencing successfully sensitizes doxorubicin-resistant MDA-MB-231 breast cancer cells to its lethal effects [131]. In another study, when mice with Lewis lung cancer were given doxorubicin, the expression of F4/80 and CD11c in tumor tissues, and the expression of circadian genes such Bmal1, Clock, Rev-Erb, and Per-2, as well as NF-κB and IL-6 in intraperitoneal macrophages, changed significantly [107].





8. System Biology and Drug Research; System Pharmacology


As mentioned, using the immune system to control tumor growth and evading the immune system’s destruction has become a characteristic of cancer pathology. The relationship between the immune system and tumor formation has recently been clarified due to advances in cancer immunotherapy research and development. Immunocompromised individuals are more likely to develop cancer, and the presence of T lymphocytes in the tumor is a strong predictor of survival. In addition, therapies that activate or engage the immune system, such as cytokines, therapeutic vaccines, immune checkpoint inhibitors and monoclonal antibodies, have been shown to be effective in treating cancer [132,133].



The ability to produce a more comprehensive understanding of biological processes and their interactions with disease or medication response is one possible benefit of systems biology approaches [134]. Many stages of drug discovery and development can benefit from data-driven decision making. The results of these methodologies may make it easier to lower risk or reprioritize medicinal candidates in development, increasing their chances of success in clinical trials. Regulatory bodies, such as the US Food and Drug Administration, support the use of such methodologies because they can help enhance and streamline the evaluation of therapy safety and effectiveness [135].



To date, the most common uses of omics and systems biology have been in cancer, where describing the tumor’s molecular complexity and heterogeneity is crucial not only for the development of targeted therapeutics but also for the identification of responder patient populations [134]. The earliest effective instances of the utility of gene-expression profiling for illness subtyping, disease prognosis, and multi-gene diagnostic tests came from oncology research. In the domains of autoimmune and infectious illnesses, where systems biology is being used to characterize disease etiology, early disease diagnosis, and understanding the MoA of vaccines and adjuvants, significant progress is also being achieved. The application of systems biology techniques has enhanced the trajectory of treatment development in the above fields, and it has the potential to be effective in the realm of cancer immunotherapy in similar ways [136].



Systems pharmacology is a branch of system biology that studies the pharmacology and drug discovery area (Figure 5): (1) Drug-target interaction predictions; (2) Drug adverse effects investigations [58]; (3) Drug repositioning; and (4) Drug combination prediction are four recent achievements in system pharmacology.



8.1. Polypharmacology and Drug-Target Interactions Predictions


Polypharmacology, the study of how medications interact with several molecular targets, has received prominence in recent years. Polypharmacology is certainly necessary to properly comprehend the activities of medicines. The pharmacological profile of a drug can be predicted using a computational technique developed by Keiser et al. Since each target is defined by its set of known ligands, this “similarity ensemble technique” identifies each target by its chemical structure, searches for pharmaceuticals with similar chemical structure, and then predicts novel drug-target relationships [137].



Park et al. created new tools for drug repositioning using the polypharmacology method. Polypharmacology, or the fact that a medication has numerous targets, is not taken into account in these methodologies, which leaves open the question of how possible pharmaceuticals are selected from among signaling subparts that allow for their selection. PATHOME-Drug, based on drug-associated transcriptomes, was created as a subpathway-based polypharmacology drug repositioning technique. Specific to phenotypic changes (e.g., illness status changes), this tool locates subparts of the signaling cascade and identifies approved medications so that the many targets are enriched in the subparts of this tool [138].



A study by Bratsun and colleagues assessed how circadian rhythm disruption affects cell activity in the epithelial tissue as well as malignant state occurrence in a multi-scale model of tumor growth generated by circadian rhythm disruption. Gene regulation and cell dynamics are integrated into their model. Consequently, future possibilities for this modeling could include: (i) simulating targeted pharmacological therapy for various types of malignancies; and (ii) expanding the model to examine other pathways that influence tumor growth [139].



An ex-vivo human system and computational models were used in another study to analyze nivolumab’s response kinetics in head and neck squamous cell carcinoma (HNSCC) samples (N = 50) from patients with PD-1-positive tumors. They demonstrated that drug-induced variation stratifies samples by Th1-related pathways using biological assays. They built a mathematical framework and a network of systems biology to simulate and estimate antitumor phenotypes, which implicates a dynamic involvement in the induction of Th1-related cytokines and a proliferation pattern of T cells [140].




8.2. Drug Adverse Effects Investigations


The pharmaceutical industry faces a tremendous issue in accurately predicting the safety and toxicity of medications in the early stages of research pipelines. The integration of biological data with systems biology methodologies could lead to a significant shift in the way medication candidates are evaluated. It is possible to forecast the action of marketed medications on unexpected “side-effect” targets by using the similarity ensemble approach, which evaluates whether a drug is bound to the target based on the chemical properties it shares with known ligands [141]. Approximately half of their hypotheses were tested and found to be correct. New off-targets that explained side effects better than any known target of a given drug were prioritized using an association measure, generating a drug-target-adverse reaction network. According to current research, researchers have developed an algorithm to predict and describe proteins associated with pharmacological side effects using a large-scale analysis [141,142]. Clinical data and known drug-target interactions were combined to uncover overrepresented protein–side effect linkages. Many complex pharmacological side effects can be explained by a single protein, according to the findings. An in silico chemical–protein interactome has been created that replicates the interactions between medications known to induce at least one major side effect and a panel of human proteins. It has been discovered that drugs with similar side effects have similar chemical–protein interaction patterns [142]. Their research has uncovered the molecular basis of various adverse events by looking into the links between drugs and off-target effects. Other research has been undertaken to successfully anticipate pharmacological side effects by combining systems biology with structural or chemoinformatics analyses [142].



Pharmacovigilance and omics data were combined in a study by Ling Han and colleagues to examine the relationship between multi-omics variables and immune-associated adverse events, providing risk ratios across different cancer types. These researchers have discovered an LCP1 and ADPGK two-variate regression model that reliably predicts immune-related adverse outcomes. An independent cohort of patients further validated the biomarkers LCP1 and ADPGK. Combining pharmacovigilance and multi-omics data, they uncovered prospective indicators of immune-related side effects in cancer immunotherapy [143].



Similarly, in another study, Relógio et al. used a unique mathematical model of irinotecan cellular pharmacokinetics and dynamics connected to a representation of the core clock to predict treatment toxicity in a model of colorectal cancer (CRC) cellular metabolism. Two human colorectal cancer cell lines serve as an in vitro experimental system for the progression of human colorectal cancer, and the mathematical model is adjusted to account for all three possible scenarios. Quantitative data sets and timing-dependent data on cell death are accurately predicted by their model, which agrees with the data. As a result, treatment can be tailored to each cell’s internal clock, according to the model’s time-dependent toxicity predictions. According to their findings, toxicity may be affected by the time-dependent degradation of the drug-activating protein and an oscillation in the death rate [144].




8.3. Drug Repositioning


An alternative to drug discovery is to seek new therapeutic uses for existing medications through drug repositioning or repurposing. One of the primary benefits of drug repositioning is that it can speed up clinical trials for relocated drugs by cutting down on the risks associated with drug development. Iorio et al. devised a method that uses the similarity in molecular activity signatures of all medications to compute pair-wise similarities in all drugs’ effects and mechanisms of action [145]. Drugs were grouped into a network based on the scores they received. The notion of networks was then used to divide medications into groups of densely connected nodes (i.e., communities). Many of the chemicals found in these drug communities have the exact underlying mechanism of action and often have the same targets and pathways [146]. When medications are colocated in networks, this suggests that they have similar molecular action to other drugs in the same community, which helps to identify repositioning opportunities. The “PREDICT” algorithm, proposed by Gottlieb et al., can handle both authorized medications and new substances. It is based on the notion that comparable medications are used to treat similar conditions and uses the chemical similarity of drugs and disease–disease similarity measurements to forecast new drug indications [147]. A number of in-silico medication repositioning techniques using gene expression data have also been published.



A new deep learning model, Cancer Drug Response profile scan (CDRscan), has been developed by Yoosup Chang and colleagues to predict anticancer drug responsiveness based on the genomic profiles of 787 human cancer cell lines and the structural profiles of 244 drugs from a large-scale drug screening assay. The genomic mutational fingerprints of cell lines and the molecular fingerprints of pharmaceuticals are processed separately by ‘virtual docking’, an in silico drug treatment model, in CDRscan’s two-step convolution architecture. CDRscan has a high prediction accuracy (R2 > 0.84; AUROC > 0.98) based on the goodness of fit between observed and predicted drug responses. 14 oncology medications and 23 non-oncology drugs were found to have novel cancer indications after CDRscan was applied to 1487 approved drugs. CDRscan is predicted to be able to identify the most effective anticancer treatments for each patient’s genetic profile through further clinical validation [148].




8.4. Drug Combination Predictions


In order to get the most out of a single medicine, it is vital to use combination therapies that affect numerous targets at once. Systems biology techniques have been used to understand and forecast possible medication combinations [149]. In order to mimic the effects of medication combinations and produce experimentally testable interventions, computational methodologies leveraging dynamic modeling have already been applied. A lack of biochemical reaction kinetics means that these dynamic models can only be used to study the mechanism of action of medication combinations at this time [150].



Kohandel and colleagues created the model to predict patient response to anti-PD-1 immunotherapy and improve the rate at which patients responded. In this way, they find biomarkers of patient response and probable pathways of medication resistance. Systems biology informed neural networks (SBINNs) are developed by the researchers to calculate patient-specific kinetic parameter values and to forecast clinical outcomes. They demonstrate how transfer learning can increase the SBINN’s response prediction accuracy using simulated clinical data. IL-6 inhibition, recombinant IL-12, and anti-PD-1 immunotherapy are all part of the triple combination therapy that these researchers are developing in order to get the best possible results for their patients. Protein expression levels vary significantly across response phenotypes, which is consistent with recent clinical results [151].





9. Conclusions


Many questions about the effect of circadian rhythms on cancer cells and immune cells remain unanswered, and more fundamental studies are needed. However, many clinical studies and bioinformatics modeling have demonstrated the effect of circadian rhythm on the therapeutic effects of drugs.



Moreover, immunotherapy is one of the mainstays of cancer treatment today. Various studies are underway to increase the effectiveness or decrease drug resistance in the use of combination therapy. Thus, the investigation of the relationship between immunotherapy drugs and circadian cycles can generate a new field in combination therapy and personalized medicine.







Author Contributions


M.M., A.H., M.Y. and M.K. contributed to the writing and editing of this review. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Canadian Institutes of Health Research (CIHR) grant number 51771-10107.




Acknowledgments


The financial support from the Canadian Institutes of Health Research (CIHR) (MK) is gratefully acknowledged.




Conflicts of Interest


The author declares no conflict of interest.




References


	



Siegel, R.L.; Miller, K.D.; Fuchs, H.E.; Jemal, A. Cancer Statistics, 2021. CA A Cancer J. Clin. 2021, 71, 7–33. [Google Scholar] [CrossRef]

	



Debela, D.T.; Muzazu, S.G.; Heraro, K.D.; Ndalama, M.T.; Mesele, B.W.; Haile, D.C.; Kitui, S.K.; Manyazewal, T. New approaches and procedures for cancer treatment: Current perspectives. SAGE Open Med. 2021, 9, 20503121211034366. [Google Scholar] [CrossRef] [PubMed]

	



Xie, Y.; Tang, Q.; Chen, G.; Xie, M.; Yu, S.; Zhao, J.; Chen, L. New Insights Into the Circadian Rhythm and Its Related Diseases. Front. Physiol. 2019, 10, 682. [Google Scholar] [CrossRef] [PubMed]

	



Ruan, W.; Yuan, X.; Eltzschig, H.K. Circadian rhythm as a therapeutic target. Nat. Rev. Drug Discov. 2021, 20, 287–307. [Google Scholar] [CrossRef]

	



Qian, D.C.; Kleber, T.; Brammer, B.; Xu, K.M.; Switchenko, J.M.; Janopaul-Naylor, J.R.; Zhong, J.; Yushak, M.L.; Harvey, R.D.; Paulos, C.M.; et al. Effect of immunotherapy time-of-day infusion on overall survival among patients with advanced melanoma in the USA (MEMOIR): A propensity score-matched analysis of a single-centre, longitudinal study. Lancet Oncol. 2021, 22, 1777–1786. [Google Scholar] [CrossRef]

	



Ding, P.; Luo, J.; Liang, C.; Xiao, Q.; Cao, B.; Li, G. Discovering Synergistic Drug Combination from a Computational Perspective. Curr. Top. Med. Chem. 2018, 18, 965–974. [Google Scholar] [CrossRef]

	



Patke, A.; Young, M.W.; Axelrod, S. Molecular mechanisms and physiological importance of circadian rhythms. Nat. Rev. Mol. Cell Biol. 2020, 21, 67–84. [Google Scholar] [CrossRef] [PubMed]

	



Rijo-Ferreira, F.; Takahashi, J.S. Genomics of circadian rhythms in health and disease. Genome Med. 2019, 11, 82. [Google Scholar] [CrossRef]

	



Matsumura, R.; Tsuchiya, Y.; Tokuda, I.; Matsuo, T.; Sato, M.; Node, K.; Nishida, E.; Akashi, M. The mammalian circadian clock protein period counteracts cryptochrome in phosphorylation dynamics of circadian locomotor output cycles kaput (CLOCK). J. Biol. Chem. 2014, 289, 32064–32072. [Google Scholar] [CrossRef]

	



Parico, G.C.G.; Perez, I.; Fribourgh, J.L.; Hernandez, B.N.; Lee, H.-W.; Partch, C.L. The human CRY1 tail controls circadian timing by regulating its association with CLOCK:BMAL1. Proc. Natl. Acad. Sci. USA 2020, 117, 27971. [Google Scholar] [CrossRef]

	



Honma, S. The mammalian circadian system: A hierarchical multi-oscillator structure for generating circadian rhythm. J. Physiol. Sci. 2018, 68, 207–219. [Google Scholar] [CrossRef] [PubMed]

	



Pacheco-Bernal, I.; Becerril-Pérez, F.; Aguilar-Arnal, L. Circadian rhythms in the three-dimensional genome: Implications of chromatin interactions for cyclic transcription. Clin. Epigenetics 2019, 11, 79. [Google Scholar] [CrossRef] [PubMed]

	



Etchegaray, J.-P.; Machida, K.K.; Noton, E.; Constance, C.M.; Dallmann, R.; Di Napoli, M.N.; DeBruyne, J.P.; Lambert, C.M.; Yu, E.A.; Reppert, S.M.; et al. Casein kinase 1 delta regulates the pace of the mammalian circadian clock. Mol. Cell Biol. 2009, 29, 3853–3866. [Google Scholar] [CrossRef]

	



Ladurner, A.; Schwarz, P.F.; Dirsch, V.M. Natural products as modulators of retinoic acid receptor-related orphan receptors (RORs). Nat. Prod. Rep. 2021, 38, 757–781. [Google Scholar] [CrossRef]

	



Solt, L.A.; Kojetin, D.J.; Burris, T.P. The REV-ERBs and RORs: Molecular links between circadian rhythms and lipid homeostasis. Future Med. Chem. 2011, 3, 623–638. [Google Scholar] [CrossRef] [PubMed]

	



Shafi, A.A.; Knudsen, K.E. Cancer and the Circadian Clock. Cancer Res. 2019, 79, 3806. [Google Scholar] [CrossRef]

	



Tsuchiya, Y.; Umemura, Y.; Yagita, K. Circadian clock and cancer: From a viewpoint of cellular differentiation. Int. J. Urol. 2020, 27, 518–524. [Google Scholar] [CrossRef] [PubMed]

	



Serin, Y.; Acar Tek, N. Effect of Circadian Rhythm on Metabolic Processes and the Regulation of Energy Balance. Ann. Nutr. Metab. 2019, 74, 322–330. [Google Scholar] [CrossRef] [PubMed]

	



Potter, G.D.M.; Cade, J.E.; Grant, P.J.; Hardie, L.J. Nutrition and the circadian system. Br. J. Nutr. 2016, 116, 434–442. [Google Scholar] [CrossRef] [PubMed]

	



Ribas-Latre, A.; Eckel-Mahan, K. Interdependence of nutrient metabolism and the circadian clock system: Importance for metabolic health. Mol. Metab. 2016, 5, 133–152. [Google Scholar] [CrossRef]

	



Asher, G.; Sassone-Corsi, P. Time for Food: The Intimate Interplay between Nutrition, Metabolism, and the Circadian Clock. Cell 2015, 161, 84–92. [Google Scholar] [CrossRef] [PubMed]

	



Milev, N.B.; Reddy, A.B. Circadian redox oscillations and metabolism. Trends Endocrinol. Metab. 2015, 26, 430–437. [Google Scholar] [CrossRef] [PubMed]

	



Wang Tongfei, A.; Yu Yanxun, V.; Govindaiah, G.; Ye, X.; Artinian, L.; Coleman Todd, P.; Sweedler Jonathan, V.; Cox Charles, L.; Gillette Martha, U. Circadian Rhythm of Redox State Regulates Excitability in Suprachiasmatic Nucleus Neurons. Science 2012, 337, 839–842. [Google Scholar] [CrossRef] [PubMed]

	



Stangherlin, A.; Reddy, A.B. Regulation of Circadian Clocks by Redox Homeostasis. J. Biol. Chem. 2013, 288, 26505–26511. [Google Scholar] [CrossRef]

	



Putker, M.; O’Neill, J.S. Reciprocal Control of the Circadian Clock and Cellular Redox State—A Critical Appraisal. Mol. Cells 2016, 39, 6–19. [Google Scholar] [CrossRef]

	



Wang, X.; Xu, Z.; Cai, Y.; Zeng, S.; Peng, B.; Ren, X.; Yan, Y.; Gong, Z. Rheostatic Balance of Circadian Rhythm and Autophagy in Metabolism and Disease. Front. Cell Dev. Biol. 2020, 8, 616434. [Google Scholar] [CrossRef] [PubMed]

	



Ma, D.; Li, S.; Molusky, M.M.; Lin, J.D. Circadian autophagy rhythm: A link between clock and metabolism? Trends Endocrinol. Metab. 2012, 23, 319–325. [Google Scholar] [CrossRef] [PubMed]

	



Ulgherait, M.; Midoun, A.M.; Park, S.J.; Gatto, J.A.; Tener, S.J.; Siewert, J.; Klickstein, N.; Canman, J.C.; Ja, W.W.; Shirasu-Hiza, M. Circadian autophagy drives iTRF-mediated longevity. Nature 2021, 598, 353–358. [Google Scholar] [CrossRef]

	



Gaddameedhi, S.; Reardon, J.T.; Ye, R.; Ozturk, N.; Sancar, A. Effect of circadian clock mutations on DNA damage response in mammalian cells. Cell Cycle 2012, 11, 3481–3491. [Google Scholar] [CrossRef]

	



Pickard, A.; Chang, J.; Alachkar, N.; Calverley, B.; Garva, R.; Arvan, P.; Meng, Q.-J.; Kadler, K.E. Preservation of circadian rhythms by the protein folding chaperone, BiP. FASEB J. 2019, 33, 7479–7489. [Google Scholar] [CrossRef] [PubMed]

	



Burris, T.P. Clock regulation of protein secretion. Nat. Cell Biol. 2020, 22, 1–3. [Google Scholar] [CrossRef]

	



Sulli, G.; Lam, M.T.Y.; Panda, S. Interplay between Circadian Clock and Cancer: New Frontiers for Cancer Treatment. Trends Cancer 2019, 5, 475–494. [Google Scholar] [CrossRef] [PubMed]

	



Xuan, W.; Khan, F.; James, C.D.; Heimberger, A.B.; Lesniak, M.S.; Chen, P. Circadian regulation of cancer cell and tumor microenvironment crosstalk. Trends Cell Biol. 2021, 31, 940–950. [Google Scholar] [CrossRef] [PubMed]

	



Rutter, J.; Reick, M.; Wu Leeju, C.; McKnight Steven, L. Regulation of Clock and NPAS2 DNA Binding by the Redox State of NAD Cofactors. Science 2001, 293, 510–514. [Google Scholar] [CrossRef] [PubMed]

	



Raghuram, S.; Stayrook, K.R.; Huang, P.; Rogers, P.M.; Nosie, A.K.; McClure, D.B.; Burris, L.L.; Khorasanizadeh, S.; Burris, T.P.; Rastinejad, F. Identification of heme as the ligand for the orphan nuclear receptors REV-ERBalpha and REV-ERBbeta. Nat. Struct. Mol. Biol. 2007, 14, 1207–1213. [Google Scholar] [CrossRef] [PubMed]

	



Ohba, Y.; Tei, H. Phosphorylation of N-terminal regions of REV-ERBs regulates their intracellular localization. Genes Cells 2018, 23, 285–293. [Google Scholar] [CrossRef] [PubMed]

	



Gnocchi, D.; Bruscalupi, G. Circadian Rhythms and Hormonal Homeostasis: Pathophysiological Implications. Biology 2017, 6, 10. [Google Scholar] [CrossRef]

	



Nakao, A. Temporal Regulation of Cytokines by the Circadian Clock. J. Immunol. Res. 2014, 2014, 614529. [Google Scholar] [CrossRef]

	



Kim, S.-M.; Neuendorff, N.; Earnest, D.J. Role of Proinflammatory Cytokines in Feedback Modulation of Circadian Clock Gene Rhythms by Saturated Fatty Acids. Sci. Rep. 2019, 9, 8909. [Google Scholar] [CrossRef]

	



Korshunov, K.S.; Blakemore, L.J.; Trombley, P.Q. Dopamine: A Modulator of Circadian Rhythms in the Central Nervous System. Front. Cell. Neurosci. 2017, 11, 91. [Google Scholar] [CrossRef] [PubMed]

	



Reghunandanan, V.; Reghunandanan, R. Neurotransmitters of the suprachiasmatic nuclei. J. Circadian Rhythm. 2006, 4, 2. [Google Scholar] [CrossRef] [PubMed]

	



Lin, H.-H.; Farkas, M.E. Altered Circadian Rhythms and Breast Cancer: From the Human to the Molecular Level. Front. Endocrinol. 2018, 9, 219. [Google Scholar] [CrossRef]

	



Guo, B.; Yang, N.; Borysiewicz, E.; Dudek, M.; Williams, J.L.; Li, J.; Maywood, E.S.; Adamson, A.; Hastings, M.H.; Bateman, J.F.; et al. Catabolic cytokines disrupt the circadian clock and the expression of clock-controlled genes in cartilage via an NFκB-dependent pathway. Osteoarthr. Cartil. 2015, 23, 1981–1988. [Google Scholar] [CrossRef]

	



Wu, Y.; Tao, B.; Zhang, T.; Fan, Y.; Mao, R. Pan-Cancer Analysis Reveals Disrupted Circadian Clock Associates With T Cell Exhaustion. Front. Immunol. 2019, 10, 2451. [Google Scholar] [CrossRef]

	



Ye, Y.; Xiang, Y.; Ozguc, F.M.; Kim, Y.; Liu, C.-J.; Park, P.K.; Hu, Q.; Diao, L.; Lou, Y.; Lin, C.; et al. The Genomic Landscape and Pharmacogenomic Interactions of Clock Genes in Cancer Chronotherapy. Cell Syst. 2018, 6, 314–328.e312. [Google Scholar] [CrossRef] [PubMed]

	



Liang, Y.; Wang, S.; Huang, X.; Chai, R.; Tang, Q.; Yang, R.; Huang, X.; Wang, X.; Zheng, K. Dysregulation of Circadian Clock Genes as Significant Clinic Factor in the Tumorigenesis of Hepatocellular Carcinoma. Comput. Math. Methods Med. 2021, 2021, 8238833. [Google Scholar] [CrossRef]

	



Shilts, J.; Chen, G.; Hughey, J.J. Evidence for widespread dysregulation of circadian clock progression in human cancer. PeerJ 2018, 6, e4327. [Google Scholar] [CrossRef]

	



Wu, G.; Francey, L.J.; Ruben, M.D.; Hogenesch, J.B. Normalized coefficient of variation (nCV): A method to evaluate circadian clock robustness in population scale data. Bioinformatics 2021, 37, 4581–4583. [Google Scholar] [CrossRef]

	



Fu, L.; Kettner, N.M. The circadian clock in cancer development and therapy. Prog. Mol. Biol. Transl. Sci. 2013, 119, 221–282. [Google Scholar] [CrossRef] [PubMed]

	



Emisoglu-Kulahli, H.; Gul, S.; Morgil, H.; Ozcan, O.; Aygenli, F.; Selvi, S.; Kavakli, I.H.; Ozturk, N. Transcriptome analysis of the circadian clock gene BMAL1 deletion with opposite carcinogenic effects. Funct. Integr. Genom. 2021, 21, 1–16. [Google Scholar] [CrossRef] [PubMed]

	



Kolinjivadi, A.M.; Chong, S.T.; Ngeow, J. Molecular connections between circadian rhythm and genome maintenance pathways. Endocr.-Relat. Cancer 2021, 28, R55–R66. [Google Scholar] [CrossRef] [PubMed]

	



Chen, W.D.; Wen, M.S.; Shie, S.S.; Lo, Y.L.; Wo, H.T.; Wang, C.C.; Hsieh, I.C.; Lee, T.H.; Wang, C.Y. The circadian rhythm controls telomeres and telomerase activity. Biochem. Biophys. Res. Commun. 2014, 451, 408–414. [Google Scholar] [CrossRef] [PubMed]

	



Osum, M.; Serakinci, N. Impact of circadian disruption on health; SIRT1 and Telomeres. DNA Repair 2020, 96, 102993. [Google Scholar] [CrossRef] [PubMed]

	



Sancar, A.; Lindsey-Boltz, L.A.; Kang, T.-H.; Reardon, J.T.; Lee, J.H.; Ozturk, N. Circadian clock control of the cellular response to DNA damage. FEBS Lett. 2010, 584, 2618–2625. [Google Scholar] [CrossRef] [PubMed]

	



Shafi, A.A.; McNair, C.M.; McCann, J.J.; Alshalalfa, M.; Shostak, A.; Severson, T.M.; Zhu, Y.; Bergman, A.; Gordon, N.; Mandigo, A.C.; et al. The circadian cryptochrome, CRY1, is a pro-tumorigenic factor that rhythmically modulates DNA repair. Nat. Commun. 2021, 12, 401. [Google Scholar] [CrossRef] [PubMed]

	



Kang, T.-H. Circadian Rhythm of NER and ATR Pathways. Biomolecules 2021, 11, 715. [Google Scholar] [CrossRef] [PubMed]

	



Gérard, C.; Goldbeter, A. Entrainment of the mammalian cell cycle by the circadian clock: Modeling two coupled cellular rhythms. PLoS Comput. Biol. 2012, 8, e1002516. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, X.; Hirota, T.; Han, X.; Cho, H.; Chong, L.W.; Lamia, K.; Liu, S.; Atkins, A.R.; Banayo, E.; Liddle, C.; et al. Circadian Amplitude Regulation via FBXW7-Targeted REV-ERBα Degradation. Cell 2016, 165, 1644–1657. [Google Scholar] [CrossRef]

	



Rougny, A.; Paulevé, L.; Teboul, M.; Delaunay, F. A detailed map of coupled circadian clock and cell cycle with qualitative dynamics validation. BMC Bioinform. 2021, 22, 240. [Google Scholar] [CrossRef] [PubMed]

	



Kawamura, G.; Hattori, M.; Takamatsu, K.; Tsukada, T.; Ninomiya, Y.; Benjamin, I.; Sassone-Corsi, P.; Ozawa, T.; Tamaru, T. Cooperative interaction among BMAL1, HSF1, and p53 protects mammalian cells from UV stress. Commun. Biol. 2018, 1, 204. [Google Scholar] [CrossRef]

	



Gotoh, T.; Kim, J.K.; Liu, J.; Vila-Caballer, M.; Stauffer, P.E.; Tyson, J.J.; Finkielstein, C.V. Model-driven experimental approach reveals the complex regulatory distribution of p53 by the circadian factor Period 2. Proc. Natl. Acad. Sci. USA 2016, 113, 13516. [Google Scholar] [CrossRef]

	



Pathak, S.S.; Liu, D.; Li, T.; de Zavalia, N.; Zhu, L.; Li, J.; Karthikeyan, R.; Alain, T.; Liu, A.C.; Storch, K.F.; et al. The eIF2α Kinase GCN2 Modulates Period and Rhythmicity of the Circadian Clock by Translational Control of Atf4. Neuron 2019, 104, 724–735.e726. [Google Scholar] [CrossRef]

	



Zhanfeng, N.; Chengquan, W.; Hechun, X.; Jun, W.; Lijian, Z.; Dede, M.; Wenbin, L.; Lei, Y. Period2 downregulation inhibits glioma cell apoptosis by activating the MDM2-TP53 pathway. Oncotarget 2016, 7, 27350–27362. [Google Scholar] [CrossRef]

	



Braicu, C.; Buse, M.; Busuioc, C.; Drula, R.; Gulei, D.; Raduly, L.; Rusu, A.; Irimie, A.; Atanasov, A.G.; Slaby, O.; et al. A Comprehensive Review on MAPK: A Promising Therapeutic Target in Cancer. Cancers 2019, 11, 1618. [Google Scholar] [CrossRef]

	



Morishita, Y.; Miura, D.; Kida, S. PI3K regulates BMAL1/CLOCK-mediated circadian transcription from the Dbp promoter. Biosci. Biotechnol. Biochem. 2016, 80, 1131–1140. [Google Scholar] [CrossRef]

	



El-Athman, R.; Genov, N.N.; Mazuch, J.; Zhang, K.; Yu, Y.; Fuhr, L.; Abreu, M.; Li, Y.; Wallach, T.; Kramer, A.; et al. The Ink4a/Arf locus operates as a regulator of the circadian clock modulating RAS activity. PLoS Biol. 2017, 15, e2002940. [Google Scholar] [CrossRef]

	



Hong, H.K.; Maury, E.; Ramsey, K.M.; Perelis, M.; Marcheva, B.; Omura, C.; Kobayashi, Y.; Guttridge, D.C.; Barish, G.D.; Bass, J. Requirement for NF-κB in maintenance of molecular and behavioral circadian rhythms in mice. Genes Dev. 2018, 32, 1367–1379. [Google Scholar] [CrossRef]

	



Spengler, M.L.; Kuropatwinski, K.K.; Comas, M.; Gasparian, A.V.; Fedtsova, N.; Gleiberman, A.S.; Gitlin, I.I.; Artemicheva, N.M.; Deluca, K.A.; Gudkov, A.V.; et al. Core circadian protein CLOCK is a positive regulator of NF-κB-mediated transcription. Proc. Natl. Acad. Sci. USA 2012, 109, E2457–E2465. [Google Scholar] [CrossRef]

	



Narasimamurthy, R.; Hatori, M.; Nayak, S.K.; Liu, F.; Panda, S.; Verma, I.M. Circadian clock protein cryptochrome regulates the expression of proinflammatory cytokines. Proc. Natl. Acad. Sci. USA 2012, 109, 12662–12667. [Google Scholar] [CrossRef]

	



Dumbell, R.; Matveeva, O.; Oster, H. Circadian Clocks, Stress, and Immunity. Front. Endocrinol. 2016, 7, 37. [Google Scholar] [CrossRef]

	



Esebanmen, G.E.; Langridge, W.H.R. The role of TGF-beta signaling in dendritic cell tolerance. Immunol. Res. 2017, 65, 987–994. [Google Scholar] [CrossRef]

	



Sloin, H.E.; Ruggiero, G.; Rubinstein, A.; Smadja Storz, S.; Foulkes, N.S.; Gothilf, Y. Interactions between the circadian clock and TGF-β signaling pathway in zebrafish. PLoS ONE 2018, 13, e0199777. [Google Scholar] [CrossRef]

	



Chen, W.-D.; Yeh, J.-K.; Peng, M.-T.; Shie, S.-S.; Lin, S.-L.; Yang, C.-H.; Chen, T.-H.; Hung, K.-C.; Wang, C.-C.; Hsieh, I.C.; et al. Circadian CLOCK Mediates Activation of Transforming Growth Factor-β Signaling and Renal Fibrosis through Cyclooxygenase 2. Am. J. Pathol. 2015, 185, 3152–3163. [Google Scholar] [CrossRef]

	



de Assis, L.V.M.; Kinker, G.S.; Moraes, M.N.; Markus, R.P.; Fernandes, P.A.; Castrucci, A.M.d.L. Expression of the Circadian Clock Gene BMAL1 Positively Correlates With Antitumor Immunity and Patient Survival in Metastatic Melanoma. Front. Oncol. 2018, 8, 185. [Google Scholar]

	



Cash, E.; Sephton, S.; Woolley, C.; Elbehi, A.M.; Anu, R.I.; Ekine-Afolabi, B.; Kok, V.C. The role of the circadian clock in cancer hallmark acquisition and immune-based cancer therapeutics. J. Exp. Clin. Cancer Res. CR 2021, 40, 119. [Google Scholar] [CrossRef]

	



Giraldo, N.A.; Sanchez-Salas, R.; Peske, J.D.; Vano, Y.; Becht, E.; Petitprez, F.; Validire, P.; Ingels, A.; Cathelineau, X.; Fridman, W.H.; et al. The clinical role of the TME in solid cancer. Br. J. Cancer 2019, 120, 45–53. [Google Scholar] [CrossRef]

	



Baghban, R.; Roshangar, L.; Jahanban-Esfahlan, R.; Seidi, K.; Ebrahimi-Kalan, A.; Jaymand, M.; Kolahian, S.; Javaheri, T.; Zare, P. Tumor microenvironment complexity and therapeutic implications at a glance. Cell Commun. Signal. 2020, 18, 59. [Google Scholar] [CrossRef]

	



Terrén, I.; Orrantia, A.; Vitallé, J.; Zenarruzabeitia, O.; Borrego, F. NK Cell Metabolism and Tumor Microenvironment. Front. Immunol. 2019, 10, 2278. [Google Scholar] [CrossRef]

	



Zhou, J.; Tang, Z.; Gao, S.; Li, C.; Feng, Y.; Zhou, X. Tumor-Associated Macrophages: Recent Insights and Therapies. Front. Oncol. 2020, 10, 188. [Google Scholar] [CrossRef]

	



Duan, Q.; Zhang, H.; Zheng, J.; Zhang, L. Turning Cold into Hot: Firing up the Tumor Microenvironment. Trends Cancer 2020, 6, 605–618. [Google Scholar] [CrossRef]

	



Cendrowicz, E.; Sas, Z.; Bremer, E.; Rygiel, T.P. The Role of Macrophages in Cancer Development and Therapy. Cancers 2021, 13, 1946. [Google Scholar] [CrossRef]

	



Moeini, P.; Niedźwiedzka-Rystwej, P. Tumor-Associated Macrophages: Combination of Therapies, the Approach to Improve Cancer Treatment. Int. J. Mol. Sci. 2021, 22, 7239. [Google Scholar] [CrossRef]

	



Xia, A.; Zhang, Y.; Xu, J.; Yin, T.; Lu, X.-J. T Cell Dysfunction in Cancer Immunity and Immunotherapy. Front. Immunol. 2019, 10, 1719. [Google Scholar] [CrossRef] [PubMed]

	



Tay, R.E.; Richardson, E.K.; Toh, H.C. Revisiting the role of CD4+ T cells in cancer immunotherapy—new insights into old paradigms. Cancer Gene Ther. 2021, 28, 5–17. [Google Scholar] [CrossRef] [PubMed]

	



Eiz-Vesper, B.; Schmetzer, H.M. Antigen-Presenting Cells: Potential of Proven und New Players in Immune Therapies. Transfus. Med. Hemother. 2020, 47, 429–431. [Google Scholar] [CrossRef]

	



Weigelin, B.; den Boer, A.T.; Wagena, E.; Broen, K.; Dolstra, H.; de Boer, R.J.; Figdor, C.G.; Textor, J.; Friedl, P. Cytotoxic T cells are able to efficiently eliminate cancer cells by additive cytotoxicity. Nat. Commun. 2021, 12, 5217. [Google Scholar] [CrossRef]

	



Chen, S.D.; Mellman, I. Oncology Meets Immunology: The Cancer-Immunity Cycle. Immunity 2013, 39, 1–10. [Google Scholar] [CrossRef]

	



Hiam-Galvez, K.J.; Allen, B.M.; Spitzer, M.H. Systemic immunity in cancer. Nat. Rev. Cancer 2021, 21, 345–359. [Google Scholar] [CrossRef] [PubMed]

	



Pio, R.; Ajona, D.; Ortiz-Espinosa, S.; Mantovani, A.; Lambris, J.D. Complementing the Cancer-Immunity Cycle. Front. Immunol. 2019, 10, 774. [Google Scholar] [CrossRef] [PubMed]

	



Fu, C.; Jiang, A. Dendritic Cells and CD8 T Cell Immunity in Tumor Microenvironment. Front. Immunol. 2018, 9, 3059. [Google Scholar] [CrossRef]

	



Wang, Y.; Xiang, Y.; Xin, V.W.; Wang, X.-W.; Peng, X.-C.; Liu, X.-Q.; Wang, D.; Li, N.; Cheng, J.-T.; Lyv, Y.-N.; et al. Dendritic cell biology and its role in tumor immunotherapy. J. Hematol. Oncol. 2020, 13, 107. [Google Scholar] [CrossRef] [PubMed]

	



Chulpanova, D.S.; Kitaeva, K.V.; Green, A.R.; Rizvanov, A.A.; Solovyeva, V.V. Molecular Aspects and Future Perspectives of Cytokine-Based Anti-cancer Immunotherapy. Front. Cell Dev. Biol. 2020, 8, 402. [Google Scholar] [CrossRef] [PubMed]

	



Ilyas, S.; Yang, J.C. Landscape of Tumor Antigens in T Cell Immunotherapy. J. Immunol. 2015, 195, 5117–5122. [Google Scholar] [CrossRef] [PubMed]

	



Bontkes, H.J.; Kramer, D.; Ruizendaal, J.J.; Kueter, E.W.M.; van Tendeloo, V.F.I.; Meijer, C.J.L.M.; Hooijberg, E. Dendritic cells transfected with interleukin-12 and tumor-associated antigen messenger RNA induce high avidity cytotoxic T cells. Gene Ther. 2007, 14, 366–375. [Google Scholar] [CrossRef] [PubMed]

	



Hopwood, T.W.; Hall, S.; Begley, N.; Forman, R.; Brown, S.; Vonslow, R.; Saer, B.; Little, M.C.; Murphy, E.A.; Hurst, R.J.; et al. The circadian regulator BMAL1 programmes responses to parasitic worm infection via a dendritic cell clock. Sci. Rep. 2018, 8, 3782. [Google Scholar] [CrossRef] [PubMed]

	



Amir, M.; Campbell, S.; Kamenecka, T.M.; Solt, L.A. Pharmacological modulation and genetic deletion of REV-ERBα and REV-ERBβ regulates dendritic cell development. Biochem. Biophys. Res. Commun. 2020, 527, 1000–1007. [Google Scholar] [CrossRef] [PubMed]

	



Paolino, M.; Penninger, J.M. The Role of TAM Family Receptors in Immune Cell Function: Implications for Cancer Therapy. Cancers 2016, 8, 97. [Google Scholar] [CrossRef]

	



Yu, X.; Rollins, D.; Ruhn, K.A.; Stubblefield, J.J.; Green, C.B.; Kashiwada, M.; Rothman, P.B.; Takahashi, J.S.; Hooper, L.V. TH17 cell differentiation is regulated by the circadian clock. Science 2013, 342, 727–730. [Google Scholar] [CrossRef]

	



Capone, A.; Volpe, E. Transcriptional Regulators of T Helper 17 Cell Differentiation in Health and Autoimmune Diseases. Front. Immunol. 2020, 11, 348. [Google Scholar] [CrossRef]

	



He, W.; Holtkamp, S.; Hergenhan, S.M.; Kraus, K.; de Juan, A.; Weber, J.; Bradfield, P.; Grenier, J.M.P.; Pelletier, J.; Druzd, D.; et al. Circadian Expression of Migratory Factors Establishes Lineage-Specific Signatures that Guide the Homing of Leukocyte Subsets to Tissues. Immunity 2018, 49, 1175–1190.e1177. [Google Scholar] [CrossRef]

	



Druzd, D.; Matveeva, O.; Ince, L.; Harrison, U.; He, W.; Schmal, C.; Herzel, H.; Tsang, A.H.; Kawakami, N.; Leliavski, A.; et al. Lymphocyte Circadian Clocks Control Lymph Node Trafficking and Adaptive Immune Responses. Immunity 2017, 46, 120–132. [Google Scholar] [CrossRef]

	



Thu Le, H.P.; Nakamura, Y.; Oh-oka, K.; Ishimaru, K.; Nakajima, S.; Nakao, A. The frequency of Th17 cells in the small intestine exhibits a day–night variation dependent on circadian clock activity. Biochem. Biophys. Res. Commun. 2017, 490, 290–295. [Google Scholar] [CrossRef] [PubMed]

	



Chen, P.; Hsu, W.H.; Chang, A.; Tan, Z.; Lan, Z.; Zhou, A.; Spring, D.J.; Lang, F.F.; Wang, Y.A.; DePinho, R.A. Circadian Regulator CLOCK Recruits Immune-Suppressive Microglia into the GBM Tumor Microenvironment. Cancer Discov. 2020, 10, 371–381. [Google Scholar] [CrossRef] [PubMed]

	



Pick, R.; He, W.; Chen, C.-S.; Scheiermann, C. Time-of-Day-Dependent Trafficking and Function of Leukocyte Subsets. Trends Immunol. 2019, 40, 524–537. [Google Scholar] [CrossRef] [PubMed]

	



Wei, Y.; Wu, C.-Y.; Kuang, D.-M. PD-L1 Shapes B Cells as Safeguards in Circadian Clock Disorder. Cell. Mol. Gastroenterol. Hepatol. 2021, 12, 783–784. [Google Scholar] [CrossRef] [PubMed]

	



Korkmaz, T.; Aygenli, F.; Emisoglu, H.; Ozcelik, G.; Canturk, A.; Yilmaz, S.; Ozturk, N. Opposite Carcinogenic Effects of Circadian Clock Gene BMAL1. Sci. Rep. 2018, 8, 16023. [Google Scholar] [CrossRef] [PubMed]

	



Teixeira, A.A.S.; Biondo, L.A.; Silveira, L.S.; Lima, E.A.; Batatinha, H.A.; Diniz, T.A.; Oliveira De Souza, C.; Comin, J.; Neto, J.C.R. Doxorubicin modulated clock genes and cytokines in macrophages extracted from tumor-bearing mice. Cancer Biol. 2020, 21, 344–353. [Google Scholar] [CrossRef]

	



Veglia, F.; Gabrilovich, D.I. Dendritic cells in cancer: The role revisited. Curr. Opin. Immunol. 2017, 45, 43–51. [Google Scholar] [CrossRef]

	



Jacquelot, N.; Belz, G.T.; Seillet, C. Neuroimmune Interactions and Rhythmic Regulation of Innate Lymphoid Cells. Front. Neurosci. 2021, 15, 657081. [Google Scholar] [CrossRef]

	



Esfahani, K.; Roudaia, L.; Buhlaiga, N.; Del Rincon, S.V.; Papneja, N.; Miller, W.H., Jr. A review of cancer immunotherapy: From the past, to the present, to the future. Curr. Oncol. 2020, 27, S87–S97. [Google Scholar] [CrossRef]

	



Seidel, J.A.; Otsuka, A.; Kabashima, K. Anti-PD-1 and Anti-CTLA-4 Therapies in Cancer: Mechanisms of Action, Efficacy, and Limitations. Front. Oncol. 2018, 8, 86. [Google Scholar] [CrossRef] [PubMed]

	



Han, Y.; Liu, D.; Li, L. PD-1/PD-L1 pathway: Current researches in cancer. Am. J. Cancer Res. 2020, 10, 727–742. [Google Scholar] [PubMed]

	



Robert, C. A decade of immune-checkpoint inhibitors in cancer therapy. Nat. Commun. 2020, 11, 3801. [Google Scholar] [CrossRef] [PubMed]

	



Akinleye, A.; Rasool, Z. Immune checkpoint inhibitors of PD-L1 as cancer therapeutics. J. Hematol. Oncol. 2019, 12, 92. [Google Scholar] [CrossRef] [PubMed]

	



Salmaninejad, A.; Valilou, S.F.; Shabgah, A.G.; Aslani, S.; Alimardani, M.; Pasdar, A.; Sahebkar, A. PD-1/PD-L1 pathway: Basic biology and role in cancer immunotherapy. J. Cell Physiol. 2019, 234, 16824–16837. [Google Scholar] [CrossRef] [PubMed]

	



Chandrakesan, P.; Roy, B.; Jakkula, L.U.; Ahmed, I.; Ramamoorthy, P.; Tawfik, O.; Papineni, R.; Houchen, C.; Anant, S.; Umar, S. Utility of a bacterial infection model to study epithelial-mesenchymal transition, mesenchymal-epithelial transition or tumorigenesis. Oncogene 2014, 33, 2639–2654. [Google Scholar] [CrossRef] [PubMed]

	



Luby, A.; Alves-Guerra, M.-C. Targeting Metabolism to Control Immune Responses in Cancer and Improve Checkpoint Blockade Immunotherapy. Cancers 2021, 13, 5912. [Google Scholar] [CrossRef]

	



Eriguchi, M.; Levi, F.; Hisa, T.; Yanagie, H.; Nonaka, Y.; Takeda, Y. Chronotherapy for cancer. Biomed. Pharmacother. 2003, 57 (Suppl. 1), 92s–95s. [Google Scholar] [CrossRef]

	



Anafi, R.C.; Francey, L.J.; Hogenesch, J.B.; Kim, J. CYCLOPS reveals human transcriptional rhythms in health and disease. Proc. Natl. Acad. Sci. USA 2017, 114, 5312–5317. [Google Scholar] [CrossRef]

	



Kuo, T.T.; Ladurner, A.G. Exploiting the Circadian Clock for Improved Cancer Therapy: Perspective From a Cell Biologist. Front. Genet. 2019, 10, 1210. [Google Scholar] [CrossRef]

	



Fleming, G.F.; Schumm, P.; Friberg, G.; Ratain, M.J.; Njiaju, U.O.; Schilsky, R.L. Circadian variation in plasma 5-fluorouracil concentrations during a 24 hour constant-rate infusion. BMC Cancer 2015, 15, 69. [Google Scholar] [CrossRef] [PubMed]

	



Giacchetti, S.; Dugué, P.A.; Innominato, P.F.; Bjarnason, G.A.; Focan, C.; Garufi, C.; Tumolo, S.; Coudert, B.; Iacobelli, S.; Smaaland, R.; et al. Sex moderates circadian chemotherapy effects on survival of patients with metastatic colorectal cancer: A meta-analysis. Ann. Oncol. 2012, 23, 3110–3116. [Google Scholar] [CrossRef] [PubMed]

	



Li, X.M.; Mohammad-Djafari, A.; Dumitru, M.; Dulong, S.; Filipski, E.; Siffroi-Fernandez, S.; Mteyrek, A.; Scaglione, F.; Guettier, C.; Delaunay, F.; et al. A circadian clock transcription model for the personalization of cancer chronotherapy. Cancer Res. 2013, 73, 7176–7188. [Google Scholar] [CrossRef] [PubMed]

	



Lévi, F. Daytime versus evening infusions of immune checkpoint inhibitors. Lancet Oncol. 2021, 22, 1648–1650. [Google Scholar] [CrossRef]

	



Bollinger, T.; Leutz, A.; Leliavski, A.; Skrum, L.; Kovac, J.; Bonacina, L.; Benedict, C.; Lange, T.; Westermann, J.; Oster, H.; et al. Circadian Clocks in Mouse and Human CD4+ T Cells. PLoS ONE 2011, 6, e29801. [Google Scholar] [CrossRef] [PubMed]

	



Re, G.L.; Santeufemia, D.A.; Re, F.L.; Bortolus, R.; Doretto, P.; Marus, W.; Buttazzi, L.; Lenardon, O.; Falda, A.; Piazza, R.; et al. Interleukin-2 chronotherapy for metastatic renal cell carcinoma: Results of a phase I-II study. Cytokine 2020, 128, 154984. [Google Scholar] [CrossRef] [PubMed]

	



Deng, W.; Zhu, S.; Zeng, L.; Liu, J.; Kang, R.; Yang, M.; Cao, L.; Wang, H.; Billiar, T.R.; Jiang, J.; et al. The Circadian Clock Controls Immune Checkpoint Pathway in Sepsis. Cell Rep. 2018, 24, 366–378. [Google Scholar] [CrossRef]

	



Yang, Y.; Yuan, G.; Xie, H.; Wei, T.; Zhu, D.; Cui, J.; Liu, X.; Shen, R.; Zhu, Y.; Yang, X. Circadian clock associates with tumor microenvironment in thoracic cancers. Aging 2019, 11, 11814–11828. [Google Scholar] [CrossRef]

	



Qiu, R.; Wang, Y. Retinoic Acid Receptor-Related Orphan Receptor γt (RORγt) Agonists as Potential Small Molecule Therapeutics for Cancer Immunotherapy. J. Med. Chem. 2018, 61, 5794–5804. [Google Scholar] [CrossRef]

	



Lee, I.K.; Song, H.; Kim, H.; Kim, I.S.; Tran, N.L.; Kim, S.-H.; Oh, S.J.; Lee, J.M. RORα Regulates Cholesterol Metabolism of CD8(+) T Cells for Anticancer Immunity. Cancers 2020, 12, 1733. [Google Scholar] [CrossRef]

	



Mitchell, M.I.; Engelbrecht, A.M. Circadian Rhythms and Breast Cancer: The Role of Per2 in Doxorubicin-Induced Cell Death. J. Toxicol. 2015, 2015, 392360. [Google Scholar] [CrossRef] [PubMed]

	



Wang, S.; Xie, K.; Liu, T. Cancer Immunotherapies: From Efficacy to Resistance Mechanisms–Not Only Checkpoint Matters. Front. Immunol. 2021, 12, 387–401. [Google Scholar] [CrossRef] [PubMed]

	



Guhathakurta, D.; Sheikh, N.A.; Meagher, T.C.; Letarte, S.; Trager, J.B. Applications of systems biology in cancer immunotherapy: From target discovery to biomarkers of clinical outcome. Expert Rev. Clin. Pharmacol. 2013, 6, 387–401. [Google Scholar] [CrossRef]

	



Archer, T.C.; Fertig, E.J.; Gosline, S.J.C.; Hafner, M.; Hughes, S.K.; Joughin, B.A.; Meyer, A.S.; Piccolo, S.R.; Shajahan-Haq, A.N. Systems Approaches to Cancer Biology. Cancer Res. 2016, 76, 6774–6777. [Google Scholar] [CrossRef] [PubMed]

	



Butcher, E.C.; Berg, E.L.; Kunkel, E.J. Systems biology in drug discovery. Nat. Biotechnol. 2004, 22, 1253–1259. [Google Scholar] [CrossRef]

	



Mannarino, L.; Paracchini, L.; Craparotta, I.; Romano, M.; Marchini, S.; Gatta, R.; Erba, E.; Clivio, L.; Romualdi, C.; D’Incalci, M.; et al. A systems biology approach to investigate the mechanism of action of trabectedin in a model of myelomonocytic leukemia. Pharm. J. 2018, 18, 56–63. [Google Scholar] [CrossRef]

	



Antolin, A.A.; Workman, P.; Mestres, J.; Al-Lazikani, B. Polypharmacology in Precision Oncology: Current Applications and Future Prospects. Curr. Pharm. Des. 2016, 22, 6935–6945. [Google Scholar] [CrossRef]

	



Nam, S.; Lee, S.; Park, S.; Lee, J.; Park, A.; Kim, Y.H.; Park, T. PATHOME-Drug: A subpathway-based polypharmacology drug-repositioning method. Bioinformatics 2021, 38, btab566. [Google Scholar] [CrossRef]

	



Bratsun, D.A.; Merkuriev, D.V.; Zakharov, A.P.; Pismen, L.M. Multiscale modeling of tumor growth induced by circadian rhythm disruption in epithelial tissue. J. Biol. Phys. 2016, 42, 107–132. [Google Scholar] [CrossRef]

	



Smalley, M.; Przedborski, M.; Thiyagarajan, S.; Pellowe, M.; Verma, A.; Brijwani, N.; Datta, D.; Jain, M.; Shanthappa, B.U.; Kapoor, V.; et al. Integrating Systems Biology and an Ex Vivo Human Tumor Model Elucidates PD-1 Blockade Response Dynamics. iScience 2020, 23, 101229. [Google Scholar] [CrossRef]

	



Sachdev, K.; Gupta, M.K. A comprehensive review of computational techniques for the prediction of drug side effects. Drug Dev. Res. 2020, 81, 650–670. [Google Scholar] [CrossRef]

	



Galeano, D.; Li, S.; Gerstein, M.; Paccanaro, A. Predicting the frequencies of drug side effects. Nat. Commun. 2020, 11, 4575. [Google Scholar] [CrossRef] [PubMed]

	



Jing, Y.; Liu, J.; Ye, Y.; Pan, L.; Deng, H.; Wang, Y.; Yang, Y.; Diao, L.; Lin, S.H.; Mills, G.B.; et al. Multi-omics prediction of immune-related adverse events during checkpoint immunotherapy. Nat. Commun. 2020, 11, 4946. [Google Scholar] [CrossRef]

	



Hesse, J.; Martinelli, J.; Aboumanify, O.; Ballesta, A.; Relógio, A. A mathematical model of the circadian clock and drug pharmacology to optimize irinotecan administration timing in colorectal cancer. Comput. Struct. Biotechnol. J. 2021, 19, 5170–5183. [Google Scholar] [CrossRef] [PubMed]

	



Serafin, M.B.; Bottega, A.; da Rosa, T.F.; Machado, C.S.; Foletto, V.S.; Coelho, S.S.; da Mota, A.D.; Hörner, R. Drug Repositioning in Oncology. Am. J. Ther. 2021, 28, e111–e117. [Google Scholar] [CrossRef] [PubMed]

	



Hernández-Lemus, E.; Martínez-García, M. Pathway-Based Drug-Repurposing Schemes in Cancer: The Role of Translational Bioinformatics. Front. Oncol. 2021, 10, 2996. [Google Scholar] [CrossRef] [PubMed]

	



Gottlieb, A.; Stein, G.Y.; Ruppin, E.; Sharan, R. PREDICT: A method for inferring novel drug indications with application to personalized medicine. Mol. Syst. Biol. 2011, 7, 496. [Google Scholar] [CrossRef] [PubMed]

	



Chang, Y.; Park, H.; Yang, H.J.; Lee, S.; Lee, K.Y.; Kim, T.S.; Jung, J.; Shin, J.M. Cancer Drug Response Profile scan (CDRscan): A Deep Learning Model That Predicts Drug Effectiveness from Cancer Genomic Signature. Sci. Rep. 2018, 8, 8857. [Google Scholar] [CrossRef]

	



Ling, A.; Huang, R.S. Computationally predicting clinical drug combination efficacy with cancer cell line screens and independent drug action. Nat. Commun. 2020, 11, 5848. [Google Scholar] [CrossRef] [PubMed]

	



Ianevski, A.; Giri, A.K.; Gautam, P.; Kononov, A.; Potdar, S.; Saarela, J.; Wennerberg, K.; Aittokallio, T. Prediction of drug combination effects with a minimal set of experiments. Nat. Mach. Intell. 2019, 1, 568–577. [Google Scholar] [CrossRef]

	



Przedborski, M.; Smalley, M.; Thiyagarajan, S.; Goldman, A.; Kohandel, M. Systems biology informed neural networks (SBINN) predict response and novel combinations for PD-1 checkpoint blockade. Commun. Biol. 2021, 4, 877. [Google Scholar] [CrossRef] [PubMed]








[image: Cancers 14 01578 g001 550] 





Figure 1. Intracellular circadian cycle pathway. The accumulating PER and CRY proteins bind to CLOCK/BMAL1 and switch them from an activated state to an inhibited state, blocking the transcriptional activity of downstream genes. ROR/REV-ERB regulates the main feedback loop by acting on RORE. 
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Figure 2. Effect of the circadian cycle on the main process of cancer such as cell cycle and immune behavior. 
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Figure 3. Cross talk between immunity cycle and circadian cycle genes; Recognizing, destroying, and releasing antigens from cancer cells are all part of this process. When NK cells are activated in tumor locations and come into direct contact with malignant cells, they kill them without the need for any kind of pre-exposure. In effector T cells, the circadian clock (ROR, PER1, CRY2, and BMAL1) adversely regulates PD-1 expression. CTLA-4 and PD-L1 are similarly negatively regulated by BMAL1 in effector T cells. IFN-γ, granzyme B, and perforin production by NK cells can be enhanced by PER-1 and BMAL1. 
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Figure 4. Our connection between the immune system and circadian rhythms could lead to a new area in cancer treatment. Using cellular and molecular data such as Omix data and pathology images, analyzing them, and establishing a network between these two cycles, determines the appropriate treatment for each person based on the administration time and the type of drug. 
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Figure 5. Systems pharmacology in cancer is a new field that has a significant role in the design, discovery, and repositioning of drugs due to the growth of basic cancer studies and the existence of accurate genetic and protein data and reliable data on drugs. These data, along with accurate bioinformatics models, can predict drug effects very well. 
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