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T cell senescence is an indication of T cell dysfunction. The ability of senescent T cells to respond to cognate antigens is reduced and they are in the late stage of differentiation and proliferation; therefore, they cannot recognize and eliminate tumor cells in a timely and effective manner, leading to the formation of the suppressive tumor microenvironment. Establishing methods to reverse T cell senescence is particularly important for immunotherapy. Aging exacerbates profound changes in the immune system, leading to increased susceptibility to chronic, infectious, and autoimmune diseases. Patients with malignant lung tumors have impaired immune function with a high risk of recurrence, metastasis, and mortality. Immunotherapy based on PD-1, PD-L1, CTLA-4, and other immune checkpoints is promising for treating lung malignancies. However, T cell senescence can lead to low efficacy or unsuccessful treatment results in some immunotherapies. Efficiently blocking and reversing T cell senescence is a key goal of the enhancement of tumor immunotherapy. This study discusses the characteristics, mechanism, and expression of T cell senescence in malignant lung tumors and the treatment strategies.
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1 Introduction

Maintaining a healthy intra- and intercellular environment in the human body requires the timely initiation of immune responses to recognize and eliminate pathogens and mutated malignant tumor cells. Aging causes dysregulation of the immune system, primarily in the form of immune senescence. T cell senescence is the main characteristic of immune senescence that includes the progressive loss and dysfunction of the immune system; the reduced ability of immune surveillance to inflammation, injury, and infection; the reduced ability to remove harmful elements (such as pathogenic microorganisms); and the failure of the immune system to promptly clear malignant tumor cells to prevent the survival and progression of tumor cells. The immune function of patients with malignant lung tumors is impaired, and there is a high risk of recurrence, metastasis, and mortality. Immune checkpoint inhibitor and Chimeric Antigen Receptor T-Cell (CAR-T) immunotherapy is promising for treating solid tumors and some hematological malignancies. Meanwhile, combination vaccine and CAR-T therapies can effectively stimulate endogenous systems to avoid evasion of antigen-negative tumors. T cells are a core component of the immune system in the human body (1). However, the presence of senescent T cells leads to the ineffective clearance of tumor cells and immunosuppression in the tumor microenvironment (TME), which negatively affects the efficacy of immunotherapy to some extent (2).

Chronic systemic inflammation increases with age; therefore, older adults express more inflammation-related genes (3). In a series of reactions, the pathophysiological characteristics of a lung can trigger the upregulation of pro-inflammatory and repelling factors, causing chronic lung inflammation and promoting the development of lung cancer, which induces premature aging, also known as inflammaging (4).

Lung cancer treatment has undergone a significant transformation over the past decade, and our understanding of lung cancer biology in the macro- and microenvironment has led to more opportunities for developing immunotherapy applications (5). T cell senescence exists in malignant tumors and is an important indication of T cell dysfunction, which affects the occurrence and development of malignant tumors. T-cell functional status is a key determinant of effective anti-tumor immunity and immunotherapy, and T-cell senescence is a common feature of cancer progression, with T-cell senescence leading to a reduced ability to kill cancer cells. If a patient’s T-cell functional status is abnormal or senescent, then the cancer will continue to develop. Therefore, it is important to study the association role of T cell senescence in lung cancer to improve the efficacy of immunotherapy and the prognosis of lung cancer. This review discusses the characteristics and mechanism of T cell senescence, its expression in malignant lung tumors, and therapeutic strategies.




2 T cell senescence



2.1 T cell senescence characteristics

Senescent T cells exhibit the same characteristics as senescent cells. First morphologically senescent T cells are flatter and larger. Senescent T cells have shown high expression of age-related β-galactosidase (SA-β-gal), telomere shortening, loss of telomerase activity and genomic instability, and constant DNA damage in cells by external environmental factors and internal biological processes (6). The widespread functional inactivation of p53 and RB results in G1/S checkpoint defects of the cell cycle and continuous accumulation of DNA damage (7), causing cell cycle arrest, resulting in decreased cell proliferation. In addition, exhausted T cells were characterized by high expression of CD45RA and C-C chemokine receptor type 7 (CCR7), and naive cells turn into effector memory T cells (8) CD27/CD28 costimulatory molecules on the surface of T cells are consistently low in expression. CD27 is an important molecule for T cells to maintain immunity, CD28 is an important second signal in T cell activation, and loss of CD27 and CD28 will lead to reduced immune capacity (9). Furthermore, senescent T cells highly express molecular markers, such as killer cell lectin-like receptor subfamily G member 1 (KLRG1) and CD57. KLRG1 is associated with signal transduction, and CD57 is associated with T-cell proliferation damage (10). Senescent T cells exhibit senescence-related secretory phenotypes; even if they cannot proliferate, they can still produce and secrete many pro-inflammatory factors after stimulation and activation (11). Interleukin (IL) 2, IL-6, IL-8, interferon-γ (IFN-γ), and transforming growth factors (TGF), such as IL-10 (12), are inflammatory mediators that further promote the formation of TME. It is still controversial as to whether senescent T cells express exhaustion markers such as PD-1 as well as LAG-3 (13). Table 1 shows the molecular features and markers of T cell senescence.


Table 1 | Markers of T cell senescence.






2.2 T cell senescence and T cell exhaustion

T-cell exhaustion indicates a state of cellular dysfunction in the immune system. For tumor cells, the immune cells that play a major role are CD8+ T cells, and due to the continuous stimulation of chronic inflammation, the killing function of T cells will gradually decline and show a state of exhaustion. Exhausted and senescent T cells have a functional deficiency in developing tumor immunity (21) but exhibit different molecular phenotypes and functions (22), which progress the tumor and prohibit any anti-tumor function. IFNα-treated cells (the factor that drives T-cell differentiation to end effectors) also result in p38 activation, which may explain the low proliferative capacity of the end effector cell population, as well as the similarity to the phenotype and function of senescent T cells. Thus, although exhaustion and senescence are two distinct processes, they are often confused. Assessment of T cell function (proliferation, cytokine secretion, and cytotoxicity) by evaluating T cells is important to distinguish whether T cells are exhausted or senescent. T-cell exhaustion is a protective mechanism against excessive immune damage to normal tissues in the tumor microenvironment and is a pathological state caused by the autoimmune system repairing long-term viral or bacterial infections or chronic tissue damage. In these cases, perhaps (partial) T-cell exhaustion strikes a balance between maintaining limited infection control and modulating immunopathology (23). Senescent T cells have a senescence-related secretion phenotype (SASP), which can produce and secrete many pro-inflammatory factors after stimulation and activation, even if they cannot proliferate (11). In exhausted T cells, IL-2 production, tumor necrosis factor, and proliferative capacity are decreased, and in the final stage, T cell effector function is completely lost. This again shows that senescent and exhausted T cells are in two different states (24, 25). Concurrently, T cell exhaustion is accompanied by the expression of inhibitory surface receptors, including PD1, CD160, 2B4, lag3, and CTLA-4. Thus, poor effector function and high expression of inhibitory receptors are key features of T cell exhaustion (23). Current clinical trials using the immune checkpoint CTLA-4 and/or PD-1/programmed cell death ligand 1 (PD-L1) have shown promising efficacy in patients with malignant tumors (26). However, the benefit is still limited, suggesting that T cell exhaustion is not entirely responsible for the impaired anti-tumor function. T-cell senescence and T-cell exhaustion can be assessed in terms of proliferation, cytokine secretion, and cytotoxicity, at the same time, when the body is subjected to chronic infections or produces tumors, the constant antigenic stimulation leads the T-cells towards exhaustion/senescence. T-cell responses to infection and tumors depend on epigenetic remodeling induced by metabolic reprogramming and synergistic interactions between immune cells. In particular, T cell effects and memory differentiation, exhaustion, and senescence are closely regulated by the metabolic-epigenetic axis (27) (Figure 1).




Figure 1 | Differences between T-cell senescence and T-cell exhaustion.






2.3 T cell senescence mechanism

Physiological and pathological mechanisms cause T cell aging. T lymphocytes age during the physiological process of immune aging along with the gradual degeneration of the thymus gland (28). Additionally, the activation of age-related pathways, telomere shortening, mitochondrial dysfunction, inflammatory stimulation, and genomic instability contribute to pathological aging (29).



2.3.1 Activation of age-related pathways

Mitogen-activated protein kinase (MAPK), a class of serine/threonine protein kinases, plays an important role in cell proliferation, differentiation, transformation, and apoptosis. Moreover, the MAPK signaling pathway is a key signaling pathway for T cell aging. Cyclic adenosine monophosphate (cAMP) and other cyclic DNA damage can activate the MAPK signaling pathway. Furthermore, cell cycle regulatory molecules, such as P53, P21, and P16, are activated by P38MAPK to cause cell cycle arrest, thus preventing DNA replication (30). Converting growth factor β-activated kinase-binding protein 1 to a complex with AMP-activated protein kinase (AMPK) also activates p38MAPK, which initiates endogenous DNA damage response, leading to T cell senescence through recruitment of ataxia telangiectasia mutated (ATM) (1). In senescent CD4+ T cells, sestrin protein (SESN1/2/3) promotes senescence by inhibiting mTOR through the sMAC complex and activating AMPK to upregulate P38, Erk, and JNK (31). The p38MAPK and ERK1/2 signaling pathways in T cells induce T cell senescence through the activation of Tregs, and Treg cells cooperate with MAPK, STAT1, and STAT3 signals to control T cell senescence. Therefore, inhibition of the T cell MAPK signaling pathway can prevent the Treg cell-mediated T cell aging process (32).




2.3.2 Telomere shortening

Studies have shown that when the telomeres in immune cells are shortened, a variety of immune cells, including T lymphocytes, will exhibit senescent and apoptosis phenotypes, affecting cell function and activity and further affecting the stability of the body’s immune system (33). Shi et al. found that T cell senescence is related to telomeres, and the defective expression of the shelterin protein complex will affect the formation of the telomere T-loops in cells. This results in the loss of a “cap structure” at the end of chromosomes, destabilizing the genome at the end of chromosomes and increasing cell apoptosis or aging. Partial subunit expression defects of the shelterin complex of CD4+T cells in patients with BD suggest abnormal telomere status, loss of the original telomere protection of chromosomes, vulnerability to DNA damage and other attacks, and acceleration of cell aging and apoptosis (34). NF-kB signaling and exposure to inflammatory molecules, such as IL-6 or TNF, can regulate telomere length and activity (35). Studies have shown that telomere shortening and abnormal telomerase activity are closely related to autoimmune diseases like rheumatoid arthritis and systemic lupus erythematosus (36–39). T cell subpopulations exhibit age-related reductions in telomere length, especially in chronic infectious diseases, such as cytomegalovirus (CMV). One of the most common changes in human short telomere syndrome is idiopathic pulmonary fibrosis (IPF), in which patients who have undergone lung transplantation have impaired immunity to CMV, demonstrating that T cell function is subsequently reduced after telomere shortening.

Although different studies have yielded inconsistent results, telomere shortening generally suggests a worse prognosis for lung cancer patients (40). Shortened peripheral blood telomere length was found to be associated with an increased risk of death in cancer patients (41). Weischer (42) found that in a Danish population, reduced telomere length detected before a lung cancer diagnosis was associated with increased mortality in patients with lung cancer. Kim (43) found that excessive telomere length measured in patients with early non-small cell lung cancer (NSCLC) was associated with an increased risk of recurrence after radical lung cancer resection. To clarify the impact of telomere shortening on the survival of patients with early NSCLC, Jeon (44) used quantitative polymerase chain reaction to measure the relative telomere length in tumor tissues of 164 patients with surgically removed NSCLC and the association between telomere length and overall survival (OS) and disease-free survival (DFS) were analyzed. Compared with older patients, the healthy older adult population had longer telomeres, higher telomerase activity, and stronger cell proliferation ability. Telomere length is shortened in most tumors, including in older patients with lung cancer. Changes in telomere length are associated with the risk of lung cancer and may be used as a prognostic indicator of lung cancer, especially in NSCLC (45).




2.3.3 Mitochondrial dysfunction

Mitochondrial dysfunction is another mechanism of T cell senescence that occurs in most tissues and cell types, including T cells (46). In the tumor microenvironment, cytotoxic T cells are activated by tumor antigens through T cell receptor (TCR) signaling, resulting in a durable and effective anti-tumor immune response. T cells differentiate from initial state T cells to effector T cells upon receiving antigen activation, at which point the expression levels of specific genes involved in aerobic glycolysis and regulation of effector functions will increase. After successful clearance of antigen by the body, memory T cells utilize fatty acid oxidation (FAO) and oxidative phosphorylation (OXPHOS) to satisfy energy requirements and long-term survival properties (27). During abnormal cell metabolism, mitochondrial function is impaired; biosynthesis capacity, T cell activation, and functional persistence are reduced immunosuppressive cells, such as Treg cells, compete with T cells for glucose, triggering ATM-related DNA damage and T cell senescence (47). Mitochondria are the main sources of intracellular reactive oxygen species (ROS), which are important in regulating cellular life activities, such as oxidative stress, apoptosis, and gene expression (48). Mouse bone marrow mesenchymal stem cells were cultured in vitro by Li et al., who found that C1q/TNF-associated protein 9 activates the peroxisome proliferator-activated receptor-γ coactivator 1α (PGC-1α)/AMPK signaling pathway, enhancing the antioxidant capacity of cells. However, silencing of the PGC-1α or AMPK gene can increase the intracellular ROS level, resulting in the decrease of mitochondrial respiration ability and ATP production and then cell senescence (20). Ye (49) found that tumor-derived endogenous cAMP caused T cell DNA damage and induced T cell senescence. Activation of Toll-like receptor 8 (TLR8) in tumor cells can down-regulate the level of tumor-derived cAMP, block and reverse the aging process, and restore the anti-tumor ability of T cells. Therefore, understanding the molecular mechanism of T-cell senescence can provide a new vision for immunotherapy to some extent.




2.3.4 Inflammatory stimulation

Immune senescence and inflammation interact and persist throughout life. If the body is constantly exposed to repeated stimulation of tumor antigens, it will cause DNA damage, telomere wear, and the aging of immune cells. However, the aging of the immune system will cause changes in the structure and function of immune cells. Numerous inflammatory cytokines are continuously secreted during the aging of immune cells, resulting in long-term sustained inflammatory damage to the body. During infection, toxicity, and irritation conditions, there are high concentrations of inflammatory factors in serum, such as IL-6, IL-8, TNF, C-reactive protein (CRP), soluble glycoprotein 130 (SGP130, involved in IL-6 signal transduction, sCD30, and MCP-1). Senescent T cells secrete the SASP phenotype, and SASP factors affect neighboring cells or promote angiogenesis, progressing tumor cell growth, invasion, and metastasis. Senescent T cells secrete the SASP phenotype, and SASP factors affect neighboring cells or promote angiogenesis, progressing tumor cell growth, invasion, and metastasis. The senescence-associated secretory phenotype (SASP) is an effector arm of senescence, leading to senescent cell clearance or chronic inflammation, tumor suppression, and tumor promotion, among others. Tumor-promoting SASP effects are associated with pro-inflammatory SASP factors (e.g., IL-6 and IL-8), which promote epithelial-to-mesenchymal transition, recruitment of tumor-promoting macrophages, and suppression of cytotoxic T cell function (50). However, inflammatory responses may also contribute to inflammatory aging by accelerating telomere length shortening. Meanwhile, DNA damage, DNA double-strand breaks, DNA damage repair (DDR) defects, telomere shortening, and reduced telomerase activity are common in aging T cells. In this process, DNA-dependent protein kinase breakdown subunits (DNA-PKCs) are activated by long-term DNA damage (51). DNA-PKCs activate NF-KB via intracellular signaling pathways, promoting the production of IL-1, IL-6, tumor necrosis factor, and other inflammatory factors, leading to further damage. Aging involves the degeneration of the thymus in the interactive process of immune and inflammatory senescence. Thymus degeneration exhibits tissue structure destruction and decreased thymus mass and cell number, leading to decreased initial T cell output and peripheral TCR pathogen detection. This results in the continued accumulation of senile cells, inflammatory senescence in the body, and increased SASP secretion. However, in the process of thymus degeneration, the decline of thymus function leads to the impairment of the negative selection function of T cells, reducing the acquisition of the T cell central immune tolerance mechanism. The T cell bank entering the peripheral lymphatic organs contains T cells which target their organs and tissues, causing autoinflammation and immune response; this is also an important factor in inflammatory aging (52).






3 The role of senescent T cells in the genesis and development of malignant tumors

Increasing evidence shows that aging T cells are important amplifiers and key immunosuppression agents in the inhibitory TME (49, 53, 54). Understanding the role of senescent T cells in tumor immunity opens the way for new immunotherapies. In addition to regulating the tumor microenvironment through SASPs, senescent T cells also act as a unique regulatory T cell subpopulation that can directly inhibit proliferative and activating functions and reduce pro-inflammatory cytokine secretion while inducing apoptosis of activated T cells in vitro. At the same time, senescent T cells with a suppressive role in the tumor microenvironment are able to promote the production of pro-inflammatory factors (TNF, IL-1b, and IL-6) and angiogenic factor, vascular endothelial growth factor A (VEGF-A) by monocytes/macrophages, which leads to renal tubulogenesis and tumor cell survival (2). The above evidence suggests that senescent T cells promote immune escape from tumors to some extent. Pretreatment levels of senescent T cells in peripheral blood correlate with tumor progression and prognosis, as well as with the prognosis of patients treated with chemotherapy. In advanced NSCLC, higher levels of senescent T cells independently predicted unfavorable OS and post-diagnostic progression-free survival (PFS), and patients with higher levels of senescent T cells in the peripheral blood had lower levels of IFN-g and higher levels of IL-6, which may partly explain why senescent T cells predicted poor chemotherapy efficacy (55, 56) Senescent cells produce a complex mixture of SASPs. In addition to this, inflammatory and immunomodulatory factors as well as repellency factors are significantly upregulated in senescent T cells (57). Meanwhile SASP factors, such as IL-6 and TNF-α promote T cell senescence in autocrine or paracrine forms, such as the CCL5/CCR5 axis that promotes tumor growth and migration, facilitates neovascularization, and induces immunosuppressive polarization of monocytes and myeloid-like cells, leading to the generation of M2-type tumor-associated macrophages and myeloid-derived suppressor cells (MDSCs) (58). However, whether senescent T cells play a positive or negative role in different tumors and at different stages of tumor development still needs to be further investigated (Figure 2, Table 2).




Figure 2 | Role of senescent T cells in tumorigenesis and development: (i) Senescent T cells have impaired anti-tumor activity. Moreover, down-regulation of the costimulatory molecules CD27 and CD28, as well as the effector molecules perforin and granzyme, reduces proliferation, promotes cell cycle arrest and inhibits the expression of proliferative molecules. (ii) senescent T cells directly affect immune cells and induce adaptive Tregs, but inhibit DC and effector T cells (iii) senescent T cells exhibit an aging-associated secretory phenotype, which produces abundant pro-inflammatory factors, such as interleukin (IL)-2, IL-6, IL-8, and interferon-γ, which interfere with normal cell differentiation, although they are leukin cells that are leukocyte leukin, which promotes the occurrence of malignant tumors; (iv) T cell senescence directly inhibits T cell proliferation and function; (v) T cell senescence directly promotes tumor growth, invasion, metastasis, and epithelial-mesenchymal transformation.




Table 2 | T cell dysfunction in tumor.





3.1 T cell senescence and lung malignancy

In vivo, anti-tumor immunity, cellular immunity is the main way of anti-tumor immunity, and T lymphocytes play a key role in this process. The immune function of the elderly population also gradually decreases with age, which is what we call the key problem of T lymphocyte senescence, that is, immune senescence. From the perspective of immunology, the occurrence and development of tumors are closely related to the body’s immune state, which is mainly caused by the immune escape mechanism and the anti-tumor function of the immune surveillance system (63). Studies have shown that T-cell senescence is found in hematological malignancies (64–66).

Lung cancer is based on the aging of the body during its onset when complex immune remodeling occurs in the immune system (63, 67). The function of T cells has undergone important changes, namely, T lymphocyte senescence: the imbalance of T lymphocyte subsets in older patients and decreased ability to activate apoptosis and proliferative response to antigen and mitogen stimulation. In addition, it is noteworthy that T cells originating from healthy older individuals also exhibit this dysfunction (68). Additionally, the function of T cells depends on the combined action of various helper molecules on the membrane surface (69). Studies have shown that the expression of CD28 in the peripheral blood of patients with malignant lung tumors is significantly decreased (70), which indicates that the abnormal costimulatory pathway leads to the decrease of immune function in the body and is closely related to the occurrence and development of tumors. Activated efficient T lymphocytes were cleared by the Fas/FasL-mediated apoptosis pathway (71), and the expression level of the Fas (CD95) antigen on peripheral blood T cells of patients with lung malignant tumors was significantly higher than that of healthy individuals (72). Therefore, the abnormal regulation of Fas-mediated apoptosis of T cells may be related to the occurrence and development of malignant tumors. The Fas/FasL pathway can be a basis for exploring the intrinsic relationship and possible mechanism between T cell senescence and lung cancer, and provide the experimental basis and scientific strategy for immunotherapy of lung cancer in the elderly.




3.2 Regulation of T cells and their CD28/CD95molecules in the aging process of the body

Currently, lung cancer and digestive system tumors are the main types of cancer among the elderly in China. Aging is an inevitable stage of the body’s metabolic process, and the function of the immune system declines with the aging of the body, which is manifested in the gradual decline of the immune system’s response to antigens, thus leading to an increased susceptibility of the body to infectious diseases, tumors and autoimmune diseases.CD28 is a member of the immunoglobulin superfamily (IGSF), which is a homologous dimer glycoprotein with a relative molecular weight of 44KDa and is expressed on 95% of resting CD4+ and nearly 50% of resting CD8+ in human peripheral blood. As a costimulatory molecule expressed on the surface of T lymphocytes, CD28 binds to the B7 molecule on antigen-presenting cells (APC), thereby mediating the activation of T cells, promoting T cell proliferation and secretion of various cytokines, and providing survival signals for preventing T cells aging and apoptosis (73–75). Additionally, CD28 mediates the adhesion of T and B cells and prevents the clone from being unresponsive. CD28 costimulatory molecules on the naïve T cells provide a costimulatory signal to T cells that receive simultaneous TCR stimulation, inducing the expression of the IL-2R (interleukin-2) receptor and transcription of IL-2 genes on the T cell surface (76). The combination of the B7 molecule and CD28-activated Th1 and Th2 cells induced the proliferation and activation of Th1 cells, promoted the recovery of immune function, and activated anti-tumor immune response by Th1 cytokines (77). The aging immunity study centered on T lymphocytes found that CD28 in the peripheral blood of healthy individuals was downregulated with aging, and the activation and proliferation ability of T cells decreased correspondingly, suggesting that the decrease of immune function caused by an abnormal costimulatory signaling pathway was related to the occurrence and development of malignant tumors, and became one of the important characteristics of T cell senescence (78). CD95 (Fas/Apo-1) is mainly distributed on the surface of human-activated T and B lymphocytes and is an important apoptosis molecule, also known as the “death receptor,” belonging to the tumor growth and nerve growth factor receptor superfamily members. Its ligand FasL (CD178) is a member of the TNF ligand superfamily and transmits apoptotic signals to cells and induces apoptosis. The interaction of Fas and FasL can cause numerous antigen-activated T cells to initiate a caspase cascade, thereby inducing apoptosis, also known as activation-induced apoptosis (AICD) (79). However, cytotoxic T lymphocytes (CTL) and natural killer cells (NK) express TNF-α and FasL (80) to activate cell death programs, leading to apoptosis of target cells. Immunosenescence studies have found that the expression level of CD95 in human peripheral blood T cells increases with aging, which leads to senescent T cells, especially CD8+T cells, becoming more sensitive to TNF-α-mediated apoptosis signals (81), and the survival rate of T cells after activation decreases. Experimental results (82) also showed that the expression rate of the CD28 and CD95 antigen proteins in T cell subsets decreased and increased with aging, respectively.




3.3 The regulatory role of T cells and their CD28/CD95 molecules in anti-tumor immunity

It is well known that CD8+ cytotoxic T cells can only be activated into antigen-specific effector T cells with the stimulation of the APC surface antigen polypeptide—MHC-I molecular complex—therefore, specifically target cells to kill. Effective activation of T cells is a key step in the active immune process of the body against tumor cells (83). CD28, a T-cell-specific costimulatory molecule, is essential for TCR-mediated antigen recognition and signaling output. CD8+T cells can be divided into CD8+CD28+ T cells and CD8+CD28- T cells (84) based on the costimulatory molecule CD28 is expressed or not, respectively. CD8+CD28+ specific killer cells differentiate into effector killer cells by cytokines secreted by CD4+Th cells. Cytotoxic substances, such as perforin and granzyme (85), are released to dissolve target cells or release cytokines to induce apoptosis of target cells to kill tumor cells specifically. Since CD4+T cells belong to MHC-II restricted T cells and cannot directly recognize tumor cells, they activate CTL by secreting IFN-γ and IL-2 when stimulated by APC antigen presentation; therefore, the two types of cells cooperate to kill tumors (86). Zou (87) showed that serum CD3+, CD4+, CD8+, and CD28+ T cells in older patients with lung cancer were significantly decreased compared with healthy older patients, and the CD28 mRNA content in peripheral blood of older patients with primary NSCLC was significantly lower than that in the healthy and non-cancer older groups. The abnormal decrease of CD28 mRNA content suggests that the body lacks an effective second signal to activate CD8+CTL cells, which allows the tumor to evade the host immune surveillance and tumor immune escape.

Fas/FasL pathways evade the human immune system from killing tumors. FasL expression in tumor cells promotes increased apoptosis of T cells activated by Fas high expression (88), resulting in immune escape. However, tumor cells could overexpress the anti-apoptotic gene product (bcl-2) (89) or not express Fas and Fas-related signal transduction molecules to resist the apoptosis mediated by the Fas/FasL pathway and avoid the killing action of activated CTL. The abnormal regulation of the Fas/FasL pathway leads to the inhibition of apoptosis and allows tumor cells to evade immune surveillance (90). Hoser (91) the expression level of Fas antigen on peripheral blood T cells of lung cancer patients was significantly higher than that of healthy people, I ndicating that abnormal Fas-mediated apoptosis of T cells may be related to the occurrence and development of malignant tumors. The experiment showed that CD95 was mainly increased in peripheral blood T cell subsets of older patients with NSCLC, and the CD95 mRNA content was significantly higher than that of the healthy and non-cancer group older patient groups. The Fas/FasL apoptosis pathway induces excessive apoptosis of T cells and their subsets, thus weakening the immune surveillance and attack ability towards tumor cells, leading to further proliferation and invasion of lung cancer cells (92).





4 Therapeutic strategies of T cells in lung malignancies

According to preclinical experiments, inhibitors targeting p38, ERK, JNK, and STAT signaling pathways prevented T cell senescence (93); and rapamycin, a mammalian rapamycin complex 1 (mTORC1) inhibitor, metformin, and BIRB 796, a p38 inhibitor, increase mitochondrial biogenesis and viability, and work by regulating metabolism to reverse T cell senescence (93–95). Another study demonstrated that a hypoxic environment caused by the accumulation of adenosine and cAMP induces T-cell senescence (49) can be treated with hyperbaric oxygen therapy to increase the chromosome length of peripheral blood cells and thereby reduce the number of senescent T cells (96). In addition to this, numerous studies have shown that NK cells, as the central participant in the immune surveillance of senescent cells, are able to rapidly capture abnormalities such as senescence. T-cell senescence was significantly ameliorated by infusing back NK cells, with a significant reduction in peripheral senescent and failing T cells in the infused subjects, and the T cells exhibited enhanced cytotoxicity (97). All evidence suggests that T cell senescence weakens anti-tumor capabilities as a strategy to evade immune surveillance. Therefore, developing strategies to reverse T cell aging and combat tumor immunity is important (Figure 3).




Figure 3 | Mechanisms of T cell senescence and ways to reverse T cell senescence.





4.1 Blocking T cell aging signaling pathway

The key signaling pathway controlling the induction of T cell senescence is an important target to enhance anti-tumor immunity effectively. Fibroblasts can reverse growth arrest by blocking key cell cycles in early senescence (19, 84), which also provides key ideas for reversing T cell senescence. p38MAPK is the core target to reverse T cell senescence. Inhibition of p38MAPK in T cells reverses the process of DNA damage-related T cell senescence. The safety of the p38MAPK inhibitor has been confirmed in myelodysplastic syndrome and MM (98–100). Meanwhile, studies have shown that inhibition of the MAPK signaling pathway (101) can restore the cell cycle activity and proliferation ability of T cells. MAPK inhibitors have been widely used to treat patients with melanoma, and have been shown to enhance T-cell recognition of melanoma without affecting lymphocyte function (102, 103). Another method is by activating the TLR8 signaling pathway in Treg and tumor cells. cAMP inhibitors also inhibit tumor-induced T-cell senescence by reactivating TLR8 signaling (2). TLR8 agonists reduce cAMP production in tumor cells and inhibit glycolysis of tumor-derived Tregs without interfering with effector T cell metabolism (49), thereby preventing T cell senescence.




4.2 Enhance mitochondrial function

Decreased metabolic function and mitochondrial dysfunction are apparent in T cell senescence. Iron is an essential nutrient involved in cell metabolism, and its deficiency can lead to impaired cell function, anemia, nervous system damage, cancer, and loss of cell function. Jovian et al. incubated cells with different concentrations of FeSO4 in the medium and performed growth analysis at different time points (16, 24, and 48 h). Approximately 24 h after incubation with FeSO4 concentration, cell growth reached saturation, and the chronological lifespan (CLS) of cells incubated with different concentrations of FeSO4 was measured. The results showed that adding different concentrations of FeSO4 in the medium could prolong the CLS of yeast. The researchers also tested using different concentrations of FeCl3 and found results similar to FeSO4. These results confirm that iron supplementation can delay aging and prolong life by enhancing mitochondrial function (104). Mitochondria serve as the cellular centers for iron utilization and metabolism, and iron is a cofactor for several mitochondrial proteins, including iron-sulfur clusters and heme-containing proteins. Studies have shown that iron supplementation can significantly induce the expression of mitochondrial tricarboxylic acid (TCA) cycling genes. The TCA cycle metabolites alpha-ketoglutaric acid and oxaloacetic acid produce glutamic and aspartic acid through catalytic reactions in mitochondria, respectively. These results suggest that iron supplementation promotes TCA circulation by placing cells in a metabolic state conducive to regeneration. Moreover, mitochondria produce energy, participate in aerobic respiration, provide energy for cells, and are involved in cell differentiation, information transmission, and apoptosis. Nicotinamide adenine dinucleotide (NAD+), a key molecule in the process of mitochondrial energy production, decreases with the increase of age. Recently, experiments have demonstrated a new method to promote the synthesis of NAD+ by inhibiting 2-amino-3-carboxylic muconic acid 6-hemaldehyde decarboxylase (ACMSD). Increased levels of NAD+ enhanced mitochondrial function in Cryptothritis worms and mice (105). In a study conducted by Tineke van de Weijer et al., 21 patients with type 2 diabetes aged 57.7 ± 1.1 years were treated with a placebo or acipimox (250 mg/d oral, three times daily) for 2 weeks and found a substantial increase in ATP levels in muscle biopsies of patients treated with acipimox. Subsequently, it was confirmed that the improvement by acipimox on muscle-mitochondrial function was mainly caused by the increase of NAD+ level (106), which further indicated that NAD+ is also an important participant in myocardial and skeletal muscle aging remodeling.

Based on the important role of mitochondrial function in cellular senescence, the development of mitochondria-targeted approaches to ameliorate cellular senescence is gradually gaining attention. A recent study found that when mitochondria with normal function in the liver of young mice were injected into aged mice via the tail vein, these mitochondria could enter and stably exist in the brain, skeletal muscle, liver, kidney, heart, and lung tissues of aged mice, and improve the learning, memory, and motor functions of aged mice (107).




4.3 Maintain telomere length

Many age-related pathologies and progeria syndromes are characterized by faster-than-normal telomere shortening, suggesting that telomere shortening is the cause of body aging (108). Telomerase can maintain telomere length to a certain extent, but the telomere will undergo damage during each cell division and eventually be exposed at the stained ends, resulting in lasting DNA damage. When telomere length reaches the threshold, cells escape the cell cycle and activate senescence or apoptosis (109). Therefore, maintaining telomere length is an important strategy to combat aging and prolong life. Studies have found that the shortening of telomere length is associated with low selenoprotein levels (110). Additionally, the expression of telomerase activity was low in healthy cells, and the telomeres were significantly prolonged after the administration of sodium nitrite, and the growth state of cells significantly changed (111). In addition to the telomerase-mediated telomere maintenance mechanism, there is an alternative lengthening of telomere (ALT) mechanism (112). To regulate telomere length, telomerase uses RNA templates to add telomere repeats to the 3’-end of chromosomes. Except for stem cells, germ line cells, and most tumor cells, most human cells no longer show telomerase activity, mainly due to inhibition of the TERT gene expression (113). Moreover, 15% of telomere length is maintained by ALT mechanisms based on homologous recombination (HR) dependent exchange and/or HR-dependent telomere DNA synthesis (114). Targeted telomere maintenance is, therefore, an opportunity to treat most cancers. Inhibition of tumor cell proliferation by targeting telomerase is an effective way to treat cancer. However, the cytotoxic effect was not shown until the telomere length was shortened to a critical value in the late inhibition of telomerase activity (115). Therefore, effectively targeting telomerase to maintain telomere stability is very important in anti-cell aging and anti-tumorigenesis. Telomere synthesis can be blocked by oligonucleotides that inhibit human telomerase RNA (hTR) function by targeting the template region of hTR. When combined, the oligonucleotides can effectively inhibit the catalytic effect of telomere repeated addition (116). Nucleoside analogs are covalently bound to telomere ends by telomerase and prevent further nucleotide addition due to the lack of the 3’-OH functional groups. Analogs previously used to inhibit human immunodeficiency virus (HIV) reverse transcriptase have also been found to inhibit telomerase reverse transcriptase (hTERT) catalytic sites. Nucleoside analogs studied in telomerase-positive cancers include azidothymidine (AZT), 6-thio-dG, and 5-MeCITP (117). Additionally, hTERT small molecule inhibitors, hTERT-specific immunotherapy, the G4 stable ligand, and therapeutic strategies targeting ALT mechanisms have all been discussed in relevant reviews (118).

Studies have initiated an in vitro immune response of T lymphocytes to microorganisms (foreign infections) and found that they observed a telomere transfer response between two types of leukocytes in extracellular vesicles (small particles that facilitate cell-to-cell communication), with T cell telomeres lengthening by 3 kb. After telomere transfer, the recipient T cells became longer-lived and possessed long-term immune memory and stem cell attributes, allowing the T cells to provide long-term protection to the host against lethal infections. This mechanism of telomere recombination fuses telomeres to the ends of T-cell chromosomes, lengthening them by an average of approximately 3,000 base pairs, which is more than 30 times the length of telomerase lengthening. Transferring telomeres protects recipient T cells from replicative senescence and has long-term immune memory and stem cell properties, enabling T cells to provide long-term protection against lethal infections. The telomere transfer reaction between immune cells suggests that cells are capable of exchanging telomeres as a way of regulating chromosome length before the onset of telomerase action. Suggesting that we can slow or cure aging simply by transferring telomeres (119).




4.4 Anti-inflammatory therapy

The immune system and inflammation interact during various disease development. An adapted immune system plays an important role in preventing and monitoring the occurrence and progression of tumors, while inflammation promotes the occurrence of tumors and the progression of malignant tumors. Acute inflammation is a stress response to danger signals, cell tissue destruction, and infection in the body. Stopping the occurrence and development of acute inflammation can promote the recovery of body tissues to a certain extent, but when acute inflammation is not controlled effectively and timely, it develops into chronic inflammation and increases cancer risk (120). Some of these drugs have been shown to reduce the risk of developing tumors (121–124). Cytokines, chemokines, and growth factors produced in the TME promote the proliferation, evolution, and growth of cancer cells, while tumor vascularization and immune dysregulation persist, leading to tumor progression, invasion, metastasis, and therapeutic resistance. Therefore, anti-inflammatory drugs alone or combined with immunosuppressive agents can be used as an effective way to inhibit tumor development. The suppression of glycolysis in immune cells by immune checkpoints leads to the suppression of T cell function; therefore, immune checkpoint blockers are used to regain glucose uptake by T cells (125). However, due to the existence of pro-inflammatory and immunosuppressive TME, immunosuppressive drugs are resistant to some extent. Therefore, anti-inflammatory drugs targeting immunosuppressive cells and cytokines can cause immune-mediated rejection of cancer, which has led to the development of an emerging anti-inflammatory, immune therapy to prevent the development of tumors. In addition to this, the powerful role of neutrophils in combating microorganisms can cause tissue damage, and neutrophil-driven inflammation is a unifying mechanism in many diseases, and neutrophils are known to promote angiogenesis and distant tumor metastasis. Targeted granu1ocyte colony-stimulating factors (G-CSF) can inhibit the recruitment of neutrophils and enhance the efficacy of antiangiogenic agents (126). Some viral infections are known to promote tumor occurrence and metastasis; hepatitis B virus (HBV) or hepatitis C virus (HCV) plays a major role in the occurrence of hepatocellular carcinoma (HCC). Meanwhile, HBV and HCV can also lead to cancer-promoting inflammation (127). Some immunosuppressive factors, such as IL-10, is considered immunosuppressive cytokine that promotes tumor cell proliferation and metastasis and can promote tumor progression by recognizing IL-10R on the surface of CD8+T cells and inhibiting T cell function (128). A study of routine IL-10 exposure to acute otitis media (AOM) found that tumor diversity was strongly associated with colitis. The intestinal tissue of IL-10 mice treated with aseptic AOM was normal without a tumor. In other words, bacteria-induced inflammation promotes the progression of adenoma to aggressive cancer (129), thus modulating the intestinal flora to target immunosuppressor factors to improve the immune microenvironment. Eradication of Helicobacter pylori (HP) in gastric cancer with broad-spectrum antibiotics can prevent gastric cancer in patients with an asymptomatic infection or without precancerous lesions and reduce the development rate of heterotropic gastric cancer in patients with early gastric cancer or high-grade adenoma (130). In addition to antibacterial and antiviral therapy, targeted anti-inflammatory drugs, inhibition of TGFβ signal, cytokines targeting mediated TAMs and MDSCs, and natural anti-inflammatory supplements were all discussed in the relevant review (131).





5 Conclusions

Currently, immunotherapies, such as checkpoint blocking and CAR-T cell infusion, have been preferred by an increasing number of patients with cancer and have received satisfactory results. However, the overall immune benefit rate was still limited and varied among tumor types (132). Studies have shown that T cell senescence is an important indicator of cell dysfunction and a common feature in TME. Therefore, preventing and reversing T cell senescence and restoring the effector T cell state is promising for tumor immunotherapy. Currently, MAPK and STAT3 signaling pathways are key targets for controlling T cell senescence (54). Additionally, TLR8 signaling can reverse the inhibition of Tregs and tumor cells and prevent T cell senescence. Therefore, inhibiting the activation of MAPK and TLR8 signal can effectively control T cell senescence and improve the efficacy of immunotherapy. Recently, increasing evidence shows that the immune system plays a double-edged role in tumor occurrence, immune surveillance (133),, or promotion of tumor development (134). The changes in T cell functional states and subpopulations during tumorigenesis are dynamic, and more evidence is needed to demonstrate the changes and plasticity of different T cell states during immunoediting, including senescence and/or exhausted T cells, which are essential for the development of new therapeutic approaches (133). In addition to the mechanism of targeting CD8+ T cells in T cell reversal therapy, the targeted therapy of CD4+ T cells still needs further research. CD8+T cells are prone to senescence, and CD4+T cells cannot avoid the fate of senescence. However, there is still a lack of definition, epidemiology, and mechanisms of CD4+ T cell senescence, and immune dysfunction associated with CD4+ T cell disease states, including cancer remain poorly understood. Targeting related helper cells can aid in understanding the depth of immunotherapy and provide new therapeutic ideas for improving anti-tumor immunity.

NK cells play an important role in considerably improving T cell senescence (135). NK cells, characterized by the expression of CD16 and CD56, are the first line of defense against viral infection and cancer cells (136). Experiments have shown that the population of aging T cells, PD-1+, and TIM-3+ T cells are also notably reduced after the infusion of amplified NK cells into a healthy body. SASP-related factors, IL-6, IL-8, IL-1a, IL-17, MIP-1a, MIP-1β, and MMP1, decreased considerably, while T cells showed increased cytotoxicity (136). However, until now, the mechanism of NK cells that affect T cell aging and failure remains unclear. Therefore, further studies of these aging and failing T cell populations, their origin, and their function in immunopathological conditions will significantly promote the clinical application of NK immunotherapy. A comprehensive score has been developed to quantify senescent cell load, which helps to indicate the senescent cell load in cancer and its vicinity to facilitate clinical trials of interventions to eradicate TIS/dormant cancer cells and prevent recurrence and metastasis (137).

Further studies are required on the mechanism of T cell aging, and there are still many limitations in experimental transformation. Bioinformatics and single-cell sequencing are becoming important in cancer research. In the era of precision therapy, it is necessary to use relevant analytical techniques for accurate subgroup and marker analysis of T cell senescence. Major clinical challenges include evaluation criteria for the degree of T cell senescence in malignant tumors, application indicators of immunotherapy, and the risk of over-immunization. It is necessary to establish relevant markers and more accurate targets to improve the efficacy of clinical immunotherapy and reduce the damage caused by over-immunity.





Author contributions

MH: Writing – original draft. YW: Writing – original draft. LF: Writing – original draft. CL: Writing – original draft. FF: Writing – original draft. LL: Writing – review & editing. CS: Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work was supported by the National Natural Science Foundation of China (81973677, 82174222) and Shandong Province Natural Science Foundation (ZR2021LZY015).




Acknowledgments

Figures were created by Biorender (www.biorender.com).





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Abbreviations

CAR-T, Chimeric Antigen Receptor T-Cell Immunotherapy; TME, Tumor microenvironment; TCR, T cell receptor; SA-β-gal, Shown high expression of age-related β-galactosidase; CCR7, C-C chemokine receptor type 7; KLRG1, Killer cell lectin-like receptor subfamily G member 1; TGF, Transforming growth factors; MDSC, Myeloid suppressor cells; TAMs, Tumor-associated macrophages; Tregs, Regulatory T cells; SASP, Senescence-related secretion phenotype; CTLA4, T lymphocyte antigen 4; PD-L1, Programmed death ligand-1; PD-1, Programmed death-1; MAPK, Mitogen-activated protein kinase; cAMP, Cyclic adenosine monophosphate; AMPK, AMP-activated protein kinase; ATM, Ataxia telangiectasia mutated; CMV, Cytomegalovirus; IPF, Idiopathic pulmonary fibrosis; NSCLC, Non-small cell lung cancer; OS, Overall survival; DFS, Disease-free survival; ROS, Reactive oxygen species; TLR8, Toll-like receptor 8; CRP, C-reactive protein; SGP130, Soluble glycoprotein 130; DDR, DNA damage repair; AICD, Activation-induced apoptosis; CTL, Cytotoxic T lymphocytes; NK, Natural killer cells; NAD+, Nicotinamide adenine dinucleotide; HR, homologous recombination.




References

1. Goronzy, JJ, and Weyand, CM. Mechanisms underlying T cell ageing. Nat Rev Immunol (2019) 19(9):573–83. doi: 10.1038/s41577-019-0180-1

2. Zhang, J, He, T, Xue, L, and Guo, H. Senescent T cells: a potential biomarker and target for cancer therapy. EBioMedicine (2021) 68:103409. doi: 10.1016/j.ebiom.2021.103409

3. Furman, D, Campisi, J, Verdin, E, Carrera-Bastos, P, Targ, S, Franceschi, C, et al. Chronic inflammation in the etiology of disease across the life span. Nat Med (2019) 25(12):1822–32. doi: 10.1038/s41591-019-0675-0

4. Zhu, Y, Armstrong, JL, Tchkonia, T, and Kirkland, JL. Cellular senescence and the senescent secretory phenotype in age-related chronic diseases. Curr Opin Clin Nutr Metab Care (2014) 17(4):324–8. doi: 10.1097/MCO.0000000000000065

5. Mamdani, H, Matosevic, S, Khalid, AB, Durm, G, and Jalal, SI. Immunotherapy in lung cancer: current landscape and future directions. Front Immunol (2022) 13:823618. doi: 10.3389/fimmu.2022.823618

6. Zhao, Y, Simon, M, Seluanov, A, and Gorbunova, V. DNA damage and repair in age-related inflammation. Nat Rev Immunol (2023) 23(2):75–89. doi: 10.1038/s41577-022-00751-y

7. Salminen, A, Kaarniranta, K, and Kauppinen, A. Immunosenescence: the potential role of myeloid-derived suppressor cells (MDSC) in age-related immune deficiency. Cell Mol Life Sci (2019) 76(10):1901–18. doi: 10.1007/s00018-019-03048-x

8. Thoma, OM, Neurath, MF, and Waldner, MJ. T cell aging in patients with colorectal cancer-what do we know so far? Cancers (Basel) (2021) 13(24):6227. doi: 10.3390/cancers13246227

9. Lin, Y, Damjanovic, A, Metter, EJ, Nguyen, H, Truong, T, Najarro, K, et al. Age-associated telomere attrition of lymphocytes in vivo is co-ordinated with changes in telomerase activity, composition of lymphocyte subsets and health conditions. Clin Sci (Lond) (2015) 128(6):367–77. doi: 10.1042/CS20140481

10. Lu, Y, Ruan, Y, Hong, P, Rui, K, Liu, Q, Wang, S, et al. T-cell senescence: A crucial player in autoimmune diseases. Clin Immunol (2023) 248:109202. doi: 10.1016/j.clim.2022.109202

11. Qian, Y, and Chen, X. Tumor suppression by p53: making cells senescent. Histol Histopathol (2010) 25(4):515–26. doi: 10.14670/HH-25.515

12. Kim, KH, Pyo, H, Lee, H, Oh, D, Noh, JM, Ahn, YC, et al. Association of T cell senescence with radiation pneumonitis in patients with non-small cell lung cancer. Int J Radiat Oncol Biol Phys (2023) 115(2):464–75. doi: 10.1016/j.ijrobp.2022.07.018

13. Suen, H, Brown, R, Yang, S, Weatherburn, C, Ho, PJ, Woodland, N, et al. Multiple myeloma causes clonal T-cell immunosenescence: identification of potential novel targets for promoting tumour immunity and implications for checkpoint blockade. Leukemia (2016) 30(8):1716–24. doi: 10.1038/leu.2016.84

14. Tanaka, T, Narazaki, M, and Kishimoto, T. Interleukin (IL-6) immunotherapy. Cold Spring Harb Perspect Biol (2018) 10(8):a028456. doi: 10.1101/cshperspect.a028456

15. Liu, Y, Zhou, N, Zhou, L, Wang, J, Zhou, Y, Zhang, T, et al. IL-2 regulates tumor-reactive CD8(+) T cell exhaustion by activating the aryl hydrocarbon receptor. Nat Immunol (2021) 22(3):358–69. doi: 10.1038/s41590-020-00850-9

16. Antonangeli, F, Natalini, A, Garassino, MC, Sica, A, Santoni, A, and Di Rosa, F. Regulation of PD-L1 expression by NF-κB in cancer. Front Immunol (2020) 11:584626. doi: 10.3389/fimmu.2020.584626

17. Fernández-Serrano, AB, Moya-Faz, FJ, Giner Alegría, CA, and Fernández Rodríguez, JC. Negative correlation between IL-1β, IL-12 and TNF-γ, and cortisol levels in patients with panic disorder. Brain Behav (2022) 12(6):e2624. doi: 10.1002/brb3.2624

18. Noren Hooten, N, and Evans, MK. Techniques to induce and quantify cellular senescence. J Vis Exp (2017) 123):55533. doi: 10.3791/55533

19. Passos, JF, Nelson, G, Wang, C, Richter, T, Simillion, C, Proctor, CJ, et al. Feedback between p21 and reactive oxygen production is necessary for cell senescence. Mol Syst Biol (2010) 6:347. doi: 10.1038/msb.2010.5

20. Kincaid, JW, and Berger, NA. NAD metabolism in aging and cancer. Exp Biol Med (Maywood) (2020) 245(17):1594–614. doi: 10.1177/1535370220929287

21. Liu, X, Hoft, DF, and Peng, G. Senescent T cells within suppressive tumor microenvironments: emerging target for tumor immunotherapy. J Clin Invest (2020) 130(3):1073–83. doi: 10.1172/JCI133679

22. Akbar, AN, and Henson, SM. Are senescence and exhaustion intertwined or unrelated processes that compromise immunity? Nat Rev Immunol (2011) 11(4):289–95. doi: 10.1038/nri2959

23. Fang, L, Liu, K, Liu, C, Wang, X, Ma, W, Xu, W, et al. Tumor accomplice: T cell exhaustion induced by chronic inflammation. Front Immunol (2022) 13:979116. doi: 10.3389/fimmu.2022.979116

24. Apetoh, L, Smyth, MJ, Drake, CG, Abastado, JP, Apte, RN, Ayyoub, M, et al. Consensus nomenclature for CD8(+) T cell phenotypes in cancer. Oncoimmunology (2015) 4(4):e998538. doi: 10.1080/2162402X.2014.998538

25. Crespo, J, Sun, H, Welling, TH, Tian, Z, and Zou, W. T cell anergy, exhaustion, senescence, and stemness in the tumor microenvironment. Curr Opin Immunol (2013) 25(2):214–21. doi: 10.1016/j.coi.2012.12.003

26. Topalian, SL, Drake, CG, and Pardoll, DM. Immune checkpoint blockade: a common denominator approach to cancer therapy. Cancer Cell (2015) 27(4):450–61. doi: 10.1016/j.ccell.2015.03.001

27. Møller, SH, Hsueh, PC, Yu, YR, Zhang, L, and Ho, PC. Metabolic programs tailor T cell immunity in viral infection, cancer, and aging. Cell Metab (2022) 34(3):378–95. doi: 10.1016/j.cmet.2022.02.003

28. Mittelbrunn, M, and Kroemer, G. Hallmarks of T cell aging. Nat Immunol (2021) 22(6):687–98. doi: 10.1038/s41590-021-00927-z

29. Maynard, S, Fang, EF, Scheibye-Knudsen, M, Croteau, DL, and Bohr, VA. DNA damage, DNA repair, aging, and neurodegeneration. Cold Spring Harb Perspect Med (2015) 5(10):a025130. doi: 10.1101/cshperspect.a025130

30. Di Micco, R, Krizhanovsky, V, Baker, D, and d'Adda di Fagagna, F. Cellular senescence in ageing: from mechanisms to therapeutic opportunities. Nat Rev Mol Cell Biol (2021) 22(2):75–95. doi: 10.1038/s41580-020-00314-w

31. Feuerstein, JL, Klein, DE, Mikhitarian, MA, and Mehta, A. Quotidian high spiking fevers in adult still's disease. Am J Case Rep (2017) 18:580–8. doi: 10.12659/AJCR.903178

32. Zhao, Y, Shao, Q, and Peng, G. Exhaustion and senescence: two crucial dysfunctional states of T cells in the tumor microenvironment. Cell Mol Immunol (2020) 17(1):27–35. doi: 10.1038/s41423-019-0344-8

33. Jose, SS, Bendickova, K, Kepak, T, Krenova, Z, and Fric, J. Chronic inflammation in immune aging: role of pattern recognition receptor crosstalk with the telomere complex? Front Immunol (2017) 8:1078. doi: 10.3389/fimmu.2017.01078

34. de Lange, T. Shelterin: the protein complex that shapes and safeguards human telomeres. Genes Dev (2005) 19(18):2100–10. doi: 10.1101/gad.1346005

35. Córdova-Oriz, I, Chico-Sordo, L, and Varela, E. Telomeres, aging and reproduction. Curr Opin Obstet Gynecol (2022) 34(3):151–8. doi: 10.1097/GCO.0000000000000779

36. Koetz, K, Bryl, E, Spickschen, K, O'Fallon, WM, Goronzy, JJ, and Weyand, CM. T cell homeostasis in patients with rheumatoid arthritis. Proc Natl Acad Sci U.S.A. (2000) 97(16):9203–8. doi: 10.1073/pnas.97.16.9203

37. Steer, SE, Williams, FM, Kato, B, Gardner, JP, Norman, PJ, Hall, MA, et al. Reduced telomere length in rheumatoid arthritis is independent of disease activity and duration. Ann Rheum Dis (2007) 66(4):476–80. doi: 10.1136/ard.2006.059188

38. Li, Y, Shen, Y, Hohensinner, P, Ju, J, Wen, Z, Goodman, SB, et al. Deficient activity of the nuclease MRE11A induces T cell aging and promotes arthritogenic effector functions in patients with rheumatoid arthritis. Immunity (2016) 45(4):903–16. doi: 10.1016/j.immuni.2016.09.013

39. Kurosaka, D, Yasuda, J, Yoshida, K, Yoneda, A, Yasuda, C, Kingetsu, I, et al. Abnormal telomerase activity and telomere length in T and B cells from patients with systemic lupus erythematosus. J Rheumatol (2006) 33(6):1102–7. Available at: https://www.jrheum.org/content/33/6/1102

40. Faugeras, E, Véronèse, L, Jeannin, G, Janicot, H, Bailly, S, Bay, JO, et al. Telomere status of advanced non-small-cell lung cancer offers a novel promising prognostic and predictive biomarker. Cancers (Basel) (2022) 15(1):290. doi: 10.3390/cancers15010290

41. Xu, X, Qu, K, Pang, Q, Wang, Z, Zhou, Y, and Liu, C. Association between telomere length and survival in cancer patients: a meta-analysis and review of literature. Front Med (2016) 10(2):191–203. doi: 10.1007/s11684-016-0450-2

42. Weischer, M, Nordestgaard, BG, Cawthon, RM, Freiberg, JJ, Tybjærg-Hansen, A, and Bojesen, SE. Short telomere length, cancer survival, and cancer risk in 47102 individuals. J Natl Cancer Inst (2013) 105(7):459–68. doi: 10.1093/jnci/djt016

43. Kim, ES, Ye, Y, Vaporciyan, AA, Xing, J, Huang, M, Gu, J, et al. Telomere length and recurrence risk after curative resection in patients with early-stage non-small-cell lung cancer: a prospective cohort study. J Thorac Oncol (2015) 10(2):302–8. doi: 10.1097/JTO.0000000000000398

44. Jeon, HS, Choi, YY, Choi, JE, Lee, WK, Lee, E, Yoo, SS, et al. Telomere length of tumor tissues and survival in patients with early stage non-small cell lung cancer. Mol Carcinog (2014) 53(4):272–9. doi: 10.1002/mc.21972

45. Walcott, F, Rajaraman, P, Gadalla, SM, Inskip, PD, Purdue, MP, Albanes, D, et al. Telomere length and risk of glioma. Cancer Epidemiol (2013) 37(6):935–8. doi: 10.1016/j.canep.2013.10.002

46. Desdín-Micó, G, Soto-Heredero, G, Aranda, JF, Oller, J, Carrasco, E, Gabandé-Rodríguez, E, et al. T cells with dysfunctional mitochondria induce multimorbidity and premature senescence. Science (2020) 368(6497):1371–6. doi: 10.1126/science.aax0860

47. Liu, X, Mo, W, Ye, J, Li, L, Zhang, Y, Hsueh, EC, et al. Regulatory T cells trigger effector T cell DNA damage and senescence caused by metabolic competition. Nat Commun (2018) 9(1):249. doi: 10.1038/s41467-017-02689-5

48. Shadel, GS, and Horvath, TL. Mitochondrial ROS signaling in organismal homeostasis. Cell (2015) 163(3):560–9. doi: 10.1016/j.cell.2015.10.001

49. Ye, J, Ma, C, Hsueh, EC, Dou, J, Mo, W, Liu, S, et al. TLR8 signaling enhances tumor immunity by preventing tumor-induced T-cell senescence. EMBO Mol Med (2014) 6(10):1294–311. doi: 10.15252/emmm.201403918

50. Krtolica, A, Parrinello, S, Lockett, S, Desprez, PY, and Campisi, J. Senescent fibroblasts promote epithelial cell growth and tumorigenesis: a link between cancer and aging. Proc Natl Acad Sci U.S.A. (2001) 98(21):12072–7. doi: 10.1073/pnas.211053698

51. Olivieri, F, Albertini, MC, Orciani, M, Ceka, A, Cricca, M, Procopio, AD, et al. DNA damage response (DDR) and senescence: shuttled inflamma-miRNAs on the stage of inflamm-aging. Oncotarget (2015) 6(34):35509–21. doi: 10.18632/oncotarget.5899

52. Thomas, R, Wang, W, and Su, DM. Contributions of age-related thymic involution to immunosenescence and inflammaging. Immun Ageing (2020) 17:2. doi: 10.1186/s12979-020-0173-8

53. Montes, CL, Chapoval, AI, Nelson, J, Orhue, V, Zhang, X, Schulze, DH, et al. Tumor-induced senescent T cells with suppressor function: a potential form of tumor immune evasion. Cancer Res (2008) 68(3):870–9. doi: 10.1158/0008-5472.CAN-07-2282

54. Ye, J, Huang, X, Hsueh, EC, Zhang, Q, Ma, C, Zhang, Y, et al. Human regulatory T cells induce T-lymphocyte senescence. Blood (2012) 120(10):2021–31. doi: 10.1182/blood-2012-03-416040

55. Song, G, Wang, X, Jia, J, Yuan, Y, Wan, F, Zhou, X, et al. Elevated level of peripheral CD8(+)CD28(-) T lymphocytes are an independent predictor of progression-free survival in patients with metastatic breast cancer during the course of chemotherapy. Cancer Immunol Immunother (2013) 62(6):1123–30. doi: 10.1007/s00262-013-1424-8

56. Ferrara, R, Naigeon, M, Auclin, E, Duchemann, B, Cassard, L, Jouniaux, JM, et al. Circulating T-cell immunosenescence in patients with advanced non-small cell lung cancer treated with single-agent PD-1/PD-L1 inhibitors or platinum-based chemotherapy. Clin Cancer Res (2021) 27(2):492–503. doi: 10.1158/1078-0432.CCR-20-1420

57. Henson, SM, Macaulay, R, Riddell, NE, Nunn, CJ, and Akbar, AN. Blockade of PD-1 or p38 MAP kinase signaling enhances senescent human CD8(+) T-cell proliferation by distinct pathways. Eur J Immunol (2015) 45(5):1441–51. doi: 10.1002/eji.201445312

58. Aldinucci, D, and Casagrande, N. Inhibition of the CCL5/CCR5 axis against the progression of gastric cancer. Int J Mol Sci (2018) 19(5):1477. doi: 10.3390/ijms19051477

59. Xia, A, Zhang, Y, Xu, J, Yin, T, and Lu, XJ. T cell dysfunction in cancer immunity and immunotherapy. Front Immunol (2019) 10:1719. doi: 10.3389/fimmu.2019.01719

60. Thommen, DS, Schreiner, J, Müller, P, Herzig, P, Roller, A, Belousov, A, et al. Progression of lung cancer is associated with increased dysfunction of T cells defined by coexpression of multiple inhibitory receptors. Cancer Immunol Res (2015) 3(12):1344–55. doi: 10.1158/2326-6066.CIR-15-0097

61. Schietinger, A, Philip, M, Krisnawan, VE, Chiu, EY, Delrow, JJ, Basom, RS, et al. Tumor-specific T cell dysfunction is a dynamic antigen-driven differentiation program initiated early during tumorigenesis. Immunity (2016) 45(2):389–401. doi: 10.1016/j.immuni.2016.07.011

62. Severson, JJ, Serracino, HS, Mateescu, V, Raeburn, CD, McIntyre, RC Jr., Sams, SB, et al. PD-1+Tim-3+ CD8+ T lymphocytes display varied degrees of functional exhaustion in patients with regionally metastatic differentiated thyroid cancer. Cancer Immunol Res (2015) 3(6):620–30. doi: 10.1158/2326-6066.CIR-14-0201

63. Timar, J, and Kashofer, K. Molecular epidemiology and diagnostics of KRAS mutations in human cancer. Cancer Metastasis Rev (2020) 39(4):1029–38. doi: 10.1007/s10555-020-09915-5

64. Zelle-Rieser, C, Thangavadivel, S, Biedermann, R, Brunner, A, Stoitzner, P, Willenbacher, E, et al. T cells in multiple myeloma display features of exhaustion and senescence at the tumor site. J Hematol Oncol (2016) 9(1):116. doi: 10.1186/s13045-016-0345-3

65. Tang, L, Wu, J, Li, CG, Jiang, HW, Xu, M, Du, M, et al. Characterization of immune dysfunction and identification of prognostic immune-related risk factors in acute myeloid leukemia. Clin Cancer Res (2020) 26(7):1763–72. doi: 10.1158/1078-0432.CCR-19-3003

66. Guo, L, Bodo, J, Durkin, L, and Hsi, ED. Evaluation of PD1/PDL1 expression and their clinicopathologic association in EBV-associated lymphoproliferative disorders in nonimmunosuppressed patients. Appl Immunohistochem Mol Morphol (2019) 27(2):101–6. doi: 10.1097/PAI.0000000000000583

67. Yousefzadeh, MJ, Flores, RR, Zhu, Y, Schmiechen, ZC, Brooks, RW, Trussoni, CE, et al. An aged immune system drives senescence and ageing of solid organs. Nature (2021) 594(7861):100–5. doi: 10.1038/s41586-021-03547-7

68. Minato, N, Hattori, M, and Hamazaki, Y. Physiology and pathology of T-cell aging. Int Immunol (2020) 32(4):223–31. doi: 10.1093/intimm/dxaa006

69. Hui, E, Cheung, J, Zhu, J, Su, X, Taylor, MJ, Wallweber, HA, et al. T cell costimulatory receptor CD28 is a primary target for PD-1-mediated inhibition. Science (2017) 355(6332):1428–33. doi: 10.1126/science.aaf1292

70. Banta, KL, Xu, X, Chitre, AS, Au-Yeung, A, Takahashi, C, O'Gorman, WE, et al. Mechanistic convergence of the TIGIT and PD-1 inhibitory pathways necessitates co-blockade to optimize anti-tumor CD8(+) T cell responses. Immunity (2022) 55(3):512–26.e9. doi: 10.1016/j.immuni.2022.02.005

71. Koshkina, N, Yang, Y, and Kleinerman, ES. The fas/fasL signaling pathway: its role in the metastatic process and as a target for treating osteosarcoma lung metastases. Adv Exp Med Biol (2020) 1258:177–87. doi: 10.1007/978-3-030-43085-6_12

72. Gao, J, Zhao, Y, Wang, C, Ji, H, Yu, J, Liu, C, et al. A novel synthetic chitosan selenate (CS) induces apoptosis in A549 lung cancer cells via the Fas/FasL pathway. Int J Biol Macromol (2020) 158:689–97. doi: 10.1016/j.ijbiomac.2020.05.016

73. Molon, B, Liboni, C, and Viola, A. CD28 and chemokine receptors: Signalling amplifiers at the immunological synapse. Front Immunol (2022) 13:938004. doi: 10.3389/fimmu.2022.938004

74. Ren, X, Li, Y, Nishimura, C, and Zang, X. Crosstalk between the B7/CD28 and EGFR pathways: Mechanisms and therapeutic opportunities. Genes Dis (2022) 9(5):1181–93. doi: 10.1016/j.gendis.2021.08.009

75. Carreno, BM, and Collins, M. The B7 family of ligands and its receptors: new pathways for costimulation and inhibition of immune responses. Annu Rev Immunol (2002) 20:29–53. doi: 10.1146/annurev.immunol.20.091101.091806

76. Podojil, JR, and Miller, SD. Targeting the B7 family of co-stimulatory molecules: successes and challenges. BioDrugs (2013) 27(1):1–13. doi: 10.1007/s40259-012-0001-6

77. Yi, M, Zheng, X, Niu, M, Zhu, S, Ge, H, and Wu, K. Combination strategies with PD-1/PD-L1 blockade: current advances and future directions. Mol Cancer (2022) 21(1):28. doi: 10.1186/s12943-021-01489-2

78. Vallejo, AN. CD28 extinction in human T cells: altered functions and the program of T-cell senescence. Immunol Rev (2005) 205:158–69. doi: 10.1111/j.0105-2896.2005.00256.x

79. Mateo, V, Ménager, M, de Saint-Basile, G, Stolzenberg, MC, Roquelaure, B, André, N, et al. Perforin-dependent apoptosis functionally compensates Fas deficiency in activation-induced cell death of human T lymphocytes. Blood (2007) 110(13):4285–92. doi: 10.1182/blood-2007-05-088286

80. Gupta, S. Molecular steps of cell suicide: an insight into immune senescence. J Clin Immunol (2000) 20(4):229–39. doi: 10.1023/A:1006653917314

81. Viard-Leveugle, I, Veyrenc, S, French, LE, Brambilla, C, and Brambilla, E. Frequent loss of Fas expression and function in human lung tumours with overexpression of FasL in small cell lung carcinoma. J Pathol (2003) 201(2):268–77. doi: 10.1002/path.1428

82. Aggarwal, S, and Gupta, S. Increased apoptosis of T cell subsets in aging humans: altered expression of Fas (CD95), Fas ligand, Bcl-2, and Bax. J Immunol (1998) 160(4):1627–37. doi: 10.4049/jimmunol.160.4.1627

83. Hershberg, RM, and Mayer, LF. Antigen processing and presentation by intestinal epithelial cells - polarity and complexity. Immunol Today (2000) 21(3):123–8. doi: 10.1016/S0167-5699(99)01575-3

84. Davis, T, Bagley, MC, Dix, MC, Murziani, PG, Rokicki, MJ, Widdowson, CS, et al. Synthesis and in vivo activity of MK2 and MK2 substrate-selective p38alpha(MAPK) inhibitors in Werner syndrome cells. Bioorg Med Chem Lett (2007) 17(24):6832–5. doi: 10.1016/j.bmcl.2007.10.036

85. Raitakari, M, Brown, RD, Sze, D, Yuen, E, Barrow, L, Nelson, M, et al. T-cell expansions in patients with multiple myeloma have a phenotype of cytotoxic T cells. Br J Haematol (2000) 110(1):203–9. doi: 10.1046/j.1365-2141.2000.02131.x

86. Bustin, SA. Real-time, fluorescence-based quantitative PCR: a snapshot of current procedures and preferences. Expert Rev Mol Diagn (2005) 5(4):493–8. doi: 10.1586/14737159.5.4.493

87. Zhang, H, Weyand, CM, Goronzy, JJ, and Gustafson, CE. Understanding T cell aging to improve anti-viral immunity. Curr Opin Virol (2021) 51:127–33. doi: 10.1016/j.coviro.2021.09.017

88. Li, SY, Yu, B, An, P, Wei, JC, Zhang, YN, and Cai, HY. [The influence of FasL gene expression upon hepatic metastasis of colorectal carcinoma]. Zhonghua Wai Ke Za Zhi (2003) 41(9):646–468. doi: 10.3760/j:issn:0529-5815.2003.09.00291.91

89. Chang, YC, and Xu, YH. Expression of Bcl-2 inhibited Fas-mediated apoptosis in human hepatocellular carcinoma BEL-7404 cells. Cell Res (2000) 10(3):233–42. doi: 10.1038/sj.cr.7290052

90. Debatin, KM, and Krammer, PH. Death receptors in chemotherapy and cancer. Oncogene (2004) 23(16):2950–66. doi: 10.1038/sj.onc.1207558

91. Hoser, G, Wasilewska, D, and Domagała-Kulawik, J. Expression of Fas receptor on peripheral blood lymphocytes from patients with non-small cell lung cancer. Folia Histochem Cytobiol (2004) 42(4):249–52. Available at: https://journals.viamedica.pl/folia_histochemica_cytobiologica/article/view/4632.

92. Carrasco, E, Gómez de Las Heras, MM, Gabandé-Rodríguez, E, Desdín-Micó, G, Aranda, JF, and Mittelbrunn, M. The role of T cells in age-related diseases. Nat Rev Immunol (2022) 22(2):97–111. doi: 10.1038/s41577-021-00557-4

93. Henson, SM, Lanna, A, Riddell, NE, Franzese, O, Macaulay, R, Griffiths, SJ, et al. p38 signaling inhibits mTORC1-independent autophagy in senescent human CD8+ T cells. J Clin Invest (2014) 124(9):4004–16. doi: 10.1172/JCI75051

94. Alizadeh, D, Wong, RA, Yang, X, Wang, D, Pecoraro, JR, Kuo, CF, et al. IL15 enhances CAR-T cell antitumor activity by reducing mTORC1 activity and preserving their stem cell memory phenotype. Cancer Immunol Res (2019) 7(5):759–72. doi: 10.1158/2326-6066.CIR-18-0466

95. Bharath, LP, Agrawal, M, McCambridge, G, Nicholas, DA, Hasturk, H, Liu, J, et al. Metformin enhances autophagy and normalizes mitochondrial function to alleviate aging-associated inflammation. Cell Metab (2020) 32(1):44–55.e6. doi: 10.1016/j.cmet.2020.04.015

96. Hachmo, Y, Hadanny, A, Abu Hamed, R, Daniel-Kotovsky, M, Catalogna, M, Fishlev, G, et al. Hyperbaric oxygen therapy increases telomere length and decreases immunosenescence in isolated blood cells: a prospective trial. Aging (Albany NY) (2020) 12(22):22445–56. doi: 10.18632/aging.202188

97. Tang, X, Deng, B, Zang, A, He, X, Zhou, Y, Wang, D, et al. Characterization of age-related immune features after autologous NK cell infusion: Protocol for an open-label and randomized controlled trial. Front Immunol (2022) 13:940577. doi: 10.3389/fimmu.2022.940577

98. Battram, AM, Bachiller, M, and Martín-Antonio, B. Senescence in the development and response to cancer with immunotherapy: A double-edged sword. Int J Mol Sci (2020) 21(12):4346. doi: 10.3390/ijms21124346

99. Wang, Q, Qin, Y, and Li, B. CD8(+) T cell exhaustion and cancer immunotherapy. Cancer Lett (2023) 559:216043. doi: 10.1016/j.canlet.2022.216043

100. Titov, A, Kaminskiy, Y, Ganeeva, I, Zmievskaya, E, Valiullina, A, Rakhmatullina, A, et al. Knowns and unknowns about CAR-T cell dysfunction. Cancers (Basel) (2022) 14(4):1078. doi: 10.3390/cancers14041078

101. Lanna, A, Henson, SM, Escors, D, and Akbar, AN. The kinase p38 activated by the metabolic regulator AMPK and scaffold TAB1 drives the senescence of human T cells. Nat Immunol (2014) 15(10):965–72. doi: 10.1038/ni.2981

102. Johnson, DB, and Sosman, JA. Update on the targeted therapy of melanoma. Curr Treat Options Oncol (2013) 14(2):280–92. doi: 10.1007/s11864-013-0226-8

103. Manic, G, Obrist, F, Sistigu, A, and Vitale, I. Trial Watch: Targeting ATM-CHK2 and ATR-CHK1 pathways for anticancer therapy. Mol Cell Oncol (2015) 2(4):e1012976. doi: 10.1080/23723556.2015.1012976

104. Jing, JL, Ning, TCY, Natali, F, Eisenhaber, F, and Alfatah, M. Iron supplementation delays aging and extends cellular lifespan through potentiation of mitochondrial function. Cells (2022) 11(5):862. doi: 10.3390/cells11050862

105. LaPorte, RE, Marler, E, Akazawa, S, Sauer, F, Gamboa, C, Shenton, C, et al. The death of biomedical journals. Bmj (1995) 310(6991):1387–90. doi: 10.1136/bmj.310.6991.1387

106. Wesolowski, H, and Snop, S. Histochemical studies on the liver of white rats at various intervals after transection of the vagus nerves. Folia Morphol (Warsz) (1974) 33(4):437–47. Available at: https://pubmed.ncbi.nlm.nih.gov/4375076/


107. Zhao, Z, Yu, Z, Hou, Y, Zhang, L, and Fu, A. Improvement of cognitive and motor performance with mitotherapy in aged mice. Int J Biol Sci (2020) 16(5):849–58. doi: 10.7150/ijbs.40886

108. Konstantinov Iu, M, Liakhovich, VV, and Panov, AV. [Relationship between the systems of activation of fatty acids and ademine nucleotide translocase in the mitochondria]. Biull Eksp Biol Med (1976) 82(10):1200–2. Available at: https://pubmed.ncbi.nlm.nih.gov/1029502/


109. Li, Z, Zhang, Z, Ren, Y, Wang, Y, Fang, J, Yue, H, et al. Aging and age-related diseases: from mechanisms to therapeutic strategies. Biogerontology (2021) 22(2):165–87. doi: 10.1007/s10522-021-09910-5

110. Schoenmakers, E, Agostini, M, Mitchell, C, Schoenmakers, N, Papp, L, Rajanayagam, O, et al. Mutations in the selenocysteine insertion sequence-binding protein 2 gene lead to a multisystem selenoprotein deficiency disorder in humans. J Clin Invest (2010) 120(12):4220–35. doi: 10.1172/JCI43653

111. Liu, Q, Wang, H, Hu, D, Ding, C, Xu, H, and Tao, D. Effects of trace elements on the telomere lengths of hepatocytes L-02 and hepatoma cells SMMC-7721. Biol Trace Elem Res (2004) 100(3):215–27. doi: 10.1385/BTER:100:3:215

112. De Vitis, M, Berardinelli, F, and Sgura, A. Telomere length maintenance in cancer: at the crossroad between telomerase and alternative lengthening of telomeres (ALT). Int J Mol Sci (2018) 19(2):606. doi: 10.3390/ijms19020606

113. Akincilar, SC, Unal, B, and Tergaonkar, V. Reactivation of telomerase in cancer. Cell Mol Life Sci (2016) 73(8):1659–70. doi: 10.1007/s00018-016-2146-9

114. Londoño-Vallejo, JA, Der-Sarkissian, H, Cazes, L, Bacchetti, S, and Reddel, RR. Alternative lengthening of telomeres is characterized by high rates of telomeric exchange. Cancer Res (2004) 64(7):2324–7. doi: 10.1158/0008-5472.CAN-03-4035

115. Lee, HW, Blasco, MA, Gottlieb, GJ, Horner, JW 2nd, Greider, CW, and DePinho, RA. Essential role of mouse telomerase in highly proliferative organs. Nature (1998) 392(6676):569–74. doi: 10.1038/33345

116. Hernandez-Sanchez, W, Huang, W, Plucinsky, B, Garcia-Vazquez, N, Robinson, NJ, Schiemann, WP, et al. A non-natural nucleotide uses a specific pocket to selectively inhibit telomerase activity. PloS Biol (2019) 17(4):e3000204. doi: 10.1371/journal.pbio.3000204

117. Gomez, DE, Armando, RG, and Alonso, DF. AZT as a telomerase inhibitor. Front Oncol (2012) 2:113. doi: 10.3389/fonc.2012.00113

118. Gao, J, and Pickett, HA. Targeting telomeres: advances in telomere maintenance mechanism-specific cancer therapies. Nat Rev Cancer (2022) 22(9):515–32. doi: 10.1038/s41568-022-00490-1

119. Lanna, A, Vaz, B, D'Ambra, C, Valvo, S, Vuotto, C, Chiurchiù, V, et al. An intercellular transfer of telomeres rescues T cells from senescence and promotes long-term immunological memory. Nat Cell Biol (2022) 24(10):1461–74. doi: 10.1038/s41556-022-00991-z

120. Greten, FR, and Grivennikov, SI. Inflammation and cancer: triggers, mechanisms, and consequences. Immunity (2019) 51(1):27–41. doi: 10.1016/j.immuni.2019.06.025

121. Bosetti, C, Santucci, C, Gallus, S, Martinetti, M, and La Vecchia, C. Aspirin and the risk of colorectal and other digestive tract cancers: an updated meta-analysis through 2019. Ann Oncol (2020) 31(5):558–68. doi: 10.1016/j.annonc.2020.02.012

122. Liu, F, Wu, Q, Han, W, Laster, K, Hu, Y, Ma, F, et al. Targeting integrin αvβ3 with indomethacin inhibits patient-derived xenograft tumour growth and recurrence in oesophageal squamous cell carcinoma. Clin Transl Med (2021) 11(10):e548. doi: 10.1002/ctm2.548

123. Qianlan, Y, Ying, L, Aibin, C, Xiangrui, S, Wenpeng, C, Guanghui, D, et al. Risk perception and emotion reaction of chinese health care workers varied during COVID-19: A repeated cross-sectional research. Int J Public Health (2021) 66:613057. doi: 10.3389/ijph.2021.613057

124. Kwon, M, Nam, GH, Jung, H, Kim, SA, Kim, S, Choi, Y, et al. Statin in combination with cisplatin makes favorable tumor-immune microenvironment for immunotherapy of head and neck squamous cell carcinoma. Cancer Lett (2021) 522:198–210. doi: 10.1016/j.canlet.2021.09.029

125. Shalapour, S, and Karin, M. Pas de deux: control of anti-tumor immunity by cancer-associated inflammation. Immunity (2019) 51(1):15–26. doi: 10.1016/j.immuni.2019.06.021

126. Miggelbrink, AM, Jackson, JD, Lorrey, SJ, Srinivasan, ES, Waibl-Polania, J, Wilkinson, DS, et al. CD4 T-cell exhaustion: does it exist and what are its roles in cancer? Clin Cancer Res (2021) 27(21):5742–52. doi: 10.1158/1078-0432.CCR-21-0206

127. Ally, A, Balasundaram, M, Carlsen, R, Chuah, E, Clarke, A, Dhalla, N, et al. Comprehensive and integrative genomic characterization of hepatocellular carcinoma. Cell (2017) 169(7):1327–41.e23. doi: 10.1016/j.cell.2017.05.046

128. Ouyang, FZ, Wu, RQ, Wei, Y, Liu, RX, Yang, D, Xiao, X, et al. Dendritic cell-elicited B-cell activation fosters immune privilege via IL-10 signals in hepatocellular carcinoma. Nat Commun (2016) 7:13453. doi: 10.1038/ncomms13453

129. Xu, H, Cao, C, Ren, Y, Weng, S, Liu, L, Guo, C, et al. Antitumor effects of fecal microbiota transplantation: Implications for microbiome modulation in cancer treatment. Front Immunol (2022) 13:949490. doi: 10.3389/fimmu.2022.949490

130. Choi, IJ, Kook, MC, Kim, YI, Cho, SJ, Lee, JY, Kim, CG, et al. Helicobacter pylori therapy for the prevention of metachronous gastric cancer. N Engl J Med (2018) 378(12):1085–95. doi: 10.1056/NEJMoa1708423

131. Hou, J, Karin, M, and Sun, B. Targeting cancer-promoting inflammation - have anti-inflammatory therapies come of age? Nat Rev Clin Oncol (2021) 18(5):261–79. doi: 10.1038/s41571-020-00459-9

132. Stoczynska-Fidelus, E, Węgierska, M, Kierasińska, A, Ciunowicz, D, and Rieske, P. Role of senescence in tumorigenesis and anticancer therapy. J Oncol (2022) 2022:5969536. doi: 10.1155/2022/5969536

133. Schreiber, RD, Old, LJ, and Smyth, MJ. Cancer immunoediting: integrating immunity's roles in cancer suppression and promotion. Science (2011) 331(6024):1565–70. doi: 10.1126/science.1203486

134. Bui, JD, and Schreiber, RD. Cancer immunosurveillance, immunoediting and inflammation: independent or interdependent processes? Curr Opin Immunol (2007) 19(2):203–8. doi: 10.1016/j.coi.2007.02.001

135. Aktaş, ON, Öztürk, AB, Erman, B, Erus, S, Tanju, S, and Dilege, Ş. Role of natural killer cells in lung cancer. J Cancer Res Clin Oncol (2018) 144(6):997–1003. doi: 10.1007/s00432-018-2635-3

136. Yang, Y, Badeti, S, Tseng, HC, Ma, MT, Liu, T, Jiang, JG, et al. Superior expansion and cytotoxicity of human primary NK and CAR-NK cells from various sources via enriched metabolic pathways. Mol Ther Methods Clin Dev (2020) 18:428–45. doi: 10.1016/j.omtm.2020.06.014

137. Saul, D, Kosinsky, RL, Atkinson, EJ, Doolittle, ML, Zhang, X, LeBrasseur, NK, et al. A new gene set identifies senescent cells and predicts senescence-associated pathways across tissues. Nat Commun (2022) 13(1):4827. doi: 10.1038/s41467-022-32552-1




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2024 Huang, Wang, Fang, Liu, Feng, Liu and Sun. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-15-1338680-g003.jpg
Activation of age-related pathways

..'Q ‘MAPK Blocking T cell aging signaling pathway
®g® cAMP

‘ERK1/2

.."Q Telomere shortening
O“ ‘DNA damage Maintain telomere length

..0. Mitochondrial dysfunction
Q‘. -Impaired oxidative phosphorylation Enhance
-Abnormal cell metabolism mitochondrial
function

p38MAPK
inhibitors

—t

TR Inflammatory stimulation
Q.‘ -Acute- inflammation

. : Alternative
® Chronic-inflammation

extension
mechanism
Anti-inflammatory
therapy

Aspirin
Indomethacin
Metformin
Statins






OEBPS/Images/fimmu-15-1338680-g001.jpg
‘Irreversible cell cycle block
-SA-B-gal

'CD27CD281CD57,KLRG-11
"SASP

‘Reversible cell cycle block
-Defective effector functions

» Expression of PD1, TIM3andLAG3
IL-2, INFI





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        T cell senescence: a new perspective on immunotherapy in lung cancer

      

        		

          1 Introduction

        



        		

          2 T cell senescence

        

          		

            2.1 T cell senescence characteristics

          



          		

            2.2 T cell senescence and T cell exhaustion

          



          		

            2.3 T cell senescence mechanism

          

            		

              2.3.1 Activation of age-related pathways

            



            		

              2.3.2 Telomere shortening

            



            		

              2.3.3 Mitochondrial dysfunction

            



            		

              2.3.4 Inflammatory stimulation

            



          



          



        



        



        		

          3 The role of senescent T cells in the genesis and development of malignant tumors

        

          		

            3.1 T cell senescence and lung malignancy

          



          		

            3.2 Regulation of T cells and their CD28/CD95molecules in the aging process of the body

          



          		

            3.3 The regulatory role of T cells and their CD28/CD95 molecules in anti-tumor immunity

          



        



        



        		

          4 Therapeutic strategies of T cells in lung malignancies

        

          		

            4.1 Blocking T cell aging signaling pathway

          



          		

            4.2 Enhance mitochondrial function

          



          		

            4.3 Maintain telomere length

          



          		

            4.4 Anti-inflammatory therapy

          



        



        



        		

          5 Conclusions

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
cell dysfunction in tumor Ref

Inhibitory PD-1, CTLA-4, Tim-3, LAG-3 (59, 60)
receptors

Transcriptional T-bet, Eomes, Foxol, Blimp-1, (59)
regulation NFAT, TOX

Inhibitory cells Treg cells, TAMs, cancer-associated (59, 61)

fibroblasts and adipocytes endothelial cells
Suppressive IL-10, VEGF-A, TGF-B, IL-35 (59, 62)
soluble

mediators





OEBPS/Images/fimmu-15-1338680-g002.jpg
MAPK 1 cAMP1 (i) Decreased antitumor activity

DNA damage+
telomere
shortening 1

Effector CD8*/CD4*

T cell

SA-[-galt
KLRG11

(iii) Induce premature SASP?

senescence of T cells and
promote the development
of tumor

(ii) Directly affect immune cells and induce adaptive TreGs, inhibit DC cells and
effector T cells

(iv) T cell
l senescence directly
inhibits T cell
Treg DC Effector CD8*/CD4* proliferation and
function

T cell

tumor growtht, invasion, metastasis

D ————————

(v) T cell senescence directly promotes tumor growth, invasion, metastasis, and
epithelial-mesenchymal transformation.






OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu.2024.1338680_cover.jpg
& frontiers | Frontiers in Immunology

T cell senescence: a new perspective
on immunotherapy in lung cancer





OEBPS/Images/table1.jpg
Category Markers Refs

SASP IL-2, IL-6, IL-8, TNF-o,, TNF-y, (14-17)

Granzyme 1
SA-B-gal Senescent cell biomarkers (18)
Cell cycle arrest | P53, p21, p16T (11, 19)
DNA damage ATM (1)
Metabolic ROST (20)
changes
phenotypic CD28,CD27| (8,9)
markers CCR7,CD45RO|

CD45RAT

CD57,CD951

KLRG-11

"1" for high expression, "|" for low expression.






