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Abstract

:

Simple Summary


Despite tremendous treatment efforts, cancer is still one of the leading causes of death, with approximately 10 million deaths in 2020. In the last decade, immunotherapy entered the stage of clinical practice and was added to the established regimen, i.e., surgery, chemo- and radiation therapy, to fight this deadly disease. Cancer immunotherapies, including immune checkpoint inhibitors, target malignant cancer cells and immune cells in the tumor micro-environment. Among those cells are T cells and antigen-presenting cells, which can efficiently control tumors via both cell-cell interactions and by secretion of inflammatory cytokines. The presence of specific cytokines in the tumor microenvironment has been shown to induce senescence in tumor cells. Subsequently, tumor cells acquire a senescence-associated secretory phenotype that strongly modulates anti-tumor responses. This review describes the mechanisms of cytokine-induced senescence in the tumor microenvironment and highlights their relevance for therapeutic perspectives.




Abstract


In contrast to surgical excision, chemotherapy or radiation therapy, immune checkpoint blockade therapies primarily influence cells in the tumor microenvironment, especially the tumor-associated lymphocytes and antigen-presenting cells. Besides complete remission of tumor lesions, in some patients, early tumor regression is followed by a consolidation phase where residing tumors remain dormant. Whereas the cytotoxic mechanisms of the regression phase (i.e., apoptosis, necrosis, necroptosis, and immune cell-mediated cell death) have been extensively described, the mechanisms underlying the dormant state are still a matter of debate. Here, we propose immune-mediated induction of senescence in cancers as one important player. Senescence can be achieved by tumor-associated antigen-specific T helper 1 cells, cytokines or antibodies targeting immune checkpoints. This concept differs from cytotoxic treatment, which often targets the genetic makeup of cancer cells. The immune system’s ability to establish “defensive walls” around tumors also places the tumor microenvironment into the fight against cancer. Those “defensive walls” isolate the tumor cells instead of increasing the selective pressure. They also keep the tumor cells in a non-proliferating state, thereby correcting the derailed tissue homeostasis. In conclusion, strengthening the senescence surveillance of tumors by the immune cells of the microenvironment is a future goal to dampen this life-threatening disease.
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1. Introduction


Tissue homeostasis is a dynamic process regulated by a delicate balance between tissue generation, characterized by cell proliferation, differentiation, and clearance mechanisms of damaged, old or dead cells, mainly those that underwent apoptosis or cellular senescence (Figure 1A) [1]. While apoptosis is a form of programmed cell death, cellular senescence is a terminal state where the cell becomes resistant to apoptosis. Thus, it remains viable but is permanently growth-arrested and unable to re-enter the cell cycle despite stimulation by growth factors [2,3,4,5,6]. Nevertheless, it has also been shown that growth-arrested cancer cells can escape from senescence and give rise to even more aggressive tumors [7,8,9,10]. Another hallmark of senescence is that the cells remain metabolically active and secrete multiple pro-inflammatory and pro-regenerative factors, including chemokines, cytokines, growth factors and proteases, thereby adopting a so-called senescence-associated secretory phenotype (SASP) [11,12]. The SASP induces substantial changes in the tissue microenvironment, notably by attracting immune cells to clear the senescent cells and by promoting tissue regeneration to replace them (e.g., by modulating stem and progenitor cells, by inducing angiogenesis or by rearranging the extracellular matrix (ECM)). Together, the SASP participates in the proper maintenance of tissue homeostasis [13]. Besides these beneficial traits, there is also a “dark side” of the SASP, as it can exert deleterious effects leading to tumor promotion or mediating senescence escape [11,14,15]. In adults, cellular senescence generally occurs as a response to intrinsic or extrinsic cellular stresses, such as DNA damage, dysregulated mitogenic signaling, telomere shortening, epigenetic changes, inflammatory signals, or exposure to ionizing radiation or genotoxic substances. In addition, experimental evidence suggests that cellular senescence is an evolving process leading to a diversity of senescent cell phenotypes [16]. Importantly, the different triggers and multiple stages of cellular senescence, the specific cell type, and the cell-to-cell variability are well-known factors that modulate the composition of the SASP, thereby affecting the efficacy of immune-mediated clearance and tissue homeostasis [17].



Dysregulation of tissue homeostasis can lead to excessive cellular tissue formation, for example, in the case of tumor development. Although it has been long known that tumorigenesis is a complex multi-step process rather than simple tissue overgrowth, it used to be the activation of oncogenes and the repression of tumor suppressor genes that best described the molecular events underlying tumor formation [18,19] (Figure 1B). In 2000, a groundbreaking review by Hanahan et al. highlighted the complexity of malignant tumor cells (i.e., cancer cells) by describing six cancer hallmarks [20]: the cancer cells display growth factor-independent proliferation, evade growth suppression, resist cell death, show signs of replicative immortality, induce angiogenesis, and activate cellular programs that enable themselves to invade other tissues and metastasize to distant organs. All these hallmarks were mainly coined from the perspective of the malignant tumor cells. Later, the authors added multiple hallmarks of cancer, such as tumor evasion from immune surveillance [21], this time underscoring the central role of the tumor microenvironment (TME) during cancer progression. Indeed, tumors contain not only cancer cells but also a repertoire of “normal” non-cancerous cells, specifically immune and stromal cells [22,23]. Interestingly, many types of cancer cell-associated damage, such as genomic instability and mitogenic dysregulations, are potential triggers of cellular senescence. In fact, senescent cells are present in most, if not all, cancers and have been very recently added to the list of cancer hallmarks [24]. Senescence is commonly considered a protective tumor-suppressive mechanism, as it prevents the proliferation of damaged cancer cells and the progression from pre-malignant to malignant tumors. In addition to intrinsic cellular damage, cellular senescence can be induced by immune cells upon the secretion of particular cytokines. Cytokine-induced senescence (CIS) by immune cells has been established as an important barrier to stop malignant tumor growth [25,26]. Nevertheless, cellular senescence also leads to the secretion of the SASP, known to be pro-tumorigenic, as it regulates anti-tumor immune responses and enhances tumor angiogenesis and growth [11,27]. Since senescence can also occur in non-cancerous cell types of the TME (i.e., stromal and immune cells), this adds another layer of complexity to decipher the role and the effects of cellular senescence in cancer.



In this review, we detail how CIS affects tumor and non-cancerous cells in the TME and how their SASP modulates the TME. We particularly discuss the important role of CIS and its SASP for anti-tumor immune responses and highlight the necessity of clearance of senescent cells to optimize the long-term efficacy of cancer therapies.




2. The Tumor Microenvironment (TME)


Solid tumors are made of a complex and dynamic environment wherein tumor cells interact with immune cells, stromal cells and the extracellular milieu, including the ECM and cell-secreted soluble biomolecules. In addition, many tumors have been shown to contain a microbiome, such as colorectal cancer, skin cancer, and breast cancer, to cite a few [28], adding to the complexity of the TME. Although cellular senescence has been studied in detail in tumor cells, it can directly or indirectly affect the behavior of many different cell types. In this section, we provide an overview of the TME to set the stage for further understanding of tumor dormancy. More comprehensive reviews focusing on the composition and complexity of the TME in a broader context can be found in [29,30].



2.1. Tumor Cells


Despite being from the same cancer type, tumor cells are highly heterogenous between patients, between different tumors of the same patient and even within a single tumor. This heterogeneity is associated with their high rate of genetic mutations and epigenetic modifications, their increased proliferation rate as well as other interactions within the surrounding microenvironment. Importantly, the presence of cancer stem cells in tumors, which share some characteristics of normal stem cells, has been shown to induce multi-lineage cell populations, which commonly promote tumor growth, tumor cell heterogeneity, and teratoma formation [31,32]. Besides, cancer cells can also be found in a living yet dormant state, either being quiescent or senescent. Quiescence is reversible, with the quiescent cells being able to re-enter the cell cycle in a relatively short time upon stimulation with specific signals (e.g., growth factors) depending on the depth of the quiescence [33]. In contrast, senescence is generally regarded as an irreversible process that is characterized by permanent cell growth arrest, although escape from senescence has been described. Nevertheless, senescent cells remain active in the secretion of bioactive signals (e.g., cytokines, proteases, growth factors) and can adapt stem cell functions [7]. Tumor cells commonly gather tremendous differences in their cellular phenotypes. It is, therefore, necessary to keep in mind that the high plasticity and heterogeneity of tumor cells allow for tumor escape upon therapy, leading to incomplete response and cancer relapse. This remains one of the biggest challenges to overcome in future cancer treatment regimens. Indeed, inducing selective pressure on some tumor cell subpopulations can favor both their phenotypic changes and the development of other tumor cell subsets, leading to a tumor with different characteristics than the initial one [34]. Similarly, while primary and metastatic tumors share a common origin, the important behavioral changes required for a cancer cell to escape a primary tumor and form a metastasis (e.g., extravasation, circulation, and invasion) can lead to substantial differences in the primary vs. metastatic tumor cell populations. In this case, the tissue or organ targeted by the metastatic cells additionally shape the tumor development, modulating the immune cells, stromal cells and ECM composition and activities in the metastatic tumor [35,36].




2.2. Immune Cells in the TME


The immune cell composition of the TME includes tumor-infiltrating lymphocytes (TILs), tumor-associated macrophages (TAMs), tumor-associated neutrophils (TANs), and myeloid-derived suppressor cells (MDSCs). With the induction of novel therapies such as immunotherapies, the focus of anti-tumoral treatments changed from targeting tumor cells directly to targeting cells of the TME. This paradigm shift brought the specialized immune cells of the TME into focus, as immunotherapeutics indirectly kill tumors via immune cells and non-immune cells. Thus, analyzing the cell types and molecules present in the tumor will shed light on the mechanisms of successful tumor control.



2.2.1. Tumor-Infiltrating Lymphocytes (TILs)


TILs consist of several subsets of immune cells, including T cells, innate lymphoid cells like natural killer cells (NKs) and B cells. All these cells circulate in the bloodstream and have to migrate into the tumor, where they can exert both pro- and anti-tumorigenic functions. The composition of TILs is very variable depending on the tumor type.



Natural killer cells (NKs). NKs are innate lymphoid cells with cytotoxic functions similar to CD8+ T cells but without clonotypic receptors. NKs kill their targets by releasing granzymes and perforin without antigen-specific activation [37]. To prevent the killing of healthy cells, NKs possess inhibitory receptors and NK-activating receptors [38]. Inhibitory receptors interact with major histocompatibility complex class I molecules (MHC-I) and avoid killing MHC-I-positive cells. Activating receptors recognize molecules derived from pathogens, viruses or growth factors [39,40]. In lung cancer and gastrointestinal cancer, NKs have altered expression of inhibitory and activating receptors and overexpress exhaustion markers like T cell immunoreceptor with Ig and ITIM domains (TIGIT) and T cell immunoglobulin and mucin domain-containing protein 3 (TIM-3). The classical and best-analyzed exhaustion marker of T cells, programmed cell death 1 (PD-1), does not seem to play a role in NK exhaustion [41,42].



T cells. CD8+ T cells recognize antigen presented on MHC-I complex upon engagement of the T cell receptor (TCR). Activation of CD8+ T cells takes place in the tumor-draining lymph node. There, conventional dendritic cells (cDCs) cross-present tumor antigens on MHC-I. CD4+ T helper cells promote further clonal expansion and differentiation of CD8+ T cells into effector and memory T cells [43]. CD8+ effector T cells can kill transformed cells by releasing perforin and granzymes or by inducing apoptosis through FAS-FAS ligand binding [44]. Depending on the cytokines they produce, cytotoxic T lymphocytes (CTLs) can be classified into Tc1, Tc2, Tc9, Tc17, and Tc22 subtypes. In solid tumors, interferon-gamma (IFN-γ)-producing Tc1 cells are the most frequently observed subtype, but different tumor types harbor different CTL subtypes [45]. In many tumors, like colorectal cancer, breast cancer, ovarian cancer or bladder cancer, the infiltration of CD8+ CTLs is thought to be a good prognostic marker [46]. However, in large, progressed tumors, CTLs are often exhausted and dysfunctional and express high levels of exhaustion markers like PD-1, lymphocyte-activation gene 3 (LAG-3), cytotoxic T lymphocyte-associated antigen 4 (CTLA-4) or TIGIT [47].



CD4+ T helper (Th) cells recognize antigens in connection with the MHC-II complex present mainly on antigen-presenting cells (APCs). As most tumor cells do not express MHC-II, CD4+ Th cells cannot sense tumor antigens or tumor cells directly. Nevertheless, Th cells are necessary for any anti-tumorigenic immune response as they regulate the immune functions of most of the TILs [48]. Despite these indirect functions, CD4+ T cells can eliminate tumor cells directly through the release of granzyme B and perforin and through the induction of apoptosis via FAS-FAS ligand [49]. Naïve CD4+ T cells can differentiate into several subtypes, depending on the cytokine milieu produced by APCs. In tumors, Th1 cells are most abundant, but other subtypes like Th2, Th17, Th9, Th22 and regulatory T cells (Tregs) are also present [50]. IFN-γ-producing Th1 cells are associated with a good prognosis in several cancer types, including breast cancer, gastric cancer, hepatocellular carcinoma or lung cancer. Interleukin (IL)-4-producing Th2 cells and IL-17-producing Th17 cells are mostly associated with tumor progression in several tumor entities [46]. Both subtypes contribute to chronic inflammation, one of the factors described as a key catalyst for tumor formation and tumor progression. Enhanced numbers of Th22 cells, which produce IL-22, are associated with tumor progression through the immuno-suppressive functions of this cytokine [46].



CD4+ Tregs have immunosuppressive functions and are therefore tumor-promoting. They express high levels of surface CD25 and CTLA-4 and the transcription factor forkhead box protein 3 (FOXP3). Tregs suppress the immune system in two ways. First, they can exert inhibition by cell-cell interactions. The inhibitory molecule CTLA-4 on the cell surface of Tregs binds to co-stimulatory molecules on DCs. This leads to reduced T cell activation and proliferation [51]. Second, Tregs produce several immunosuppressive cytokines like transforming growth factor-beta (TGF-β) and IL-10. There are some more mechanisms to how Tregs suppress the function of immune cells in the TME, like competition with CTLs for IL-2 [52]. In most cancer types, the infiltration of Tregs is correlated with a poor prognosis [46].



B cells. Compared with T cells, B cells are present in the TME only in low numbers. Some studies identified a tumor-promoting role, whereas other studies showed an association with improved cancer outcomes, particularly when lymphoid organs known as tertiary lymphoid structures are formed [53,54,55,56,57]. In these tertiary lymphoid structures, B cells present tumor antigens to T cells, produce anti-tumoric antibodies, and secrete cytokines that enhance CTL functions. However, B cells can also have regulatory functions, thereby promoting tumor progression through the cytokines IL-10 and TGF- β [58].




2.2.2. Myeloid Cells


Tumor-associated macrophages (TAMs). Tumor cells recruit circulating monocytes from the peripheral blood into tumors mainly through the secretion of colony-stimulating factor-1 (CSF-1) and monocyte chemoattractant protein-1 (MCP1; also known as C-C motif chemokine ligand 2 (CCL2)) [59]. In the TME, infiltrating monocytes get polarized into M1 and M2 macrophages. Conventionally, reactive oxygen species (ROS)-producing M1 macrophages are regarded as inhibitors of tumor growth, whereas IL-10 and TGF-β producing M2 macrophages are thought to promote tumor growth. In most tumors, the presence of M2 macrophages correlates with a poor prognosis. It is now clear that the classification of TAMs into M1 and M2 macrophages is too crude, as TAMs exist in several subtypes with very high plasticity [47].



Dendritic cells (DCs). DCs arise from progenitors in the bone marrow, where they differentiate into plasmacytoid DCs and immature cDCs. Immature cDCs leave the bone marrow and migrate to distant tissues, where they engulf antigens. To effectively process these antigens and present them on the MHC-II complex and via cross-presentation on the MHC-I complex, cDCs have to mature. Maturation starts upon recognition of danger-associated molecular patterns (DAMPs) or pathogen-associated molecular patterns (PAMPs). Mature cDCs express the chemokine receptor CCR7, and this directs the DC into lymphoid organs and enhances the expression of co-stimulatory molecules and MHC molecules dramatically [60]. In the T cell zone of the lymphoid organs, cDCs prime naïve T cells. There are two cDC subtypes, cDC1 and cDC2, both of which have different functions [61]. cDC1s play an important role in anti-tumor immunity both as lymph node resident cells and migratory cDCs that deliver antigens from the tumor to the lymph node. However, some intratumoral cDC1s never leave the tumor area but secrete chemokines that attract naïve and activated T cells. cDC2s present antigens on MHC-II much more effectively than cDC1s, making them better inducers of CD4+ T cell responses than cDC1s [62].



Myeloid-derived suppressor cells (MDSCs). MDSCs derive from common myeloid progenitors in the bone marrow. Myeloid progenitors give rise to the granulocyte-monocyte progenitors and myeloid-dendritic cell progenitors. The further differentiation of the progenitors into neutrophils, monocytes, and DCs is driven by specific transcription factors and growth factors [63]. However, when the differentiation is blocked by soluble factors released from the circulation, immature myeloid precursors result [64,65]. These immature precursors exhibit strong immune suppressive capacities and are called MDSCs. As MDSCs are immature, they share features of granulocytes and monocytes. In the TME, MDSCs get activated by various factors, such as vascular endothelial growth factor (VEGF), granulocyte-macrophage colony-stimulating factor (GM-CSF), matrix metallopeptidase 9 (MMP-9), IFN-γ, TGF-β, IL-1β, IL-6, IL-10, IL-12, IL-13, CCL2, C-X-C motif chemokine ligand (CXCL) 5, CXCL12 and prostaglandins [47]. Most of these factors are also members of the SASP, the secretory program of senescent cells.



Tumor-associated neutrophils (TANs). TANs are short-lived myeloid immune cells that originate from precursors in the bone marrow [66]. The secretion of C-X-C chemokines recruits neutrophils into tissues [67,68], but oxysterols and the complement component anaphylatoxin C5a secreted by tumor cells contribute to the recruitment of neutrophils from the blood into tumors [69,70]. In tumors, cancer cells can prolong the survival of TANs dramatically by secreting IL-1β and granulocyte colony-stimulating factor (G-CSF) [66]. G-CSF, in combination with TGF-β in the TME, induces the expression of arginase 1 (ARG1), nitric oxide (NO), and ROS. These neutrophil-derived factors inhibit the activation of T cells in the TME efficiently [67,71]. Together with the synthesis of prostaglandin E2 (PGE2) and the expression of programmed cell death ligand 1 (PD-L1), TANs are regarded to be important drivers of immunosuppression [72,73,74]. But, like other immune cells in the TME, TANs can also display anti-tumor activities. TANs can kill tumor cells directly by inducing apoptosis or by inducing lethal calcium influx [72,75,76].





2.3. Stromal Cells in the TME


In addition to immune cells, the tumor cells interact with stromal cells, which remodel the TME and promote tumor growth. Stromal cell populations importantly include endothelial cells, pericytes, fibroblasts and other cells, such as mesenchymal stem cells or adipocytes.



Endothelial cells are the cells lining the inner wall of blood or lymphatic vessels. In tumors, blood endothelial cells (BECs) detect the hypoxic environment induced by the high metabolism of tumor cells to create new blood vessels, a process called tumor angiogenesis. This permits increased perfusion of oxygen and nutrients in the tumor while also providing routes for cell infiltration or dissemination [77]. Similarly, lymphatic endothelial cells (LECs) undergo lymphangiogenesis to develop new lymphatic vessels. This modulates tumor immunity by increasing the draining of tumor-derived molecules and cell trafficking between the tumor and lymph nodes. Moreover, lymphatic vessels provide additional routes for tumor metastasis. While tumor blood and lymphatic vessels are functional in the tumor, their structure differs from physiologically healthy vessels; for example, the blood vasculature in the tumor is highly permeable and rather disorganized, with a partial loss of supporting basement membranes [78]. Pericytes around the tumor blood capillaries are in loose contact with the endothelial cells, and their number is dysregulated compared with healthy vessels [79]. Interestingly, pericytes not only have a role in maintaining blood vessels’ integrity but also are multipotent cells, serving as a source of stem cells in tumors [80]. They also display tumor proliferative and immunomodulatory effects via the secretion of chemokines and cytokines [81].



Another important cell type of the tumor microenvironment is cancer-associated fibroblasts (CAFs) [82]. CAFs are fibroblasts that are reactivated in the tumor, thereby orchestrating tumor development. Indeed, CAFs influence the growth of tumor cells and of blood capillaries via the secretion of growth factors. They have immunomodulatory functions via the secretion of chemokines and cytokines, and they produce and regulate the turnover of the ECM, being mostly responsible for the desmoplastic response. In addition to paracrine interactions through soluble signaling factors, CAFs have been shown to directly interact with tumor cells, immune cells or other stromal cells [83,84], adding to the complexity of their functions. Importantly, CAFs demonstrate very high cell plasticity, are multipotent, and can adopt a multitude of different phenotypes, being tumor-promoting or -restraining depending on the context [82]. As such, CAFs constitute a highly heterogeneous cell population in the tumor and remain one of the most studied stromal cell types in cancer. In addition, many other cell types can be found in the tumor stroma, such as mesenchymal stem cells (MSCs) or adipocytes.




2.4. The Extracellular Matrix (ECM)


The structure and composition of the ECM regulate its biomechanical and biochemical properties, which directly modulate cell behavior by providing adhesion ligands and bioactive signaling molecules, such as cytokines and growth factors [85]. The interstitial matrix is primarily made of collagen fibers intermingled with elastin fibers, a core scaffold further decorated with glycoproteins, proteoglycans, and glycosamino-glycans (GAGs). In the TME, the interstitial ECM is dysregulated and frequently acquires a desmoplastic phenotype, with increased collagen content and fiber alignment, along with an imbalance of other ECM proteins and GAGs [86]. Similarly, basement membranes are also impaired in tumors. Basement membranes are the specialized matrices underlying epithelial cells or surrounding blood vessels (and partially lymphatic vessels) and are primarily made of collagen IV and laminin [87]. In the TME, the basement membranes of blood vessels have been observed to have a partial or complete loss of integrity, particularly at the invasive front of the tumor, which strongly affects mechanical properties and alters cell intra- and extravasation [87,88]. Interestingly, the link between ECM dysregulation and cellular senescence has just started to be explored in cancer and diseases [89,90,91].



As outlined before, the TME and its composition is a quite complex network (for an overview, see Figure 2). This setting becomes even more complex regarding the molecular interactions between the different cell types found within the TME. In particular, the secretion of soluble factors by cells of the immune system or the tumor cells has a great impact on the surrounding tissue.





3. Immune Surveillance of Tumors by Toxic and Non-Toxic Mechanisms


According to the “magic bullet” concept originally introduced by Paul Ehrlich more than 100 years ago, tumors should be eradicated either by excision or cellular destruction. This strategy of tumor cell killing is the basic principle of the “war on cancer” (for reviews see [92,93]) and relies on (i) induction of programmed cell death (e.g., apoptosis or necroptosis), (ii) necrotic cell death, (iii) autophagic cell death, (iv) target cell lysis, or (v) oxidative burst. This concept translated into the four current pillars of tumor therapy, i.e., complete surgical excision before the tumor has started to metastasize, eradication of the remaining tumor mass by radiation therapy, killing of disseminated tumor cells by chemotherapy, and destroying tumor cells by cytotoxic immunotherapy. With the introduction of immune checkpoint inhibitor therapy, the control of disseminated tumors by immune cell (re)activation was shown to be a very successful strategy to fight malignant cancer, especially melanoma [94]. This tumor immune surveillance has mainly been considered in the context of cancer cell destruction. As tumor immune control can, in addition, be explained by non-toxic mechanisms (for an overview, see Figure 3), we focus here on immune-mediated tumor senescence surveillance and explain the underlying events that mediate these non-toxic cellular responses. In this context, we place special emphasis on cytokine-induced senescence (CIS) in tumor cells [95].



The immune system is known to control tissue homeostasis, thereby effectively preventing excessive tissue growth, i.e., tumor development. Normally, cancer development is thought to be prevented through the immune system since malignant cells express distinct markers after their transformation (i.e., tumor antigens) that distinguish them from normal cells, allowing recognition and destruction through immune cells—a concept originally introduced by Burnet and Thomas [96,97]. If this cancer immunosurveillance fails, tumor formation and progression take place via a process known as cancer immunoediting that consists of three stages referred to as: (i) elimination, (ii) equilibrium, and (iii) escape [34,98]. Primarily, the elimination of cancer cells occurs through cytotoxic mechanisms via NKs, CD8+ CTLs or neutrophils (see also Section 2). In addition to the direct killing of tumor cells, senescence induction is another (non-toxic) way to prevent tumor growth [99]. Generally, senescence is defined as a state of permanent or at least long-lasting growth arrest that can be induced through a broad variety of stimuli, including DNA damage, oncogenic stress, chemotherapeutic drugs or cytokines [100]. Although senescence is thought to be a strong anti-cancer mechanism, as it initially acts as a barrier that halts the malignant transformation of cells, it may also be accompanied by the formation of a distinct secretome. This SASP contains many pro-inflammatory factors, such as cytokines (e.g., IL-6) and chemokines (e.g., CCL2), that, depending on the context, may (i) reinforce the senescent state of the cells, (ii) induce “bystander” senescence in neighboring cells, (iii) contribute to the immunosurveillance of the senescent cells or (iv) on the other hand, fuel cancer progression [11,101]. During recent years, it has become apparent that cytokines produced and secreted by different immune cells exert a similar function in inducing senescence as components released by senescent cells. The first detailed description of CIS as a new type of immune-mediated tumor control was published almost a decade ago [25]. Braumüller et al. showed in a mouse model of multistage carcinogenesis that the adoptive transfer of tumor-associated antigen (TAA)-specific Th1 cells efficiently stops the growth of pancreatic β-cancer cells without destroying the tumor. While tumor development progressed in mice that received a sham treatment only, the combined action of the cytokines IFN-γ and TNF released by the transferred CD4+ Th1 cells led to senescence induction. Aside from our own findings, senescence induction through cytokines has also been reported in the literature by others, as outlined in the next section.




4. Senescence Induction in the TME


In addition to other recent work dealing with the role of senescence and its implications for the TME [102,103,104,105], we focus here on the less-described CIS, including the molecular mechanisms and their regulation that mediate this cellular response. In addition to the general concept of senescence explained above, we briefly summarize the most important characteristics of cellular senescence in Figure 4. These characteristics are shared by most types of senescent cells independently of the senescence inducer.



4.1. Cytokine-Induced Senescence (CIS)


A quite special form of therapeutic senescence induction is CIS. Almost 10 years ago, CIS was discovered as the result of targeted immunotherapy with TAA-specific and non-cytotoxic Th1 cells in the RIP-Tag2 mouse model [25]. Generally, the mice develop endogenous tumors arising from transformed β-cells of the pancreas, which express the simian virus 40 large T antigen (Tag) under control of the rat insulin promoter (RIP). The adoptive transfer of Tag-Th1 cells into tumor-bearing RIP-Tag2 mice induces senescence in vivo, thereby preventing further tumor progression. This therapeutic response was only achieved in the presence of IFN-γ and TNF. The importance of undisrupted cytokine signaling for CIS was demonstrated by the use of knockout mice lacking either TNR receptor 1 (Tnfr1) or the signal transducer and activator of transcription 1 (Stat1).



The underlying molecular mechanisms were uncovered by ex vivo analyses and further in vitro studies with islets and β-cancer cells isolated from pancreata of tumor-bearing mice. In vivo, the T cell therapy led to the induction of important markers associated with growth arrest and senescence (e.g., upregulation of p16, trimethylation of histone 3 at lysine residue 9 (H3K9me3), and nuclear staining for phosphorylated heterochromatin protein 1 gamma (HP1γ)) that was accompanied by the reduced expression of the proliferation marker Ki-67. Similar results were obtained by the direct use of recombinant cytokines IFN-γ and TNF in vitro. The cytokine treatment was also applied in other cancer entities (murine as well as human), and the induction of senescence was achieved by the combination of both cytokines [25].



In this context, another study revealed a different modulation of senescence and the TME that depends on the administration route used for the adoptive transfer of the Th1 cells [106]. Although the therapeutic effects achieved in tumor-bearing RIP-Tag2 mice after intraperitoneal (i.p.) and intravenous (i.v.) application of the TAA-specific Th1 cells were almost equivalent, senescence induction in the tumor cells was enhanced in the i.v. setting. The anti-tumoral response induced by the transferred CD4+ T cells was further accompanied by profound changes in the immune constitution of the TME, as seen by the recruitment of B cells and DCs, while CD8+ T cell infiltration was reduced and macrophages were depleted [106].



The importance of Th1 cells and their associated effector cytokines IFN-γ and TNF for in vivo senescence induction was also described in other systems apart from the RIP-Tag2 model. Humanized NSG mice expressing a functional immune system with T cells and NKs were subject to tumor engraftment with the human rhabdomyosarcoma cell line A204 and subsequent immunotherapy with the NHS-IL12 construct [107]. NHS-IL12 is a fusion protein that consists of an antibody targeting the histones of necrotic cells combined with the functional domains of IL-12, a cytokine that is able to mediate IFN-γ-driven immune responses. The therapy was further supported by the administration of engineered IL-2 and IL-7 and efficiently induced anti-tumor immunity in the sarcoma-bearing mice [107]. The resulting tumor remission and long-term survival of the xenografts were not only caused by the immune-mediated senescence induction found in the cancer cells but also attributed to the induction of myogenic differentiation.



A follow-up study presented by the same group revealed that the NHS-IL12 therapy in combination with local tumor irradiation led to improved survival and systemic cancer control [108]. This treatment regimen increases the proportion of necrotic cells due to the irradiation, thereby enhancing intratumoral immunity. Again, both tumor cell senescence and differentiation were observed in the humanized sarcoma-bearing mice as the major consequences of the therapy in vivo. This T cell-driven anti-tumor response was also reproduced in vitro by analyzing different human cancer cell lines. The underlying mechanisms that provoke the measured effects were identified to be dependent on the Th1 cell cytokines IFN-y and TNF. Therefore, CIS can result from novel therapeutic approaches that link, for instance, radiotherapy to an otherwise sole but still efficient immunotherapy [108]. In the context of cell-based immunotherapy, it was also recently shown that gamma delta (γδ) T cells bear a promising anti-tumor activity [109]. The study demonstrated that the TCR-independent stimulation of γδ T cells with cytokines such as IL-2, IL-12, and IL-18 enhanced their anti-tumoral potential. This is achieved as γδ T cells do not only induce apoptosis through cytotoxic factors such as granzymes or perforin, but also tumor cell senescence through the production of IFN-γ and TNF [109].



A study of tumor samples derived from colorectal cancer patients revealed a modification of the immune cell infiltrate in the TME during dissemination and peritoneal carcinomatosis [110]. In contrast to primary tumors, the cells of the metastatic lesions showed a reduced proliferation, enhanced senescence markers, and a different immunological composition. On the one hand, the presence of pro-angiogenic factors like VEGF-A and the increase in B cells and follicular Th cells promotes neovascularization, while on the other hand, the NK cell-mediated immune surveillance of peritoneal carcinomatosis via upregulated levels of IFN-γ and TNF takes place, including the induction of cancer cell senescence [110].



In addition to the functional evidence for immune-mediated senescence induction that was derived from complex in vivo studies or patients, other analyses focused on the mechanistic details in cell culture-based works. Different reports—including our own work—could show that the direct application of cytokines has a similar senescence-inducing effect compared with the action of certain immune cells that release these factors [25,107,111]. Although most reports focus on the effects mediated by IFN-γ and TNF, either alone or in combination, other cytokines have also been associated with the induction of senescence. Interestingly, CIS was not only limited to cancerous cells; it was also described in other cell types. For instance, the senescence of in vitro cultured biliary epithelial cells treated with the pro-inflammatory cytokines IFN-β, IFN-γ or TNF was shown to rely on the activation of the ataxia telangiectasia-mutated (ATM) pathway [112]. Upon induction of oxidative stress via the cytokine or H2O2 treatment, the ATM kinase was phosphorylated, which in turn triggered the activation of p53 and downstream expression of p21, finally mediating senescence. Although DNA damage was not analyzed in the context of this report, it was already shown by Moiseeva et al. that in contrast to a temporary stimulation with IFN-β, the prolonged exposure of fibroblasts to this cytokine leads to a ROS-triggered DNA damage response and the p53-dependent induction of senescence [113].



The role of type I interferons such as IFN-α and IFN-β in senescence induction was recently reviewed [114]. Since most other studies of CIS are based on the use of IFN-γ and the related interferon signaling response, we now focus on these reports. A study performed by Kim et al. related the induction of senescence in human endothelial cells via prolonged IFN-γ exposure to a p53-mediated DNA damage response [115]. They showed increased staining for the senescence-associated β-galactosidase (SA-β-gal) activity as well as the formation of a G0/G1 arrest for in vitro-treated human umbilical vascular endothelial cells (HUVECs) as a result of oxidative stress and the accumulation of DNA damage. The cell cycle arrest was mediated via upregulated protein levels of p53 and its downstream target p21. In primary human melanocytes, a similar phenotype was described after persistent treatment with IFN-γ [116]. Wang et al. detected intracellular accumulation of ROS within the stimulated melanocytes that was further accompanied by a loss in viability and the induction of apoptotic cell death as well as senescence. The observed cell cycle arrest in G1 was mediated by an increased expression of the p21 protein and essentially required functional interferon signaling via Janus kinase (JAK) 2 and STAT1. The phenotype of senescent melanocytes was further characterized by an altered morphology and pigmentation, enhanced SA-β-gal activity, and the secretion of IL-6 and heat shock protein (HSP)-70 [116]. Hubackova et al. extended the analysis to the effects induced by IFN-γ in different human and murine cell types on the molecular level. Besides the general aspects, such as the formation of oxidative stress and DNA damage, senescence induction via IFN-γ (and in some cases also TNF) was attributed to underlying TGF-β/SMAD signaling [117]. Mechanistically, the cytokine treatment leads to the induction of the NADPH oxidases Nox1 & Nox4 (with the latter being of major importance) via activated JAK/STAT signaling and the secretion of TGF-β that acts in an autocrine and paracrine manner. The simultaneous suppression of adenine nucleotide translocase 2 (ANT2) then further contributes to the accumulation of ROS and genotoxic stress, finally leading to CIS [117].



A previous study of the same group already illustrated the effect of secreted factors in the context of drug-induced senescence [118]. Although cytokines such as IFN-γ or TNF were not used as senescence inducers in the first place, it was shown that the formation of a SASP containing such factors could induce “bystander” senescence in the neighboring cells via paracrine signaling. Such “bystander” effects were also analyzed and compared for senescence that was induced via the chemotherapeutic agent docetaxel (DTX) or cytokines [119]. Using the murine cell lines B16F10 (melanoma) and TC-1 (virus-transformed lung epithelial cells), it was shown that DTX leads to a p21-mediated senescence program in both cell types, which further includes the formation of a SASP capable of inducing “bystander” senescence. Interestingly, the cytokine cocktail of IFN-γ and TNF was not able to permanently arrest the cancer cells. As only the B16F10 cells responded to the initial treatment, e.g., by the upregulation of p21 and other markers, it was also demonstrated that these cells began to grow again after withdrawal of the cytokines. Moreover, the cytokine-treated B16F10 cells formed tumors in vivo and lacked the ability to induce paracrine senescence.



Funck et al. reported senescence induction in human melanoma cells via crosstalk of innate immune cells [120]. Based on the observation that stage I melanoma was characterized by an accumulation of non-classical monocytes (i.e., slanMo), whereas stage III melanoma expressed higher numbers of NKs, their interaction was experimentally analyzed. It was shown that NK migration occurs in response to cell culture supernatants of slanMo containing CXCL8 (also known as IL-8). Co-cultures of both cell types induced the production of IFN-γ and TNF, especially after stimulation with Toll-like receptor (TLR) ligands. The high cytokine level produced in the latter setting was able to induce senescence in various melanoma cell lines that was further accompanied by the expression of a SASP. Therefore, the formation of a TME with senescence-inducing properties via the innate immune defense (represented here by the interaction of slanMo and NKs) is expected by the authors [120]. Besides melanoma, the senescence-inducing properties of IFN-γ and TNF were also demonstrated for other tumors. For instance, a dose-dependent induction of senescence was observed for the combination of these Th1 cell cytokines in different breast cancer cell lines [121]. Moreover, the additional inhibition of human epidermal growth factor receptor 2 (HER2) activity (either by a targeted knockdown or the use of monoclonal antibodies) enhanced the cytokine-mediated response as shown by the induction of tumor cell senescence and apoptosis. In vitro co-culture experiments using patient-derived CD4+ T cells primed with HER2 peptides and breast cancer cells with HER2 overexpression confirmed the observed effects. While only a minimal response was induced by IFN-γ and TNF in triple-negative breast cancer cells, combined treatment with an epidermal growth factor receptor (EGFR) inhibitor was able to overcome these limitations. On the molecular level, the cytokines triggered the activation of transcription factor STAT1 through serine and tyrosine phosphorylation, whereas STAT3 activity was reduced [121].



The importance of STAT proteins in the context of CIS was also highlighted by Kandhaya-Pillai et al. [122]. In their study, TNF alone was able to induce senescence in HUVECs, which was characterized by a permanent growth arrest, increased SA-β-gal activity and the expression of p16 and p21. The TNF treatment led further to the production of ROS and lesions with persistent DNA damage. Interestingly, this TNF-mediated senescence program included the induction of a gene expression profile with an interferon signature as well as the activation of an autocrine and STAT-dependent feedback loop that enhanced the secretion of cytokines. This process critically involved the activity of STAT1 and STAT3, both signaling molecules within the JAK/STAT pathway. Experiments using a JAK inhibitor did not prevent the induction of a growth arrest but altered the cellular response to TNF [122]. It has also been found that other immune cells and their cytokines are able to induce senescence, as in the case of Th17 cells and IL-17 [123,124] or even the IL-32 isoform θ that was recently discovered [125]. An overview regarding the different models, cytokines, and induced responses is presented in Table 1.



In addition to the direct effects of the cytokines, immune-mediated cancer control and senescence induction can also be achieved and reinforced by the use of immune checkpoint inhibitors [26]. While blocking antibodies directed against LAG-3 and PD-L1 were sufficient to induce senescence in tumor cells, a combination with an adoptive transfer of TAA-specific Th1 cells further increased this effect. These findings clearly demonstrated that interfering with negative regulators of the immune system either expressed on certain immune cells (i.e., LAG-3) or on tumor cells (i.e., PD-L1) is able to restore an anti-tumor response that induces protective cancer control through the senescence barrier that leads to a stable growth arrest instead of a complete regression. Recent reports further showed the consequences of immune checkpoint blockade (ICB) on other cell types upon treatment in a mouse lymphoma model [126,127]. The antibodies used for ICB had, for instance, favorable effects on immune cells. T cells showed an improved function (e.g., by their cytokine production) and were relevant for longtime survival, whereas NKs also contributed to delayed tumor progression, as their number increased upon ICB treatment, as did their proliferation and production of IFN-γ. Therefore, tumor development in ICB responders is controlled by T cells and NKs that produce effector cytokines leading to tumor cell senescence [126]. Moreover, ICB also exerted an influence on DCs: in response to IFN-γ produced by T cells and NKs, tumor-infiltrating DCs expressed more co-stimulatory molecules and a higher IL-12/IL-10 ratio. Both effects favored T cell-based immunity, as the DCs showed an improved capability of presentation and the secretion of factors that favor a Th1 cell anti-tumor immune response [127]. Although ICB is generally associated with improved therapeutic effects, and many cancer patients could already benefit from its application, there are still variations in the treatment response that rely on several factors, such as alterations of the TME and the immune system, including the occurrence of immuno-senescence, which is subject of the next section [94,128]. In addition, strategies to overcome the limited treatment responses of ICB could include the use of other inhibitors targeting certain kinases, such as the cyclin-dependent kinases (CDK) 4/6, which are also able to induce senescence in cancer cells [129,130,131,132,133].




4.2. Senescence Induction in Cells of the Immune System


Senescence induction is not limited to cancerous cells and can also occur in immune cells. Checkpoint inhibitor therapies rely on T cells as the main players against cancer. However, the efficiency of immunotherapies varies dramatically between different tumor entities and tumor sites [134], although in most tumors, large numbers of lymphocytes infiltrate. There are four possible reasons for the variable response rates, tolerance, anergy, exhaustion or senescence. Although plenty of studies deal with tolerance, anergy or exhaustion, very little is known about T cell senescence in the TME [135]. Naïve CD8+ T cells have to be activated by DCs that express the surface markers CD70 and CD80/CD86. CD70 and CD80/CD86 bind to the CD27 and CD28 receptors on the surface of the T cell, providing the co-stimulatory signal for effective T cell activation [136]. Senescent T cells, independent of the kind of senescence, downregulate or lose CD27 and CD28 receptors. In several studies, CD8+ T cells from older adults had dramatically decreased CD28 expression compared with CD8+ T cells from younger adults [137]. At the same time, senescent T cells start to express NK cell-related receptors like natural killer group 2 member D (NKG2D), killer cell immunoglobulin-like receptors (KIRs), CD56, CD57 or CD94. Senescent T cells seem to adopt a state between adaptive immunity and innate immunity that is unique to T cell senescence [138]. In contrast to senescence, exhausted T cells express only inhibitory receptors of the CD28 family of co-stimulatory molecules like PD-1 and CTLA-4 and checkpoint inhibitor molecules like TIM-3 or LAG-3 but no NK cell-related receptors [135]. While anergic and exhausted T cells are metabolically hypoactive, senescent T cells are considered metabolically hyperactive. Senescent T cells produce a SASP with pro-inflammatory cytokines like IFN-γ or TNF.



Senescent T cells display heterogeneous roles in the TME, ranging from immunosuppressive to anti-tumorigenic activities. In breast cancer patients, killer cell lectin-like receptor G1 (KLRG-1)+CD57+CD4+ and CD8+ senescent T cells that produce more effector cytokines, granzyme B and perforin accumulate in peripheral blood and in the tumor. The expression of CD4, KLRG-1, and CD57 correlates with increased overall survival for breast cancer patients [139]. Contrary to the beneficial role of KLRG-1+CD57+CD4+ senescent Th cells in breast cancer patients, Ye et al. showed that tumor-derived γδ T cells induce senescence in CD4+ T cells and also in DCs that were no longer able to process and present tumor antigens to T cells. In this study, the induction of senescent T cells together with senescent DCs suppressed immune responses against the malignant breast cancer cells [140]. Induction of immunosenescence is not limited to induced Tregs, but it is also found in naturally occurring Tregs [141,142,143]. One important signaling pathway for controlling T cell senescence is the p38 mitogen-activated protein kinase (MAPK) pathway [144,145,146]. As senescent T cells downregulate the co-stimulatory molecules, CD27 and CD28, activation of p38 MAPK cannot be induced by these factors; instead, it must be induced by pro-inflammatory cytokines like IFN-γ and TNF. Immune suppressive activities of senescent T cells are not restricted to breast cancer but can be found in lung cancer, colorectal cancer, ovarian cancer, head and neck cancer, melanoma, endometrial carcinoma, and multiple myeloma [143]. Together, the induction of T cell senescence within the TME is thought to be, in most cases, tumor-promoting by helping cancer cells to escape elimination [146].





5. Immunosurveillance of Senescent Cells


The endogenous surveillance through the immune system is not only limited to tumors; it is also capable of detecting and eliminating senescent cells. Senescent cells in tissue repair and produce chemokines that attract immune cells, which eliminate senescent cells and facilitate tissue repair. Senescent cells in wound healing produce chemokines that attract NKs, neutrophils, DCs, monocytes, macrophages, B cells and T cells that efficiently eliminate all senescent cells [147]. Although senescent cancer cells produce and secrete comparable chemokines that should attract the same immune cells as in wound healing, elimination often fails, and senescent cancer cells accumulate within tumors [148,149]. The reasons for the failure of immune cells to clear senescent tumor cells are ill-defined. The group of van Deursen described that only the induction of senescence by p53/p21 leads to a SASP that attracts macrophages to cells with elevated p21. For immunosurveillance, the chemokine CXCL14 was necessary. This chemokine was part of the p21-induced SASP but not of the p16-induced SASP [150]. As several cancer types harbor p53 mutations, and the induction of senescence in these tumor cells can only occur via p16, this could be an explanation for the failure to clear senescent cancer cells. Another explanation for the hindered elimination of senescent cells could also be reflected by the overall process of aging. The risk of developing cancer rises in persons older than 60 years and then declines in persons older than 85 years of age, probably due to a massive reduction of the proliferative potential [128]. Cancer is an age-related disease, and one of the most important factors for this is senescent and dysfunctional immune cells like T cells [151]. There are several molecular hallmarks of T cell aging, including mitochondrial dysfunction, genetic alterations, repertoire reduction, naïve-memory imbalance, lack of plasticity, inflammation or even T cell senescence [152]. Senescent T cells acquire a SASP with pro-inflammatory cytokines like TNF and osteopontin. In tumor immune responses, TILs play an important role. A study by Sceneay et al. demonstrated in a model of triple-negative breast cancer that ICB targeting CTLA-4 and PD-L1 was less efficient in old mice due to immune dysfunction [153]. Therefore, immunoaging is an additional factor that impacts cancer treatment strategies as well as the immunosurveillance of senescent cells in elderly patients. Recently, the therapeutic efficacy of T cells with a chimeric antigen receptor (CAR) targeting a protein on the surface of senescent cells was demonstrated [154]. After contact with the urokinase-type plasminogen activator receptor (uPAR), these CAR T cells efficiently eliminate the senescent cells and thereby ameliorate certain pathological conditions associated with senescence. The use of such engineered immune cells could be a promising strategy to overcome the occurring limitations of senescence immunosurveillance.




6. Conclusions and Perspectives


Senescence is considered a tumor-suppressive mechanism that acts as a natural barrier against cancer formation. However, experimental evidence demonstrated that escape mechanisms exist, which provide an exit from the cellular growth arrest. The therapeutic induction of senescence provides yet another opportunity in the adjuvant treatment of cancer. Parts of this anti-cancer concept are the immune-mediated tumor control by CIS, as well as the senescence immunosurveillance that eliminates senescent cells. Since such therapeutic interventions influence the cancer cells and the surrounding microenvironment, including the stoma and cells of the immune system, strategies to selectively remove senescent cells are now extensively studied [155,156,157,158]. In particular, the still-emerging field of senolytic agents that enable a targeted clearance of senescent cells either by the use of compounds such as Bcl-2 inhibitors or even the application of modified immune cells (e.g., senolytic CAR T cells) adds to the feasibility of senescence-inducing therapies. Such therapeutic regimens would first stop cancer progression through the establishment of the senescence barrier, followed by the controlled removal of the senescent cells to prevent deleterious effects of the SASP and the potential risk of relapse (for a detailed overview, see [159]). Therefore, a careful and context-dependent evaluation is needed when harnessing senescence as a matter of choice in the clinical setting of future cancer therapy.
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Figure 1. Deranged tissue homeostasis in hyperplastic tumors. (A) Under physiological conditions, the size of a specialized tissue is kept constant (beige cells). Tissue homeostasis is a steady state where tissue generation by cell proliferation (blue arrow on the left) and clearance of damaged or old cells by apoptosis or cellular senescence (blue arrow on the right) are kept in balance. (B) High levels of growth factors or the activation of oncogenes lead to hyperproliferation (enlarged blue arrow on the left), and loss of tumor suppressors cause reduced apoptosis or cellular senescence (narrowed blue arrow on the right). This dysfunctional tissue homeostasis evokes excessive tissue formation and hyperplastic tumor growth (grey cells). 
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Figure 2. Overview of the components of the tumor microenvironment (TME). The cellular composition of the TME is quite heterogeneous and consists of various cell types. These include (i) tumor cells (upper right) as well as (ii) stromal cells (lower left) and (iii) immune cells (lower right). Soluble factors secreted by the cells of the TME (red stars) also play an important role, as do structural components, such as (iv) the extracellular matrix (ECM; upper left). 
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Figure 3. Cytotoxic and non-cytotoxic tumor immune control. The cartoon summarizes the control of a tumor by non-toxic mechanisms executed by CD4+ T cells that secrete pro-inflammatory cytokines (upper part of the cartoon) or toxic mechanisms executed by tumor-infiltrating cytotoxic CD8+ T cells (lower part of the cartoon). Abbreviations: SASP, senescence-associated secretory phenotype; TME, tumor microenvironment. 
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Figure 4. Senescence induction and its impact on neighboring cells. After encountering a senescence trigger (orange lightning), the cells start to change. They adopt a flattened morphology and enlarge in size. Besides being growth-arrested, the cells show increased activity of the senescence-associated β-galactosidase (SA-β-gal), metabolic changes, chromatin remodeling and an altered gene expression, including the formation of a senescence-associated secretory phenotype (SASP). This SASP then acts in an autocrine or paracrine manner, influencing the senescent cells themselves as well as neighboring cells in the tissue. 
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Table 1. Overview of model systems describing cytokine-mediated senescence induction.
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	Cell Type
	Inducer(s)
	Response (Mechanism of Growth Arrest)
	Refs.





	Human umbilical vein endothelial

cells (HUVECs)
	IFN-γ
	Induction of senescence

(via oxidative stress & DNA damage)
	[115]



	Murine intrahepatic biliary epithelial

cells (mBECs)
	IFN-β/IFN-γ/TNF
	Induction of senescence

(via oxidative stress & ATM/p53 pathway)
	[112]



	Murine pancreatic β-cell tumors,

murine and human cancer cell lines,

primary human cancer cells
	Th1 cells/IFN-γ + TNF
	Induction of senescence

(via p16/Rb pathway)
	[25]



	Human primary melanocytes
	IFN-γ
	Induction of senescence & apoptosis

(via oxidative stress & p21 upregulation)
	[116]



	Human rhabdomyosarcoma

(cell lines and primary cancer cells)
	Tumor-targeted IL-12

(via secretion of IFN-γ + TNF)
	Induction of senescence & differentiation

(via p16 or p21 upregulation)
	[107]



	Human peritoneal carcinomatosis

of colorectal cancer
	Immune cell interactions in the TME

(via secretion of IFN-γ + TNF)
	Induction of senescence

(via p21 upregulation)
	[110]



	Human cancer cell lines

(breast and cervix),

primary human fibroblasts
	IFN-γ
	Induction of senescence

(via oxidative stress, DNA damage, and

TGF-β/SMAD signaling)
	[117]



	Human umbilical vein endothelial

cells (HUVECs)
	TNF
	Induction of senescence

(via oxidative stress, DNA damage, and

JAK/STAT signaling)
	[122]



	Human breast cancer cell lines
	Th1 cells/IFN-γ + TNF

(also combined with different antibodies)
	Induction of senescence & apoptosis

(via p15 & p16 upregulation)
	[121]



	Murine melanoma cell line
	IFN-γ + TNF
	Induction of reversible senescence

(via p21 upregulation)
	[119]



	Murine B cell lymphoma,

murine pancreatic β-cell tumors
	Immune checkpoint blockade therapy

(also combined with adoptive Th1 cell transfer [26])
	Induction of senescence

(via p16 or p21 upregulation)
	[26,126]



	Human cancer cell lines

(bladder, melanoma, and breast)
	IL-2/IL-12/IL-18-stimulated γδ T cells

(via secretion of IFN-γ + TNF)
	Induction of senescence

(via p21 upregulation)
	[109]



	Human melanoma cell lines
	Co-culture-derived supernatants from non-

classical monocytes (slanMo) and NK cells

(via secretion of IFN-γ + TNF)
	Induction of senescence

(via p21 upregulation)
	[120]



	Murine aortic endothelial cells

(MAECs)
	Th17 cells/IL-17A
	Induction of senescence

(via NF-κB/p53/Rb pathway)
	[124]



	Human breast cancer cell line
	IL-32θ
	Induction of senescence

(mechanism unclear)
	[125]
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  cancers-14-01364


  
    		
      cancers-14-01364
    


  




  





media/file6.jpg
Non-senc
tumor cal

ont |

Entrgd cunsize
[ pe—

et s 5. 10,621
o Covmroguatin ot prterston ke 0.3, K47
it

ety shuntyp (SASP)
S o L8 13
e 6. o2 Crcua)
o s (45 VEGEA TR )
Pt 00 1 )






media/file1.png
Controlled
cell proliferation

—

Uncontrolled cell
hyper-proliferation

Excessive growth
factors & oncogenes

Tissue homeostasis

Apoptosis

‘olelolelele) —

Healthy tissue

Tissue
physiological
border

Tumor formation
Reduced apoptosis

I[ .I. I .I .I .I. ] Reduced senescence

Loss of tumor
suppressor genes

Tissue
physiological
border

O Cell accumulation

Tumor





media/file7.png
Non-senescent
tumor cell

| Senescent tumor cell l

o SA-B-galactosidase Enlarged cell size
Replicative stress activity Flattened shape morphology
Oncogenic signaling

Oxidative stress l
Chemotherapy % @
Radiation @

DNA damage
Cytokines & other

Permanent cell cycle arrest
Upregulation of cell cycle inhibitors (e.g., p16, p21)
Downregulation of proliferation markers (e.g., Ki-67)

aw

WV

Chromatin remodelling

Altered gene expression

\

Metabolic «® ¢ o | Senescence-associated
changes oL o ‘.’ secretory phenotype (SASP)
o * Cytokines (e.g., IL-6, IL-8)
°*e * Chemokines (e.g., CCL2, CXCL12)

- Growth factors (e.g., VEGF-A, TGF-B)

Proteases (e.g., MMP-1, MMP-3)
n and others

| Neighboring cells & tissue|






media/file5.png
CD4* T cells

SASP @@ @

factors
Pro-inflammatory

\ ‘ ’ ' Cytoklnes

Tumor

Blood vessel Dendritic
cells
F|broblast

N o‘
®e®
CD8* cytotoxic

T cells





media/file3.png
Extracellular matrix

Basement membrane

Interstitial ECM

Fibroblast

Pericyte

- Cell death

Lymphatic
endothelial cell

Stromal cells

Lymphatic

vessel
Toward

lymph €=
node

Blood vesseal

Blood
endothelial cell

QOther stromal cell
(e.g., MSC, adipocyte)

- Hypnxia

Tumor cells

Tumor cell

*

.
#0
é

Cancer stem cell

Cancer dormant cell
(e.g., senescent, quiescent)

Monocyte

Dendritic cell

Macrophage

Myeloid-derived
suppressive cell

Immune cells

Neutrophils

MNatural killer

T cell

*

Regulatory T cell

Q@
Q.

B cell

@

Other immune cells
(e.q., mast cells)

Cell-secreted soluble factors ‘

Chemokines / Cytokines
« Growth factors

# * Proteases

Extracellular vesicles





media/file4.jpg
CD4* T cells

sAsP . @@ @

fackcrs ' Pro-inflammatory

* Cytokines

Tumm
Blood vessel Dendritic
ceus
/\ \ Fibroblast

CDB‘ Cy‘otoxu:
T cells





media/file0.jpg
Tissue homeostasis

Controlled Apoptosis

cell proiferation I nunuuu | Senescence

Healthy tissue I

Tumor formation

Uncontrolled cell Reduced apoptosis.
hyper-proliferation Reduced senescence

-

Excessive growth
factors & oncogenes

oo lalalele) o
L8[ @ @) Ccorscuman

T






media/file2.jpg
P—

Collsecroted solube factors| ' S





