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Cellular senescence has been implicated in the pathophysiology of many age-related diseases. However, it also plays an important protective role in the context of tumor suppression and wound healing. Reducing senescence burden through treatment with senolytic drugs or the use of genetically targeted models of senescent cell elimination in animals has shown positive results in the context of mitigating disease and age-associated inflammation. Despite positive, albeit heterogenous, outcomes in clinical trials, very little is known about the short-term and long-term immunological consequences of using senolytics as a treatment for age-related conditions. Further, many studies examining cellular senescence and senolytic treatment have been demonstrated in non-infectious disease models. Several recent reports suggest that senescent cell elimination may have benefits in COVID-19 and influenza resolution and disease prognosis. In this review, we discuss the current clinical trials and pre-clinical studies that are exploring the impact of senolytics on cellular immunity. We propose that while eliminating senescent cells may have an acute beneficial impact on primary immune responses, immunological memory may be negatively impacted. Closer investigation of senolytics on immune function and memory generation would provide insight as to whether senolytics could be used to enhance the aging immune system and have potential to be used as therapeutics or prophylactics in populations that are severely and disproportionately affected by infections such as the elderly and immunocompromised.
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INTRODUCTION
Cellular senescence is defined as a state of irreversible replicative arrest initiated via various cell-cycle regulating pathways following extensive extracellular and/or intracellular stress. This cellular process is indispensable for normal fetal development (Storer et al., 2013) and is important in tissue repair and wound healing (Reyes et al., 2022; Samdavid Thanapaul et al., 2022), prevention of tumorigenesis (Campisi, 2001), and in halting division of damaged cells or cells that have reached their replicative capacity (Herbig et al., 2004). Studies exploring the fundamentals and consequences of senescent cells (SCs) have revealed their highly dynamic nature encompassing both positive and negative effects on surrounding cells and tissues. Despite being in a state of permanent cell cycle arrest, SCs remain metabolically active and have altered phenotypes, which can vary depending on the cell type. Senescence remains an integral process in the maintenance of tissue homeostasis throughout life, however, accumulation of SCs with age is implicated in the pathophysiology of many age-related chronic diseases and in recent studies, has been associated with poor recovery from infectious disease. As a result, senescence has become an additional hallmark of biological aging and is at the forefront of many aging research studies.
SENESCENT CELL ACCUMULATION
In vitro and in vivo models have led to identification of key mechanisms involved in senescence induction pathways, SC function, their biological impact, and pathogenesis. Although the SC burden across human tissues and their contribution to disease is not entirely understood, murine studies have suggested SCs represent a very small proportion of overall cells in various tissues. Transplanting relatively small numbers of SCs into young mice, for example, is sufficient to cause disease and physical dysfunction (Xu et al., 2018). Other research has demonstrated, however, there is heterogeneity between SC populations, which is dependent on cell type and method of senescence induction. As a result, it is possible that SCs with distinct phenotypes may differentially contribute to SC-related disease burden and pathology. It is also possible that in humans, disease associated SCs may represent a larger proportion of cells in the tissue than in murine models and have a higher rate of accumulation. The main factors contributing to SC accumulation are described here and summarized in Figure 1.
[image: Figure 1]FIGURE 1 | Contributing factors to senescent cell accumulation. Declines in immune cells with age result in a limited capacity to exert cytotoxic, phagocytic, and other functional properties. This can lead to an impaired clearance of SCs allowing for accumulation (Top left panel). Natural aging, infectious disease, chronic age-related diseases, and other cell stressors result in senescence development, and may result in an increase in SC development that outpaces removal (Top right panel). SCs can evade immune cell clearance by expressing HLA-E, PD-L1, PD-L2, and shed NKG2D ligands. Proteases such as MMPs secreted in SASP contribute to the cleavage of these ligands (Bottom left panel). SASP can reinforce SC phenotype via autocrine signaling and can induce senescence in surrounding cells via paracrine signaling. SASP contributes to cell dysfunction and the pervasive nature of SCs (Bottom right panel). * The hallmarks of aging have been thoroughly described in Lopez-Otin et al., 2023. ECM, extracellular matrix; HLA-E, major histocompatibility complex, class I, E; MMP, matrix metalloproteinase; NK, natural killer; NKG2A, natural killer group 2 member A; NKG2D, natural killer group 2 member D; PD-L, programmed cell death ligand; SASP, senescence-associated secretory phenotype; SC, senescent cell.
Natural cellular aging or response to stress and damage can trigger senescence pathways, contributing to their accumulation. Other factors include an age-related decline in immune surveillance and failure of the immune system (specifically, NK cells, T cells, and macrophages) to efficiently clear SCs (Kale et al., 2020). In healthy tissue, many of the inflammatory factors and damage signals secreted by SCs (i.e., senescence-associated secretory phenotype, SASP) will typically result in recruitment of immune cells to mediate this clearance (Sagiv and Krizhanovsky, 2013). With age and disease, however, the accumulation of SCs may surpass the rate of clearance, increasing the SC burden in tissues. With aging, in particular, declines in immune cell trafficking and clearance mechanisms further exacerbate SC accumulation and limit responsiveness to SASP signals (Ovadya et al., 2018). It has also been shown that senescent immune cells (iSCs) themselves can impact surrounding tissues. In a genetic mouse model of senescence where DNA repair gene Ercc1 was selectively deleted in hematopoietic cells, iSCs were shown to induce senescence of other non-immune cells and increase tissue damage (Yousefzadeh et al., 2021). Moreover, SCs also develop mechanisms of immune evasion. Pro-inflammatory cytokines secreted by senescent dermal fibroblasts, for example, can lead to expression of MHC molecule HLA-E, which inhibits NK and CD8 T cell responses and clearance of SCs (Pereira et al., 2019). SCs have been demonstrated to shed NKG2D ligands evading detection by primarily NK and CD8 T cells (Munoz et al., 2019) as well as upregulate expression of PD-L1, inhibiting immune cell activation (Wang TW, et al., 2022b; Onorati et al., 2022).
SENESCENT CELL BIOMARKERS
Many features of SCs have been identified as key biomarkers such as DNA damage foci, expression of cell cycle regulators p53, p16INK4a, or p21Cip1, presence of senescence-associated β-galactosidase (SA-β-gal), shortened telomeres, mitochondrial damage, altered nutrient sensing and cell signaling, all of which have now been thoroughly reviewed by others (González-Gualda et al., 2021). While the majority of animal models of senescence depend on genetic modifications in order to delete p21Cip1 or p16INK4a expressing cells, it is clear these genes are not universally or uniformly expressed when comparing senescence across tissues. A small 2020 study examining p16 and p21 expression in various tissue samples of healthy young, middle aged, and older adults suggests there is an increase in these markers with age in specific tissues (e.g., pancreas, dermis, and kidney), but not in others (e.g., lung, cardiac, or skeletal muscle) (Idda et al., 2020). SCs can also express urokinase-type plasminogen activator receptor (uPAR), which promotes the degradation of the extracellular matrix during fibrinolysis and wound healing (Smith and Marshall, 2010). Soluble uPAR that results from proteolytic cleavage has also been identified as a SASP factor (Coppé et al., 2008). uPAR CAR-T cells have been shown eliminate SCs and SC-related pathology in mice (Amor et al., 2020). Increase in lysosomal activity and SAβ-gal expression has also been targeted as a unique drug delivery mechanism where gal-encapsulated cytotoxic drugs can selectively eliminate SCs in a model of chemotherapy-induced senescence (Munoz-Espin et al., 2018). Following endocytosis and fusion of the capsule with lysosomes the cytotoxic drugs are released into the cell allowing for drug delivery into SCs and reduction other cytotoxic effects of chemotherapeutic drugs (Munoz-Espin et al., 2018). These examples demonstrate the use of SC biomarkers to develop novel therapeutic strategies. iSCs have also been shown to express classic hallmarks of senescence and cell exhaustion; PD-1 has been identified as another potential hallmark of T cell senescence (Janelle et al., 2021).
Production of SASP is another important biomarker and feature in the establishment of the senescence phenotype. SCs exert their profound effects primarily through the secretion of senescence-associated soluble and insoluble factors and proteins which influence surrounding cells and tissues and reinforces their own SC phenotype (e.g., inflammatory cytokines and chemokines, proteases, growth factors, and matrix proteins) (Coppé et al., 2010). Termed the SASP, these factors induce senescence in neighboring cells and consequently contribute to the aged tissue environment (Acosta et al., 2013). Although our knowledge is relatively limited, we have learned through model comparisons that senescence and SASP are overall heterogenous (Coppé et al., 2010; Hernandez-Segura et al., 2017). Several core SASP factors, however, are shared irrespective of senescence induction model, cell type, and species (e.g., growth/differentiation factor-1, serine protease inhibitors, extracellular matrix proteins) (Basisty et al., 2020).
Taken together, other methods to alleviate SASP (senomorphics) and to eliminate SCs (senolytics) have been introduced to circumvent this lack of natural clearance in attempts to restore tissue homeostasis, function, and in some cases reverse disease (Chaib et al., 2022). By usage of these different methods, it is possible to enhance clearance of SCs, and improve immune and non-immune cell function, although more studies are needed to examine these hypotheses. Because immune cells play an integral role in the clearance of SCs, we focus this review on the use of senolytics and the effects on the immune system as well as their impact on the response to disease, either age-related or infectious, and considerations before therapeutic use.
SENOLYTIC DRUGS AND IMMUNE CELLS: A BROAD OVERVIEW
Senolytic drugs have become a valuable tool in examining the effects of senescence in vitro and in vivo. They function by inhibiting senescent cell anti-apoptotic (SCAP) and pro-survival pathways to selectively force initiation of apoptosis in SCs, leaving quiescent and proliferating cells intact (Zhu et al., 2015; Kirkland et al., 2017). There are many candidate senotherapies, but we will focus on the three that are currently in clinical trials with patients 65+ years of age with various conditions (e.g., Alzheimer’s disease and osteoarthritis): fisetin, dasatinib, and quercetin (usually taken in combination, D + Q) (Kirkland and Tchkonia, 2020). Fisetin and D + Q, in contrast to other senolytics like navitoclax, have been chosen due to their better in vivo senolytic activity and more favorable safety profile in clinical trials (Wilson et al., 2010; Raffaele and Vinciguerra, 2022). They also have the ability to inhibit multiple SCAP pathways simultaneously, allowing for more specific targeting of SCs, in a wider range of SC types when compared to navitoclax (Zhu et al., 2016).
Research in cancer and other models of senescence induction in young animals, ex vivo, or in vitro have expanded our understanding of the immunomodulatory effects of senolytic drugs, however, studies in aged animals and clinical trials in adults 65+ years of age or in the context of infectious disease is very sparse and will be discussed further. Although many of the studies discussed in this review did not use these drugs with the specific intention of eliminating SCs, they highlight the direct impact senolytics can have on immune cell function. This is important as we consider bringing senolytic drugs into the clinic since immune cells and immunological memory are indispensable for clearance and control of infectious disease and play a role in age-related disease pathology. It is also important to consider that in these studies treatment with these drugs have been used at various timepoints and concentrations and via different methods of drug administration, briefly described for each.
SENOLYTIC DRUGS AND INNATE IMMUNE CELLS
The innate immune system plays a crucial role in the initial protection against pathogens and foreign antigens. Its key functions are multifaceted and rapid, serving as the body’s first line of defense. One of its primary functions is pathogen recognition whereby pattern recognition receptors (PRRs) respond to conserved features termed pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs) triggering inflammatory responses, phagocytosis, cell death, and cascades that aid in pathogen elimination (e.g., the complement system) (Paluden et al., 2021). Innate immune cells are also important in regulating homeostatic processes and recovery from injury (Paluden et al., 2021). Moreover, the innate immune system also triggers the adaptive immune response by presenting antigens to lymphocytes, and by providing costimulatory, cytokine, and chemokine signals to reinforce adaptive cell fate and functions further strengthening overall immune defense. Studies examining various characteristics of innate immune cell function with use of fisetin, dasatinib, and quercetin will be discussed here. To better understand how these drugs will operate as senolytics, we must also learn from studies using these drugs in other contexts to determine the expected functional and phenotypic impacts.
Fisetin, a natural flavonoid found in many foods such as cucumbers and strawberries, has demonstrated a protective and anti-inflammatory effect related to innate immune cells in several models. In a model of ischemic stroke induced by transient cerebral middle artery occlusion, fisetin was injected into young mice either 20 min prior to or 180 min post-stroke (Gelderblom et al., 2012). Fisetin (50 mg/kg of body weight) protected brain tissue against ischemic reperfusion when given before or post-stroke and significantly reduced infarct size (Gelderblom et al., 2012). It prevented infiltration of macrophages, dendritic cells, and lymphocytes in ischemic brains, which also corresponded with a reduction in TNF-α production from brain-derived macrophages and microglia (Gelderblom et al., 2012). In-vitro, this study demonstrated a significant reduction in TNF-α levels following lipopolysaccharide (LPS) treatment in both murine and human fisetin-treated cell cultures in a dose-dependent manner. Fisetin treatment also significantly reduced cell death in mouse microglial cultures with LPS (Gelderblom et al., 2012). Taken together, fisetin effects innate immune cell types, most notably macrophage and microglial cells, by modulating their activation, ischemic infiltration, and cytokine production following stroke, a leading cause of disability and death in adults (GBD, 2019 Stroke Collaborators, 2021).
In another study, murine derived macrophages (RAW 264.7 cells) showed a significant decrease in viability with higher doses of fisetin (10 uM and 20 uM) in vitro, which further declined with the addition of LPS in the cell culture media (Molagoda et al., 2021). At lower doses of fisetin ranging from 0-8 uM with the addition of LPS, there was no significant change in viability, but there was a dose-dependent decrease in levels of macrophage-related inflammatory and regulatory mediators (e.g., iNOS, COX-2, nitric oxide, PGE2, IL-6, and TNF-α) (Molagoda et al., 2021). In vivo, zebrafish larvae in the presence of fisetin demonstrated protection from endotoxic shock following injection with LPS resulting in significantly reduced mortality (Molagoda et al., 2021). 18 h post-LPS injection of zebrafish larvae in the presence of fisetin revealed a dose-dependent decrease in iNOS, COX-2, IL-6, and TNF-α mRNA expression (Molagoda et al., 2021). At 24 h post-LPS injection, zebrafish larvae demonstrated a fisetin-related dose-dependent reduction in the infiltration of macrophages and neutrophils to the site of LPS injury, suggesting that fisetin attenuated their migration and inhibits innate cell LPS inflammatory responses (Molagoda et al., 2021).
Fisetin treatment was also evaluated for its effects on a murine model of allergic asthma regulation (Huang et al., 2018). Mice were treated with either 40 mg/kg body weight (low dose, LD) or 50 mg/kg body weight (high dose, HD) of fisetin over the course of 47 days and sensitized to ovalbumin (days 0 and 15) followed by a rest period and then subsequent secondary allergen exposure to ovalbumin (secondary challenge, days 31–36) (Huang et al., 2018). Treatment with HD fisetin in sensitized and challenged mice showed a significant increase in lung function and a significant reduction in airway hyperresponsiveness (AHR) and antibody production (Huang et al., 2018). Both the LD and HD fisetin treated groups showed significantly less lung tissue damage and less infiltration of macrophages, neutrophils, leukocytes, and eosinophils in bronchoalveolar lavage fluid (BAL) when compared to the control OVA-no fisetin treated group (Huang et al., 2018). Fisetin treated groups also had a significant reduction in levels of IL-1β, TNF-α, IL-18, and IL-4, in the BAL, which can all be secreted by innate immune cells (Huang et al., 2018). Co-stimulatory molecules CD80 and CD86 expressed on antigen presenting cells including dendritic cells, were significantly reduced with fisetin treatment. Treatment with fisetin also decreased MyD88/NFκ-β signaling reducing inflammation and playing a direct role in modulating allergic asthma in this model (Huang et al., 2018). Overall, there is some evidence in various models that fisetin plays a direct anti-inflammatory role in innate immune cell responses. It can reduce their migration and responsiveness to stimuli such as LPS, preserving tissue integrity and preventing mortality in zebrafish, however, it is also clear that the cytotoxicity of high doses should be taken into consideration before use.
Dasatinib (a tyrosine kinase receptor inhibitor) and quercetin (a flavonoid) are often used in combination treatment, however they exhibit immunomodulatory effects independently. In an ex vivo study examining human neutrophils isolated from whole blood, incubation with different concentrations of dasatinib between 0 and 1,000 nM was observed to have a dose-dependent effect on superoxide release and production of reactive oxygen species when stimulated by a variety of different immunostimulatory agents (e.g., ultra-pure LPS and Pam3CSK4) (Futosi et al., 2012). Interestingly, this study demonstrated the sensitivity of neutrophils to dasatinib treatment. Dasatinib was found to impair or completely inhibit many critical functions of neutrophils such as integrin signaling, where activation of the Syk-tyrosine kinase pathway is blocked (Futosi et al., 2012). It did not, however, impair TNF-α signaling, phagocytosis, or bacterial killing (Futosi et al., 2012). Dasatinib impaired exocytosis of granules, cell migration, and blocked immune-complex induction of neutrophil activation (Futosi et al., 2012). It impaired cell adherence and recognition of innate immune ligands such as opsonized and unopsonized zymosan, as depicted by a reduction in superoxide release following exposure to these ligands (Futosi et al., 2012). Overall, while dasatinib may be beneficial in neutrophil-mediated diseases, caution must be exercised in cases where impairing neutrophil function would be detrimental, e.g., in cases of high risk of contracting bacterial or viral infections.
Dasatinib has been FDA approved for many years to treat several types of leukemias and other treatment resistant cancers. A 2013 study included 55 adults [men and women; mean age, 53 years; range, 20–76 years] treated with dasatinib for chronic myeloid leukemia or acute lymphoblastic leukemia (Mustjoki et al., 2013). Study measurements taken between 0 and 24 h following a single 100 mg dose revealed a significant decrease in the proportion of neutrophils and eosinophils and increase in monocytes, basophils, and γδ-T cells in the blood, which could be seen within the first to second hour post-drug treatment (Mustjoki et al., 2013). In addition, this study demonstrated enhanced cytotoxicity of NK cells (Mustjoki et al., 2013). Likewise, another ex-vivo study using white blood cells from healthy adults incubated with varying concentrations of dasatinib also showed a significant increase in γδ-T cells and NK cell proliferation (Wu et al., 2014).
We know much less about the effects of quercetin on innate immune cells; however, it has been shown to impact microglia due to its ability to pass through the blood-brain barrier (Han et al., 2021). In this study, treatment of murine microglial (BV2) cells with quercetin in vitro showed attenuation of inflammation (NFk-B activation) and reactive oxygen species production and promoted mitophagy in response to LPS. In vivo, quercetin also promoted mitophagy in response to LPS mitochondrial damage and microglial-mediated neurotoxicity in mice. In another model in which mouse dendritic cells were treated with LPS and quercetin in vitro for up to 24 h, quercetin diminished dendritic cell responses by reducing MHC class II, costimulatory molecules, and cytokine and chemokine secretion (Huang et al., 2010). This could indicate quercetin may have a protective effect in sepsis and neuroinflammation related to brain injury and inflammatory disorders that are associated with age such as stroke.
SENOLYTIC DRUGS AND ADAPTIVE IMMUNE CELLS
The adaptive immune system plays a unique role in pathogenic responses. Unlike the innate immune system, which is dependent on PRRs to recognize PAMPs and DAMPs, adaptive immune cells recognize and distinguish self from foreign antigens and orchestrate appropriate immune pathways that are pathogen specific (Medzhitov and Janeway, 2000). Its key functions are highly specialized and tailored to the individual pathogen encountered. T cells and B cells, major components of the adaptive immune system, recognize and bind to specific antigens presented by antigen-presenting cells, such as macrophages and dendritic cells (Medzhitov and Janeway, 2000). This recognition leads to the activation and proliferation of antigen-specific lymphocytes, enabling a targeted immune response. Another vital function is the generation of immunological memory. Upon encountering a pathogen for the first time, certain lymphocytes differentiate into memory cells, which can recognize and mount a rapid and robust response upon subsequent exposure to the same pathogen (Pennock et al., 2013). This process forms the basis of immunization and provides long-lasting protection. Additionally, the adaptive immune system exhibits immunological tolerance to prevent immune reactions against the body’s own tissues (Pennock et al., 2013). Furthermore, the adaptive immune response involves the production of antibodies by B cells, which can neutralize pathogens or mark them for destruction by other immune cells (LeBien and Tedder, 2008). Overall, the adaptive immune system orchestrates highly specific and targeted immune responses, resulting in a diverse pathogen recognition repertoire and establishing long-term immunity. It is largely unknown if senolytic drugs will affect immunological memory, however studies assessing fisetin, dasatinib, and quercetin and adaptive immunity will be discussed here.
A study, described earlier, examining the effect of fisetin treatment in a murine model of allergic asthma regulation showed fisetin reduced the number of total lymphocytes and serum IgE, where abnormal elevation is characteristic of eosinophilic asthma (Huang et al., 2018). Comparably, another study examining allergic asthma in mice using ovalbumin sensitization, showed a significant reduction in the number of CD4 and CD8 T cells, and B cells in the lungs and bone marrow (Mitra et al., 2022). A significant decrease in serum ovalbumin specific IgE antibody levels with oral treatment of 50 nM fisetin (given 1 hour prior to ovalbumin exposures during sensitization period) was also observed (Mitra et al., 2022). In human B lymphoblastoid cells (Raji cells), fisetin induced apoptosis in a dose-dependent manner in vitro where cell viability was significantly decreased with 1 uM fisetin after 72 h, 3 uM fisetin after 48 h, and with 10 and 30 uM fisetin after just 24 h (Lim et al., 2015). Cell culture media supplementation with 10 uM fisetin resulted in less than 50% B cell viability when compared to control untreated cells after 72 h and likewise, 30uM fisetin resulted in ∼15% viability (Lim et al., 2015). This study also showed Raji cells treated in vitro with 10uM fisetin had impaired PI3-kinase activity (α, β, [image: image] γ isoforms) and 30uM fisetin inhibited mTOR pathway signaling and induced DNA damage (i.e., upregulation of γH2A.X) (Lim et al., 2015). In the context of immunity, cell number can only provide so much information; assessing differentiation and function are necessary to determine the overall consequences of fisetin on immunity.
Another study examined the immunosuppressive effects of fisetin in the context of CD4 T cell activation (Song et al., 2013). CD4 T cells from young mice treated with concanavalin A stimuli and fisetin (0-4 ug/mL) in vitro for 48 h suppressed overall proliferation in a dose-dependent manner, where 2-4 ug/mL showed significant reduction in proliferation compared to 0 or 1 ug/mL (Song et al., 2013). Interestingly, this was also shown with splenocytes in vitro where higher doses (8–16 ug/mL) resulted in a significant decrease in overall viability as compared to 0-4 ug/mL (Song et al., 2013). The ratio of CD4 to CD8 in T cells and production of CD4 T cell helper type I associated cytokines (i.e., IFN-γ, IL-2) was decreased by fisetin in a dose-dependent manner. It instead promoted a CD4 T cell helper type II cytokine profile (i.e., IL-4 and IL-6 secretion) indicating an alteration in subset differentiation (Song et al., 2013). These two studies reveal the immunosuppressive effects of fisetin in animal models, where lower doses may be effective at preventing disease progression, particularly in allergic asthma and diseases where immunosuppression is essential, however, higher doses of fisetin may have a significant immunosuppressive effect on adaptive immune cells. Fisetin also seems to have an impact on differentiation of CD4 T cells and reduced the overall proportion of CD4s when compared to CD8 T cells. This is important to bear in mind when considering the use of fisetin as a therapeutic intervention in disease. Fisetin treatment may be beneficial in allergic asthma or delayed hypersensitivity responses but may have adverse effects on immune cell function in the context of infectious disease where a robust and dynamic T and B cell responses are essential for mediating pathogen clearance and tissue recovery.
The senolytic capacity of fisetin was explored in a thorough 2018 study and included key insights into its effects on adaptive immune cells (Yousefzadeh et al., 2018). For instance, one experiment included progeroid mice fed standard chow ad libitum supplemented with or without 500 ppm (500 mg/kg) fisetin between 10 and 20 weeks of age (Yousefzadeh et al., 2018). These mice age more rapidly than wild-type mice and undergo accelerated aging making them a useful model in senescence research. Progeroid mice fed chow supplemented with fisetin had a significant reduction in mRNA gene expression of p16, p21, and other SASP markers (e.g., IL-6, TNF-α, IL-1β) in fat, spleen, liver, kidney, and peripheral CD3+ T cells measured at 20 weeks of age (Yousefzadeh et al., 2018). This was also demonstrated in wild-type mice when fed fisetin supplemented chow in the same manner between 85 and 120 weeks of age (∼20–30 months) (Yousefzadeh et al., 2018). Wild-type mice fed fisetin supplemented chow from 85 weeks through end of life, also had significant lifespan extension (Yousefzadeh et al., 2018). Taken together, fisetin can reduce some hallmarks of aging in whole tissues and T cells over a long exposure period and when administered later in life.
This study also leveraged the p16INK−ATTAC mouse model, which contains a construct under the control of the p16 promoter allowing for identification and elimination of p16Ink4a expressing cells (Baker et al., 2011; Yousefzadeh et al., 2018). The flag-tagged FKBP-Casp8 fusion protein of this construct was used to quantify p16Ink4a expressing cells in adipose tissue of young, naturally aged untreated, and naturally aged fisetin-treated p16INK−ATTAC mice (Yousefzadeh et al., 2018). Short term treatment of fisetin (100 mg/kg for 5 consecutive days by oral gavage) resulted in a significant decrease in the proportion of flagged p16Ink4a expressing c-kit+ cells, CD4+ and CD8+ T cells, NK cells, and endothelial cells within adipose tissue when compared to aged untreated mice (Yousefzadeh et al., 2018). This analysis was performed 3 days following the final administered dose of fisetin, which has a rapid half-life of 0.09 h and a terminal half-life of 3.1 h (Touli et al., 2011). While many studies examine immune cell effects over the course of treatment with senolytic agents, this is one of few to include analysis of immune cells post-drug clearance. This suggests that fisetin can induce changes that may be long lasting in naturally aged mice, even after a short drug exposure period. These results might be an indication that p16-expressing T cells and NK cells contribute to the overall senescence tissue burden and can be controlled with senolytic intervention. Eliminating these cells may enhance overall immune cell surveillance and tissue health.
Dasatinib targets include Src family tyrosine kinases (SRKs) and BCR-ABL fusion proteins, among several others (Montero, et al., 2011). In T and B cells, SRKs are important in cell development, signaling, and activation (Gauld and Cambier, 2004; Palacios and Weiss, 2004; Stirnweiss, et al., 2013). BCR-ABL fusion proteins (most notably recognized as a genetic biomarker of leukemias) play a key role in pro-survival signaling and increasing resistance to apoptosis (Neshat, et al., 2000; Gu, et al., 2009). A study assessing the impact of dasatinib on peripheral blood CD3+ T cells isolated from healthy volunteers (baseline characteristics not specified), demonstrated its specificity for T cell receptors (TCR) (Schade et al., 2008). 10nM and 100 nM dasatinib in vitro impaired TCR signaling transduction and inhibited downstream ERK phosphorylation (profoundly) and AKT phosphorylation (minimally) despite TCR stimulation (TCR-stim) (Schade et al., 2008). Cell culture media supplemented with 10 ng/mL IL-2, however, resulted in phosphorylation of AKT in the presence of dasatinib, indicating that dasatinib inhibits TCR signaling independently of IL-2 pathway activation and enough IL-2 can bypass dasatinib inhibition of TCR to still activate T cells (Schade et al., 2008). TCR-stim of total peripheral blood mononuclear cells (PBMCs) in vitro in the presence of 10 nM dasatinib showed a reduction in cell-cell interactions and responsiveness, as evidenced by a lack of T cell-monocyte clustering (Schade et al., 2008).
T cells incubated for 20 h in the presence of 10 nM dasatinib plus TCR-stim did not undergo apoptosis, rather they persisted in culture and showed a complete inhibition of CD69 expression, a marker of T cell activation, when compared to untreated TCR-stimmed controls (Schade et al., 2008). This CD69 inhibition was completely restored, however, when the same cultures were treated the following day for 16 h with a non-TCR stimulating agent (e.g., phorbol-12-myristate-13-acetate, PMA) (Schade et al., 2008). T cell proliferation was also inhibited when incubated with 10 nM dasatinib and restored with the addition of IL-2 (Schade et al., 2008). This study demonstrated the low cytotoxicity (i.e., minimal cell death) of dasatinib in healthy T cells and the ability to still become activated if IL-2 or other non TCR-stimulating agents are present. It is unclear if this same phenomenon would be observed in senescent T cells treated with dasatinib, however, this study and others showing similar results in CD4 T cells, CD8 T cells, and NK cells (Fei et al., 2008; Weichsel et al., 2008; Fraser et al., 2009) led to further groundbreaking research to understand the impact of dasatinib on adaptive immune cells and in CAR-T cell therapy.
It has been shown dasatinib disrupts confirmational changes that are necessary for SRK lymphocyte-specific protein tyrosine kinase (Lck) mediated signaling through the TCR after stimulation (Stirnweiss, et al., 2013) and therefore inhibits phosphorylation of CD3 TCR associated protein kinase ZAP70 (Mestermann, et al., 2019). While inhibiting TCR signaling is not beneficial in all cases considering TCR is indispensable for antigen recognition and initiating other key T cell functions, the impact of dasatinib on TCR can be leveraged to modulate CAR-T cell therapy, particularly in the case of CAR-T cell toxicity. 100nM dasatinib treatment of activated CD4 and CD8 CAR-T cells in vitro paused cell lysis and inflammatory signaling (Mestermann, et al., 2019). Removal of dasatinib from cell culture media resulted in near immediate re-activation of CAR-T cell functions (Mestermann, et al., 2019). This study further supports the findings that dasatinib can modulate T cell responses and healthy T cells will maintain their ability to function if they receive signals to bypass TCR inhibition or after removal/elimination of the drug. More research is needed, however, to determine the long-term effects of dasatinib treatment in vivo on memory and antibody responses. A 2015 study examining murine and human B cell effects of dasatinib demonstrated inhibition of B cell receptor signaling, much like CD4 and CD8 T cells (Oksvold et al., 2015). Unlike T cells, however, where viability was largely unaffected by dasatinib treatment, B cells demonstrated a significant increase in apoptosis in vitro with reductions in pre-B cells from human bone marrow and mature-human B cell populations (Oksvold et al., 2015).
Another study investigated peripheral CD4 and CD8 T cell and B cell migration and phenotype in patients with chronic myeloid leukemia (CML) (Colom-Fernández et al., 2019). Analysis was performed with blood taken prior to first treatment (pre-intake) and 2 hours post treatment (post-intake) with 100 mg dasatinib orally (Colom-Fernández et al., 2019). Using a transwell assay, CD4 and CD8 T cells had a significant reduction in migration towards CCL19 and CCL21, powerful chemoattractants, in CML patients post-intake compared to pre-intake (Colom-Fernández et al., 2019). This coincided with reduction in CCR7, which recognizes CCL19 and CCL21, post-intake, which could mean dasatinib impairs CD4 and CD8 T cell responsiveness to migratory signals (Colom-Fernández et al., 2019). This study also demonstrated a shift in phenotype of CD4, CD8, and B cells. There was a significant reduction in the percentage of naïve CD4 and CD8 T cells with an increase in effector memory subsets post-intake as well as a significant increase in the percentage of memory B cells post-intake (Colom-Fernández et al., 2019).
Like fisetin, quercetin treatment over the course of ovalbumin sensitization and challenge in a mouse model of asthma has also been shown to modulate T cell responses and promote a more CD4 T helper type I cell profile (Park et al., 2009). In a 2009 study, quercetin was shown to induce apoptosis and cell membrane permeability in leukemic cell lines, but not in normal healthy PBMCs in vitro when media was supplemented with either 10, 50, or 100uM quercetin following stimulation with IL-2, anti-CD28 monoclonal antibody, and staphylococcal enterotoxin B (SEB) (Lugli et al., 2009). 50 and 100uM quercetin also efficiently inhibited lymphocyte proliferation in vitro, but did not affect viability, even with phytohemagglutinin stimulation (Lugli et al., 2009). This was independent of cell cycle phase (Lugli et al., 2009). Lastly, when CD3+ T cells incubated with IL-2, anti-CD28 monoclonal antibody, and SEB in vitro were treated with 50 or 100uM quercetin, there was a significant decrease in the expression of activation markers CD38 and CD95 (Lugli et al., 2009). This indicates quercetin also has the ability to inhibit T cell activation, proliferation, and unlike dasatinib, cannot be compensated for by the administration of IL-2.
Taken together, senolytics have many direct immunological advantages, especially in the treatment of cancer, autoimmunity, and hypersensitivity reactions; conditions where immunosuppression is necessary to controlling disease outcomes and pathophysiology. We have very little insight, however, as to how these drugs affect immune cell function long-term or in the development of immunological memory. Although these drugs may be beneficial where it is important to dampen immune responses and prevent immune cell induced tissue damage and cytotoxicity, they may otherwise have very detrimental consequences in the context of vaccination and infectious disease.
SENOLYTICS IN AGE-RELATED DISEASE
Eliminating SCs has proven to be a highly effective way of mitigating and even reversing disease in pre-clinical models of aging (Baker et al., 2011; Saccon et al., 2021; Wang L et al., 2022a; Chandra et al., 2022). Transgenic mouse models of SC identification and elimination are a powerful tool in measuring senescence burden within tissues (Baker et al., 2011; Xu et al., 2018; Yousefzadeh et al., 2019; Wang B et al., 2021; Shimada-Takayama et al., 2022). Senolytics have been used as pharmacological interventions for selective elimination of SCs in both genetically and non-genetically modified animals. Additionally, many of the current transgenic models are solely reliant on the high expression of singular biomarkers of SCs, which do not capture the diversity of senescent populations. Senolytic drugs, however, can target SCs more broadly by not being limited to high expression of p16INK4A or p21Cip1 for ablation. In this section we discuss the use of senolytics in models of aging and age-related diseases.
A 2018 study assessed the senolytic potency of fisetin in primary murine embryonic fibroblasts (MEFs) from Ercc1−/− mice, which will prematurely become senescent in vitro under oxidative stress (i.e., exposure to atmospheric oxygen, 20% O2, for several passages) (Yousefzadeh et al., 2018). Fisetin was able to significantly reduce SA-β-gal expression in vitro in a dose-dependent manner, where doses between 1 and 20uM reduced the senescent cell number compared to DMSO-treated cultures (Yousefzadeh et al., 2018). Using progeroid mice carrying a p16-luciferase reporter transgene that were fed ad libitum with standard chow supplemented with 500 ppm (500 mg/kg) fisetin between 6–8 weeks of age and then again between 12–14 weeks of age, fisetin was demonstrated to significantly reduce p16-dependent luciferase expression compared to mice fed unsupplemented chow (Yousefzadeh et al., 2018). Interestingly, the level of luminescence was significantly decreased compared to control mice during the periods without chow supplementation of fisetin between weeks 8–12 and 14–16 weeks (Yousefzadeh et al., 2018). This model of accelerated aging demonstrates the longer term suppressive effects of prior treatment of fisetin in vivo.
In a mouse model of sporadic Alzheimer’s Disease and dementia, senescence-accelerated prone 8 (SAMP8) mice showed improved cognitive and behavioral performance and an increase in proteins related to synaptic function in hippocampal tissue with fisetin treatment (Currais et al., 2018). D + Q was also shown to extend lifespan, improve many aspects of physical function (e.g., walking speed, grip strength, and endurance), and reduce inflammation and SC burden in various tissues (e.g., adipose tissue, intestine, heart, and bone) in aged mice (Roos et al., 2016; Farr et al., 2017; Xu et al., 2018; Yousefzadeh et al., 2018; Zhou et al., 2021). Additionally, it reduced gut inflammation, SC burden, and altered microbiota of the intestines suggesting that D + Q could ameliorate microbiome changes with age (Saccon et al., 2021).
In humans, as mentioned earlier, fisetin and D + Q, have been used in a variety of clinical trials. Scarcely any, however, include phenotypic and/or functional analysis of immune cells as part of their outcome measures in adults 65+ years of age (Table 1). Despite the evaluation of SASP, general inflammation, and other outcome measures in senolytic trials in older adults, this is not always indicative of immune cell function. Therefore, we would like to highlight those studies focusing on cellular immune responses in particular, which is an area of senolytic aging research in much need of exploration. Out of the studies included in Table 1, only one (DASAHIVCURE, NCT05527418) is in infectious disease. Even further, there are currently no clinical trials including these outcome parameters in adults older than 65 (DASAHIVCURE age range for study inclusion is 18–65). Four of the studies focus specifically on CD3+ T cells and two on total peripheral blood mononuclear cells (PBMCs) for analysis. While CD3+ cells typically represent the majority of immune cell types in peripheral blood (roughly 70–90%) making them relatively easy to isolate in great abundance and study, it is important to understand the impact senolytics have on other immune cell types and the aged immune system as a whole. This is especially true as each cell type has specialized functions that work in concert together and that may be altered depending on the dose and type of senolytic used. Important differences in the function and distribution of subpopulations of immune cells may be overshadowed by an oversimplistic classification of T cells and total PBMCs. Our knowledge of the effects of senolytics on immune cells in older adults (aside from cancer studies) is extremely limited, however current research using alternative models exploring the effects of senolytics on immune responses to infectious disease is advancing.
TABLE 1 | Current clinical trials with immune-cell related outcome measures in older adults 65+ years of age using senolytics.
[image: Table 1]SENOLYTIC EFFECTS ON INFECTIOUS DISEASE
More research studies are examining senescence in immune cell types, but very few have utilized senolytic drug treatment as an approach to improving immune cell function in chronic or acute infectious disease. In light of the COVID-19 pandemic and underlying senescence-associated and immune-related pathology, senolytic treatment has become of particular interest as a means to mitigate symptoms and effects of infection that result in fatality or progression to long-COVID. A recent COVID study examined senescence in isolated PBMCs from patients who were previously hospitalized and undergoing pulmonary evaluation 3 months post-hospitalization. Interestingly, p16INK4a expression in total PBMCs was significantly associated with COVID-related pulmonary pathology (Lekva et al., 2022). Although it has been demonstrated that viruses can themselves be inducers of senescence (viral induced senescence, VIS) (Lee et al., 2021), much less is known about clearance and immunological outcomes during and after infection. Another COVID study explored senescence and senolytic treatment in several models (Lee et al., 2021). Human nasopharyngeal, upper airway mucosa samples, and lung tissue from deceased patients who succumbed to COVID-19 infection revealed highly increased SC burden as compared to those never infected with COVID-19 (Lee et al., 2021).
Single-cell RNA sequencing of nasopharyngeal samples from those who succumbed to COVID-19 also revealed higher transcript levels of p16INK4a in ciliated respiratory epithelial cells and macrophages (Lee et al., 2021). In vitro, primary human nasal epithelial cells genetically engineered to stably overexpress SARS-CoV-2 receptors (HNEpC-hACE2) were infected with SARS-CoV-2 to induce VIS (Lee et al., 2021). These cells were then incubated with either navitoclax, fisetin, or D + Q, all of which showed a significant reduction in viability of VIS cells indicating VIS sensitivity to senolytic drugs (Lee et al., 2021). The use of senolytic drugs D + Q or navitoclax also showed significant reduction in pathology, SASP, and macrophage and neutrophil infiltration into nasopharyngeal and lung tissues of SARS-CoV-2 infected golden hamsters and dwarf hamsters (Lee et al., 2021). Finally, a third COVID study examined the response to infection in aged mice with and without fisetin treatment demonstrating a decrease in inflammation, SASP, p16INK4a and p21Cip1 expression, as well as a significant improvement in survival and antigen-specific antibody titers (Camell et al., 2021).
Other work has examined the connections between SCs in aging and immunity during influenza (flu) infection. In a recent published study, differentiation of CD4 T cell helper subsets in aged flu infected mice demonstrated marked skewing to a regulatory T cell (Treg) phenotype when compared to young infected mice (Lorenzo et al., 2022). This is significant since the presence of increased levels of Tregs has the potential to negatively impact the adaptive immune response to flu infection (Lorenzo et al., 2022). This skewing was found to be the result of increased levels of TGF-β in the aged lungs and could be halted by the administration of TGF-β neutralizing antibodies. This point is important since TGF-β can be generated by SCs and is often found as a component of SASP (Hoare et al., 2016; Borodkina et al., 2018). Additionally, treatment of aged mice with D + Q followed by flu infection resulted in a significant decrease in Tregs and higher proportion of Th2 CD4 helper cells, which can aid in the resolution of infection. Due to the 4- and 11-hour half-lives of D + Q, respectively (Graefe et al., 2001; Christopher et al., 2008), treatment was administered over the course of 3 weeks with a 5 days resting period to ensure clearance of the drug to eliminate the possibility of off target drug effects, as opposed to examining the effect of SC elimination on CD4 T cells prior to infection. Mice treated with D + Q also resulted in significantly lower levels of TGF-β in the lungs during flu infection of aged mice, which has also been shown in D + Q studies using aged hamsters infected with COVID-19 (Blanco-Melo et al., 2020; Lorenzo et al., 2022). These results suggest a role for SCs and the senescent environment in the differentiation of immune cells. In fact, when young CD4 T cells were transferred into aged flu infected mice, they also demonstrated significantly enhanced differentiation to a Treg phenotype, which was abrogated by prior D + Q treatment as well (Lorenzo et al., 2022). While these results are encouraging, closer examination of the response to flu infection is needed to understand the impact on response to infection with senolytic treatments.
CONCLUDING REMARKS AND CONSIDERATIONS
Notable and promising outcomes have been demonstrated with treatment of senolytics in diverse model systems, albeit not all these systems used these drugs specifically for their senolytic potential. Regardless, we are uncovering many consequences of senolytic treatment, especially as it relates to immunity, aging, and disease (Figure 2). In this review we focused on choice senolytics that are currently in clinical trials in older adults and include analysis of immune cells. There are, however, a rapidly increasing number of alternative strategies to target various senescence initiation and pro-survival pathways, immune evasion mechanisms, SASP, and cellular biomarkers to eliminate SCs. It is clear SCs can contribute to disease pathogenesis, but it is critical to consider the functional role senescence has in other cell processes like tissue regeneration and recovery from infection. Older adults with advanced diabetes who are at substantial risk for infections, skin lesions, and amputations (Lin et al., 2020; Salari et al., 2020), for example, may have serious long-term complications in tissue healing and recovery without SCs, as it has long been appreciated that SCs are crucial in wound healing (Demaria et al., 2014). More recently, a refined transgenic mouse model allowing for selective deletion and highly sensitive reporting of p16INK4a expressing cells revealed senescent fibroblasts form a unique niche amidst stem cell populations in the lung that promote epithelial cell regeneration and healing of lung tissue following injury (Reyes et al., 2022). If true of human lung tissue, this may play a role in the recovery from lung infections such as COVID. It may therefore be beneficial to intervene with senotherapeutics at the peak of infection or post-pathogen clearance with the hopes that senescent lung fibroblasts will initiate epithelial cell repair and tissue healing, but not allow for the extensive accumulation of SCs, which may then have a negative effect and contribute to long-COVID complications. If treated too early, it is plausible that older adults with flu or COVID infection may have difficulty in initial stages of lung tissue repair without SCs. It would of course be necessary to determine if certain treatment regimens should be given differentially based on comorbidities, age, frailty status, etc. Other costs and benefits of using senotherapeutics in human disease have been previously reviewed (Raffaele and Vinciguerra, 2022).
[image: Figure 2]FIGURE 2 | Potential benefits of senotherapeutic use and key unanswered questions. As SCs accumulate they secrete SASP reinforcing their own senescence phenotype and causing senescence in neighboring cells. This can lead to overall age-related disease, susceptibility to infections, immune cell function, and impairment in recovery from infections. With the use of senotherapeutics to target different facets of SC phenotypic and functional manifestations, there are potential benefits for use in immunity and aging. Care must be taken when using senotherapeutics in older adults to ensure the immunosuppression seen in many senescence models would not disrupt or inhibit proper immune responses and control of infections. There are also many unanswered questions as to the functional and long-term immunological effects. SASP, senescence-associated secretory phenotype; SC, senescent cell.
FUTURE PERSPECTIVES
There is a wide area of opportunity to fill gaps in our knowledge with regards to senotherapeutic effects on immune cells. In the context of immunity and aging, it will be important to determine if senolytics can overcome the age-related cell intrinsic and extrinsic declines in the immune system. Many of the immunosuppressive effects of senolytics discussed here from both in vitro and in vivo studies have collectively demonstrated an impairment in immune cell function, activation, and proliferation in a dose-dependent manner. At the same time, higher doses of senolytic drugs have also been shown to decrease inflammation. It would therefore be important to determine if inflammation can be reduced with senolytics while still preserving long-term immune cell function in cases where immunosuppression is not advantageous. It is also critical to understand how senolytic treatment affects tissue healing and resolution of infectious disease with age as well as the impact on memory cell generation. With the D + Q associated abrogation seen in TGF-β after flu infection in mice (Lorenzo et al., 2022), which is required for proper CD4 and CD8 memory formation, it is possible that senolytics could enhance an acute immune response, but considerably dampen immunological recall and/or vaccination responses.
Other outstanding questions include: 1) Do senotherapeutics directly affect immune cells? While some studies have described direct and indirect effects on immune cells (discussed earlier), this seems to be dependent on senolytic type, treatment regimen, and model system and we do not yet understand the long-term implications senotherapeutics have. 2) Do senotherapeutics differentially affect immune cell types? It would be very advantageous to understand if certain senotherapeutics can be used for targeted enhancement of particular subsets in models of infection and disease with aging or if different therapies or treatments should be used simultaneously for more broad affects. Comprehensive head-to-head comparisons of different senolytics assessing functions of immune cell types are also needed. 3) Is there an association between SC burden and general immune cell decline that could be an indicator of when to administer senotherapeutics in older adults? It would be interesting to essentially develop an alternative aging clock (Sayed et al., 2021) including parameters related to SC accrual, deficits in immune cell subtypes, comorbidities, susceptibility to disease, and predict optimal treatment strategies and regimens. 4) Do they alter structural integrity of tissues that may impact immune function, migration, and cross-talk? Loss of lymph node and splenic architecture have been reported to contribute to functional immune decline with age (Masters et al., 2018; Masters et al., 2019) and it is possible fibroblastic SCs in these tissues have negative spatiotemporal affects on immune cells. 5) Do senotherapeutics induce long-term enhancement of immune surveillance? While we have seen this in acute models as described earlier, is this maintained over time?
Although we do not have enough data to support administration of senolytic drugs at concrete times over the course of one’s lifespan, it has been proposed to intermittently treat over a set short period of time (e.g., several treatments per day over the course of a few days, one treatment per day over the course of several weeks, or weekly treatments over the course of several months). Much more research will be needed to determine if the use of a particular treatment regimen and dosage should be dependent on disease state or other clinical, biological, or environmental factors. It is also important to determine how long the effects of senolytic treatments last and how these treatments may differentially impact susceptibility to and recovery from disease. Despite potential challenges, we have many more advanced tools and methods of studying SCs and senolytics, which enable researchers to investigate these more nuanced questions and ensure long-term safety as senolytics are used on- and off-label in the clinic.
AUTHOR CONTRIBUTIONS
EL drafted and revised this manuscript. BT and LH revised and edited the manuscript. EL, BT, and LH approved the submitted version of this manuscript. All authors contributed to the article and approved the submitted version.
FUNDING
LH is supported by NIH grants AG071292 and AG067988.
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.
REFERENCES
 Acosta, J. C., Banito, A., Wuestefeld, T., Georgilis, A., Janich, P., Morton, J. P., et al. (2013). A complex secretory program orchestrated by the inflammasome controls paracrine senescence. Nat. Cell. Biol. 15 (8), 978–990. doi:10.1038/ncb2784
 Amor, C., Feucht, J., Leibold, J., Ho, Y. J., Zhu, C., Alonso-Curbelo, D., et al. (2020). Senolytic CAR T cells reverse senescence-associated pathologies. Nature 583 (7814), 127–132. PMID: 32555459; PMCID: PMC7583560. doi:10.1038/s41586-020-2403-9
 Baker, D. J., Wijshake, T., Tchkonia, T., LeBrasseur, N. K., Childs, B. G., van de Sluis, B., et al. (2011). Clearance of p16Ink4a-positive senescent cells delays ageing-associated disorders. Nature 479 (7372), 232–236. doi:10.1038/nature10600
 Basisty, N., Kale, A., Jeon, O. H., Kuehnemann, C., Payne, T., Rao, C., et al. (2020). A proteomic atlas of senescence-associated secretomes for aging biomarker development. PLoS Biol. 18 (1), e3000599. doi:10.1371/journal.pbio.3000599
 Blanco-Melo, D., Nilsson-Payant, B. E., Liu, W. C., Uhl, S., Hoagland, D., Møller, R., et al. (2020). Imbalanced host response to SARS-CoV-2 drives development of COVID-19. Cell. 181 (5), 1036–1045. doi:10.1016/j.cell.2020.04.026
 Borodkina, A. V., Deryabin, P. I., Giukova, A. A., and Nikolsky, N. N. (2018). Social life" of senescent cells: What is SASP and why study it?Acta Naturae 10 (1), 4–14. doi:10.32607/20758251-2018-10-1-4-14
 Camell, C. D., Yousefzadeh, M. J., Zhu, Y., Prata, L. G. P. L., Huggins, M. A., Pierson, M., et al. (2021). Senolytics reduce coronavirus-related mortality in old mice. Science 373 (6552), eabe4832. doi:10.1126/science.abe4832
 Campisi, J. (2001). Cellular senescence as a tumor-suppressor mechanism. Trends Cell. Biol. 11 (11), S27–S31. doi:10.1016/s0962-8924(01)02151-1
 Chaib, S., Tchkonia, T., and Kirkland, J. L. (2022). Cellular senescence and senolytics: The path to the clinic. Nat. Med. 28 (8), 1556–1568. doi:10.1038/s41591-022-01923-y
 Chandra, A., Lagnado, A. B., Farr, J. N., Doolittle, M., Tchkonia, T., Kirkland, J. L., et al. (2022). Targeted clearance of p21-but not p16-positive senescent cells prevents radiation-induced osteoporosis and increased marrow adiposity. Aging Cell. 21 (5), e13602. doi:10.1111/acel.13602
 Christopher, L. J., Cui, D., Wu, C., Luo, R., Manning, J. A., Bonacorsi, S. J., et al. (2008). Metabolism and disposition of dasatinib after oral administration to humans. Drug Metab. Dispos. 36, 1357–1364. PMID: 18420784. doi:10.1124/dmd.107.018267
 Colom-Fernández, B., Kreutzman, A., Marcos-Jiménez, A., García-Gutiérrez, V., Cuesta-Mateos, C., Portero-Sainz, I., et al. (2019). Immediate effects of dasatinib on the migration and redistribution of naïve and memory lymphocytes associated with lymphocytosis in chronic myeloid leukemia patients. Front. Pharmacol. 10, 1340. doi:10.3389/fphar.2019.01340
 Coppé, J. P., Desprez, P. Y., Krtolica, A., and Campisi, J. (2010). The senescence-associated secretory phenotype: The dark side of tumor suppression. Annu. Rev. Pathol. 5, 99–118. doi:10.1146/annurev-pathol-121808-102144
 Coppé, J. P., Patil, C. K., Rodier, F., Sun, Y., Muñoz, D. P., Goldstein, J., et al. (2008). Senescence-associated secretory phenotypes reveal cell-nonautonomous functions of oncogenic RAS and the p53 tumor suppressor. PLoS Biol. 6 (12), 2853–2868. PMID: 19053174; PMCID: PMC2592359. doi:10.1371/journal.pbio.0060301
 Currais, A., Farrokhi, C., Dargusch, R., Armando, A., Quehenberger, O., Schubert, D., et al. (2018). Fisetin reduces the impact of aging on behavior and physiology in the rapidly aging SAMP8 mouse. J. Gerontol. A Biol. Sci. Med. Sci. 73 (3), 299–307. doi:10.1093/gerona/glx104
 Demaria, M., Ohtani, N., Youssef, S. A., Rodier, F., Toussaint, W., Mitchell, J. R., et al. (2014). An essential role for senescent cells in optimal wound healing through secretion of PDGF-AA. Dev. Cell. 31 (6), 722–733. doi:10.1016/j.devcel.2014.11.012
 Farr, J. N., Xu, M., Weivoda, M. M., Monroe, D. G., Fraser, D. G., Onken, J. L., et al. (2017). Targeting cellular senescence prevents age-related bone loss in mice. Nat. Med. 23 (9), 1072–1079. doi:10.1038/nm.4385
 Fei, F., Yu, Y., Schmitt, A., Rojewski, M. T., Chen, B., Greiner, J., et al. (2008). Dasatinib exerts an immunosuppressive effect on CD8+ T cells specific for viral and leukemia antigens. Exp. Hematol. 36 (10), 1297–1308. doi:10.1016/j.exphem.2008.05.002
 Fraser, C. K., Blake, S. J., Diener, K. R., Lyons, A. B., Brown, M. P., Hughes, T. P., et al. (2009). Dasatinib inhibits recombinant viral antigen-specific murine CD4+ and CD8+ T-cell responses and NK-cell cytolytic activity in vitro and in vivo. Exp. Hematol. 37 (2), 256–265. Epub 2008 Dec 3. PMID: 19056158. doi:10.1016/j.exphem.2008.09.013
 Futosi, K., Németh, T., Pick, R., Vántus, T., Walzog, B., and Mócsai, A. (2012). Dasatinib inhibits proinflammatory functions of mature human neutrophils. Blood 119 (21), 4981–4991. doi:10.1182/blood-2011-07-369041
 Gauld, S. B., and Cambier, J. C. (2004). Src-family kinases in B-cell development and signaling. Oncogene 23 (48), 8001–8006. doi:10.1038/sj.onc.1208075
 GBD 2019 Stroke Collaborators (2021). Global, regional, and national burden of stroke and its risk factors, 1990-2019: A systematic analysis for the global burden of disease study 2019. Lancet Neurol. 20 (10), 795–820. Epub 2021 Sep 3. PMID: 34487721; PMCID: PMC8443449. doi:10.1016/S1474-4422(21)00252-0
 Gelderblom, M., Leypoldt, F., Lewerenz, J., Birkenmayer, G., Orozco, D., Ludewig, P., et al. (2012). The flavonoid fisetin attenuates postischemic immune cell infiltration, activation and infarct size after transient cerebral middle artery occlusion in mice. J. Cereb. Blood Flow. Metab. 32 (5), 835–843. doi:10.1038/jcbfm.2011.189
 González-Gualda, E., Baker, A. G., Fruk, L., and Muñoz-Espín, D. (2021). A guide to assessing cellular senescence in vitro and in vivo. FEBS J. 288 (1), 56–80. doi:10.1111/febs.15570
 Graefe, E. U., Wittig, J., Mueller, S., Riethling, A. K., Uehleke, B., Drewelow, B., et al. (2001). Pharmacokinetics and bioavailability of quercetin glycosides in humans. J. Clin. Pharmacol. 41, 492–499. PMID: 11361045. doi:10.1177/00912700122010366
 Gu, J. J., Ryu, J. R., and Pendergast, A. M. (2009). Abl tyrosine kinases in T-cell signaling. Immunol. Rev. 228 (1), 170–183. PMID: 19290927; PMCID: PMC2678244. doi:10.1111/j.1600-065X.2008.00751.x
 Han, X., Xu, T., Fang, Q., Zhang, H., Yue, L., Hu, G., et al. (2021). Quercetin hinders microglial activation to alleviate neurotoxicity via the interplay between NLRP3 inflammasome and mitophagy. Redox Biol. 44, 102010. PMID: 34082381; PMCID: PMC8182123. doi:10.1016/j.redox.2021.102010
 Herbig, U., Jobling, W. A., Chen, B. P., Chen, D. J., and Sedivy, J. M. (2004). Telomere shortening triggers senescence of human cells through a pathway involving ATM, p53, and p21(CIP1), but not p16(INK4a). Mol. Cell. 14 (4), 501–513. doi:10.1016/s1097-2765(04)00256-4
 Hernandez-Segura, A., de Jong, T. V., Melov, S., Guryev, V., Campisi, J., and Demaria, M. (2017). Unmasking transcriptional heterogeneity in senescent cells. Curr. Biol. 27 (17), 2652–2660. doi:10.1016/j.cub.2017.07.033
 Hoare, M., Ito, Y., Kang, T. W., Weekes, M. P., Matheson, N. J., Patten, D. A., et al. (2016). NOTCH1 mediates a switch between two distinct secretomes during senescence. Nat. Cell. Biol. 18 (9), 979–992. doi:10.1038/ncb3397
 Huang, R. Y., Yu, Y. L., Cheng, W. C., OuYang, C. N., Fu, E., and Chu, C. L. (2010). Immunosuppressive effect of quercetin on dendritic cell activation and function. J. Immunol. 184 (12), 6815–6821. doi:10.4049/jimmunol.0903991
 Huang, W., Li, M. L., Xia, M. Y., and Shao, J. Y. (2018). Fisetin-treatment alleviates airway inflammation through inhbition of MyD88/NF-κB signaling pathway. Int. J. Mol. Med. 42 (1), 208–218. doi:10.3892/ijmm.2018.3582
 Idda, M. L., McClusky, W. G., Lodde, V., Munk, R., Abdelmohsen, K., Rossi, M., et al. (2020). Survey of senescent cell markers with age in human tissues. Aging (Albany NY) 12 (5), 4052–4066. doi:10.18632/aging.102903
 Janelle, V., Neault, M., Lebel, M. È., De Sousa, D. M., Boulet, S., Durrieu, L., et al. (2021). p16INK4a regulates cellular senescence in PD-1-expressing human T cells. Front. Immunol. 9 (12), 698565. PMID: 34434190; PMCID: PMC8381277. doi:10.3389/fimmu.2021.698565
 Kale, A., Sharma, A., Stolzing, A., Desprez, P. Y., and Campisi, J. (2020). Role of immune cells in the removal of deleterious senescent cells. Immun. Ageing 17, 16. doi:10.1186/s12979-020-00187-9
 Kirkland, J. L., and Tchkonia, T. (2020). Senolytic drugs: From discovery to translation. J. Intern Med. 288 (5), 518–536. doi:10.1111/joim.13141
 Kirkland, J. L., Tchkonia, T., Zhu, Y., Niedernhofer, L. J., and Robbins, P. D. (2017). The clinical potential of senolytic drugs. J. Am. Geriatr. Soc. 65 (10), 2297–2301. doi:10.1111/jgs.14969
 LeBien, T. W., and Tedder, T. F. (2008). B lymphocytes: How they develop and function. Blood. 1 112 (5), 1570–1580. PMID: 18725575; PMCID: PMC2518873. doi:10.1182/blood-2008-02-078071
 Lee, S., Yu, Y., Trimpert, J., Benthani, F., Mairhofer, M., Richter-Pechanska, P., et al. (2021). Virus-induced senescence is a driver and therapeutic target in COVID-19. Nature 599 (7884), 283–289. doi:10.1038/s41586-021-03995-1
 Lekva, T., Ueland, T., Halvorsen, B., Murphy, S. L., Dyrhol-Riise, A. M., Tveita, A., et al. (2022). Markers of cellular senescence is associated with persistent pulmonary pathology after COVID-19 infection. Infect. Dis. (Lond). 54 (12), 918–923. doi:10.1080/23744235.2022.2113135
 Lim, J. Y., Lee, J. Y., Byun, B. J., and Kim, S. H. (2015). Fisetin targets phosphatidylinositol-3-kinase and induces apoptosis of human B lymphoma Raji cells. Toxicol. Rep. 2, 984–989. PMID: 28962438; PMCID: PMC5598213. doi:10.1016/j.toxrep.2015.07.004
 Lin, C., Liu, J., and Sun, H. (2020). Risk factors for lower extremity amputation in patients with diabetic foot ulcers: A meta-analysis. PLoS One 15 (9), e0239236. doi:10.1371/journal.pone.0239236
 Lopez-Otin, C., Blasco, M. A., Partridge, L., Serrano, M., and Kroemer, G. (2023). Hallmarks of aging: An expanding universe. Cell. 186 (2), 243–278. doi:10.1016/j.cell.2022.11.001
 Lorenzo, E. C., Torrance, B. L., Keilich, S. R., Al-Naggar, I., Harrison, A., Xu, M., et al. (2022). Senescence-induced changes in CD4 T cell differentiation can be alleviated by treatment with senolytics. Aging Cell. 21 (1), e13525. doi:10.1111/acel.13525
 Lugli, E., Ferraresi, R., Roat, E., Troiano, L., Pinti, M., Nasi, M., et al. (2009). Quercetin inhibits lymphocyte activation and proliferation without inducing apoptosis in peripheral mononuclear cells. Leuk. Res. 33 (1), 140–150. Epub 2008 Sep 5. PMID: 18774171. doi:10.1016/j.leukres.2008.07.025
 Masters, A. R., Hall, A., Bartley, J. M., Keilich, S. R., Lorenzo, E. C., Jellison, E. R., et al. (2019). Assessment of lymph node stromal cells as an underlying factor in age-related immune impairment. J. Gerontol. A Biol. Sci. Med. Sci. 74 (11), 1734–1743. PMID: 30721932; PMCID: PMC6777091. doi:10.1093/gerona/glz029
 Masters, A. R., Jellison, E. R., Puddington, L., Khanna, K. M., and Haynes, L. (2018). Attrition of T Cell zone fibroblastic reticular cell number and function in aged spleens. Immunohorizons 2 (5), 155–163. PMID: 30706058; PMCID: PMC6350919. doi:10.4049/immunohorizons.1700062
 Medzhitov, R., and Janeway, C. A. (2000). How does the immune system distinguish self from nonself?Seminars Immunol. 12, 185–188. doi:10.1006/smim.2000.0230
 Mestermann, K., Giavridis, T., Weber, J., Rydzek, J., Frenz, S., Nerreter, T., et al. (2019). The tyrosine kinase inhibitor dasatinib acts as a pharmacologic on/off switch for CAR T cells. Sci. Transl. Med. 11 (499), eaau5907. PMID: 31270272; PMCID: PMC7523030. doi:10.1126/scitranslmed.aau5907
 Mitra, S., Ghosh, N., Paul, P., and Banerjee, E. R. (2022). Orally administered fisetin reduces the symptoms of acute allergic asthma in a preclinical mouse model. Biomed. Res. Ther. 9 (3), 4953–4970. doi:10.15419/bmrat.v9i3.731
 Molagoda, I. M. N., Jayasingha, J. A. C. C., Choi, Y. H., Jayasooriya, R. G. P. T., Kang, C. H., and Kim, G. Y. (2021). Fisetin inhibits lipopolysaccharide-induced inflammatory response by activating β-catenin, leading to a decrease in endotoxic shock. Sci. Rep. 11 (1), 8377. doi:10.1038/s41598-021-87257-0
 Montero, J. C., Seoane, S., Ocaña, A., and Pandiella, A. (2011). Inhibition of SRC family kinases and receptor tyrosine kinases by dasatinib: Possible combinations in solid tumors. Clin. Cancer Res. 17 (17), 5546–5552. Epub 2011 Jun 13. PMID: 21670084. doi:10.1158/1078-0432.CCR-10-2616
 Muñoz, D. P., Yannone, S. M., Daemen, A., Sun, Y., Vakar-Lopez, F., Kawahara, M., et al. (2019). Targetable mechanisms driving immunoevasion of persistent senescent cells link chemotherapy-resistant cancer to aging. JCI Insight 5 (14), e124716. PMID: 31184599; PMCID: PMC6675550. doi:10.1172/jci.insight.124716
 Muñoz-Espín, D., Rovira, M., Galiana, I., Giménez, C., Lozano-Torres, B., Paez-Ribes, M., et al. (2018). A versatile drug delivery system targeting senescent cells. EMBO Mol. Med. 10 (9), e9355. PMID: 30012580; PMCID: PMC6127887. doi:10.15252/emmm.201809355
 Mustjoki, S., Auvinen, K., Kreutzman, A., Rousselot, P., Hernesniemi, S., Melo, T., et al. (2013). Rapid mobilization of cytotoxic lymphocytes induced by dasatinib therapy. Leukemia 27 (4), 914–924. doi:10.1038/leu.2012.348
 Neshat, M. S., Raitano, A. B., Wang, H., Reed, J. C., and Sawyers, C. L. (2000). The survival function of the bcr-abl oncogene is mediated by bad-dependent and -independent pathways: Roles for phosphatidylinositol 3-kinase and raf. Mol. Cell. Biol. 20 (4), 1179–1186. PMCID: PMC85238. PMID: 10648603. doi:10.1128/mcb.20.4.1179-1186.2000
 Oksvold, M. P., Duyvestyn, J. M., Dagger, S. A., Taylor, S. J., Forfang, L., Myklebust, J. H., et al. (2015). The targeting of human and mouse B lymphocytes by dasatinib. Exp. Hematol. 43 (5), 352–363. Epub 2015 Jan 29. PMID: 25641047. doi:10.1016/j.exphem.2015.01.008
 Onorati, A., Havas, A. P., Lin, B., Rajagopal, J., Sen, P., Adams, P. D., et al. (2022). Upregulation of PD-L1 in senescence and aging. Mol. Cell. Biol. 42 (10), e0017122. PMID: 36154662; PMCID: PMC9583718. doi:10.1128/mcb.00171-22
 Ovadya, Y., Landsberger, T., Leins, H., Vadai, E., Gal, H., Biran, A., et al. (2018). Impaired immune surveillance accelerates accumulation of senescent cells and aging. Nat. Commun. 9 (1), 5435. doi:10.1038/s41467-018-07825-3
 Palacios, E., and Weiss, A. (2004). Function of the src-family kinases, lck and fyn, in T-cell development and activation. Oncogene 23, 7990–8000. doi:10.1038/sj.onc.1208074
 Park, H. J., Lee, C. M., Jung, I. D., Lee, J. S., Jeong, Y. I., Chang, J. H., et al. (2009). Quercetin regulates Th1/Th2 balance in a murine model of asthma. Int. Immunopharmacol. 9 (3), 261–267. doi:10.1016/j.intimp.2008.10.021
 Pennock, N. D., White, J. T., Cross, E. W., Cheney, E. E., Tamburini, B. A., and Kedl, R. M. (2013). T cell responses: Naive to memory and everything in between. Adv. Physiol. Educ. 37 (4), 273–283. PMID: 24292902; PMCID: PMC4089090. doi:10.1152/advan.00066.2013
 Pereira, B. I., Devine, O. P., Vukmanovic-Stejic, M., Chambers, E. S., Subramanian, P., Patel, N., et al. (2019). Senescent cells evade immune clearance via HLA-E-mediated NK and CD8+ T cell inhibition. Nat. Commun. 10 (1), 2387. PMID: 31160572; PMCID: PMC6547655. doi:10.1038/s41467-019-10335-5
 Raffaele, M., and Vinciguerra, M. (2022). The costs and benefits of senotherapeutics for human health. Lancet Healthy Longev. 3 (1), e67–e77. doi:10.1016/S2666-7568(21)00300-7
 Reyes, N. S., Krasilnikov, M., Allen, N. C., Lee, J. Y., Hyams, B., Zhou, M., et al. (2022). Sentinel p16INK4a+ cells in the basement membrane form a reparative niche in the lung. Science 378 (6616), 192–201. doi:10.1126/science.abf3326
 Roos, C. M., Zhang, B., Palmer, A. K., Ogrodnik, M. B., Pirtskhalava, T., Thalji, N. M., et al. (2016). Chronic senolytic treatment alleviates established vasomotor dysfunction in aged or atherosclerotic mice. Aging Cell. 15 (5), 973–977. doi:10.1111/acel.12458
 Saccon, T. D., Nagpal, R., Yadav, H., Cavalcante, M. B., Nunes, A. D. C., Schneider, A., et al. (2021). Senolytic combination of dasatinib and quercetin alleviates intestinal senescence and inflammation and modulates the gut microbiome in aged mice. J. Gerontol. A Biol. Sci. Med. Sci. 76 (11), 1895–1905. doi:10.1093/gerona/glab002
 Sagiv, A., and Krizhanovsky, V. (2013). Immunosurveillance of senescent cells: The bright side of the senescence program. Biogerontology 14 (6), 617–628. doi:10.1007/s10522-013-9473-0
 Salari, N., Hosseinian-Far, A., Hosseinian-Far, M., Kavoussi, H., Jalali, R., Vaisi-Raygani, A., et al. (2020). Evaluation of skin lesions in diabetic patients: A systematic review and meta-analysis. J. Diabetes Metab. Disord. 19 (2), 1909–1916. doi:10.1007/s40200-020-00629-7
 Samdavid Thanapaul, R. J. R., Shvedova, M., Shin, G. H., Crouch, J., and Roh, D. S. (2022). Elevated skin senescence in young mice causes delayed wound healing. Geroscience 44 (3), 1871–1878. Epub 2022 Apr 11. PMID: 35399134; PMCID: PMC9213596. doi:10.1007/s11357-022-00551-1
 Sayed, N., Huang, Y., Nguyen, K., Krejciova-Rajaniemi, Z., Grawe, A. P., Gao, T., et al. (2021). An inflammatory aging clock (iAge) based on deep learning tracks multimorbidity, immunosenescence, frailty and cardiovascular aging. Nat. Aging 1, 598–615. Erratum in: Nat Aging. 1(8):748. PMID: 34888528; PMCID: PMC8654267. doi:10.1038/s43587-021-00082-y
 Schade, A. E., Schieven, G. L., Townsend, R., Jankowska, A. M., Susulic, V., Zhang, R., et al. (2008). Dasatinib, a small-molecule protein tyrosine kinase inhibitor, inhibits T-cell activation and proliferation. Blood 111 (3), 1366–1377. doi:10.1182/blood-2007-04-084814
 Shimada-Takayama, Y., Yasuda, T., Ukai, T., Taguchi, J., Ozawa, M., Sankoda, N., et al. (2022). Generation of mice for evaluating endogenous p16Ink4a protein expression. Biophys. Res. Commun. 599, 43–50. doi:10.1016/j.bbrc.2022.02.005
 Smith, H. W., and Marshall, C. J. (2010). Regulation of cell signalling by uPAR. Nat. Rev. Mol. Cell. Biol. 11 (1), 23–36. doi:10.1038/nrm2821
 Song, B., Guan, S., Lu, J., Chen, Z., Huang, G., Li, G., et al. (2013). Suppressive effects of fisetin on mice T lymphocytes in vitro and in vivo. J. Surg. Res. 185 (1), 399–409. doi:10.1016/j.jss.2013.05.093
 Sternberg, Z., Chadha, K., Lieberman, A., Hojnacki, D., Drake, A., Zamboni, P., et al. (2008). Quercetin and interferon-beta modulate immune response(s) in peripheral blood mononuclear cells isolated from multiple sclerosis patients. J. Neuroimmunol. 205 (1-2), 142–147. doi:10.1016/j.jneuroim.2008.09.008
 Stirnweiss, A., Hartig, R., Gieseler, S., Lindquist, J. A., Reichardt, P., Philipsen, L., et al. (2013). T cell activation results in conformational changes in the Src family kinase Lck to induce its activation. Sci. Signal 6 (263), ra13. PMID: 23423439. doi:10.1126/scisignal.2003607
 Storer, M., Mas, A., Robert-Moreno, A., Pecoraro, M., Ortells, M. C., Di Giacomo, V., et al. (2013). Senescence is a developmental mechanism that contributes to embryonic growth and patterning. Cell. 155 (5), 1119–1130. doi:10.1016/j.cell.2013.10.041
 Touil, Y. S., Auzeil, N., Boulinguez, F., Saighi, H., Regazzetti, A., Scherman, D., et al. (2011). Fisetin disposition and metabolism in mice: Identification of geraldol as an active metabolite. Biochem. Pharmacol. 82 (11), 1731–1739. doi:10.1016/j.bcp.2011.07.097
 Wang, B., Wang, L., Gasek, N. S., Zhou, Y., Kim, T., Guo, C., et al. (2021). An inducible p21-Cre mouse model to monitor and manipulate p21-highly-expressing senescent cells in vivo. Nat. Aging 1 (10), 962–973. doi:10.1038/s43587-021-00107-6
 Wang, L., Wang, B., Gasek, N. S., Zhou, Y., Cohn, R. L., Martin, D. E., et al. (2022a). Targeting p21Cip1 highly expressing cells in adipose tissue alleviates insulin resistance in obesity. Cell. Metab. 34 (1), 75–89.e8. doi:10.1016/j.cmet.2021.11.002
 Wang, T. W., Johmura, Y., Suzuki, N., Omori, S., Migita, T., Yamaguchi, K., et al. (2022b). Blocking PD-L1-PD-1 improves senescence surveillance and ageing phenotypes. Nature 611 (7935), 358–364. PMID: 36323784. doi:10.1038/s41586-022-05388-4
 Weichsel, R., Dix, C., Wooldridge, L., Clement, M., Fenton-May, A., Sewell, A. K., et al. (2008). Profound inhibition of antigen-specific T-cell effector functions by dasatinib. Clin. Cancer Res. 14 (8), 2484–2491. PMID: 18413841. doi:10.1158/1078-0432.CCR-07-4393
 Wilson, W. H., O'Connor, O. A., Czuczman, M. S., LaCasce, A. S., Gerecitano, J. F., Leonard, J. P., et al. (2010). Navitoclax, a targeted high-affinity inhibitor of BCL-2, in lymphoid malignancies: A phase 1 dose-escalation study of safety, pharmacokinetics, pharmacodynamics, and antitumour activity. Lancet Oncol. 11 (12), 1149–1159. doi:10.1016/S1470-2045(10)70261-8
 Wu, K. N., Wang, Y. J., He, Y., Hu, Y. X., Fu, H. R., Sheng, L. X., et al. (2014). Dasatinib promotes the potential of proliferation and antitumor responses of human γδT cells in a long-term induction ex vivo environment. Leukemia 28 (1), 206–210. doi:10.1038/leu.2013.221
 Xu, M., Pirtskhalava, T., Farr, J. N., Weigand, B. M., Palmer, A. K., Weivoda, M. M., et al. (2018). Senolytics improve physical function and increase lifespan in old age. Nat. Med. 24 (8), 1246–1256. doi:10.1038/s41591-018-0092-9
 Yousefzadeh, M. J., Flores, R. R., Zhu, Y., Schmiechen, Z. C., Brooks, R. W., Trussoni, C. E., et al. (2021). An aged immune system drives senescence and ageing of solid organs. Nature 594 (7861), 100–105. PMID: 33981041; PMCID: PMC8684299. doi:10.1038/s41586-021-03547-7
 Yousefzadeh, M. J., Zhao, J., Bukata, C., Wade, E. A., McGowan, S. J., Angelini, L. A., et al. (2019). Tissue specificity of senescent cell accumulation during physiologic and accelerated aging of mice. Aging Cell. 19 (3), e13094. PMID: 31981461; PMCID: PMC7059165. doi:10.1111/acel.13094
 Yousefzadeh, M. J., Zhu, Y., McGowan, S. J., Angelini, L., Fuhrmann-Stroissnigg, H., Xu, M., et al. (2018). Fisetin is a senotherapeutic that extends health and lifespan. EBioMedicine 36, 18–28. doi:10.1016/j.ebiom.2018.09.015
 Zhou, Y., Xin, X., Wang, L., Wang, B., Chen, L., Liu, O., et al. (2021). Senolytics improve bone forming potential of bone marrow mesenchymal stem cells from aged mice. NPJ Regen. Med. 6 (1), 34. doi:10.1038/s41536-021-00145-z
 Zhu, Y., Tchkonia, T., Fuhrmann-Stroissnigg, H., Dai, H. M., Ling, Y. Y., Stout, M. B., et al. (2016). Identification of a novel senolytic agent, navitoclax, targeting the Bcl-2 family of anti-apoptotic factors. Aging Cell. 15 (3), 428–435. doi:10.1111/acel.12445
 Zhu, Y., Tchkonia, T., Pirtskhalava, T., Gower, A. C., Ding, H., Giorgadze, N., et al. (2015). The achilles' heel of senescent cells: From transcriptome to senolytic drugs. Aging Cell. 14 (4), 644–658. doi:10.1111/acel.12344
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.
Copyright © 2023 Lorenzo, Torrance and Haynes. 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.
OPS/images/fragi-04-1161799-t001.jpg
Condition Senolytic Summary of immune cell-related Estimated study NCT number

agent used outcome measures*® start & completion
date
Osteoarthritis Fisetin 40-85 | Senescent PBMC quantification using flow Phase May 2021- June 2025 NCT04815902
cytometry 1 Phase 2
Interstitial lung Fisetin 18+ | Immunophenotyping to examine changes in | Phase 2 | Mar 2023 December 2024 NCT05593588
disease in CVID peripheral T cells
Frailty in survivors of | Fisetin Dasatinib | 18+ | pI6INK4a mRNA expression in CD3" cells  Phase 2 June 2022 July 2024 NCT04733534
childhood cancer & Quercetin
Alzheimer’s disease Dasatinib & 65+ | Measurement of senescent CD3" cells Phase May 2022 June 2023 NCT05422885
Quercetin expressing p16. 1 Phase 2 (STAMINA)
Alzheimer’s disease Dasatinib & 65+ | Measurement of senescent CD3" cells Phase2 | Dec 2021~ January 2023 NCT04685590
Quercetin expressing p16 (SToMP-AD)
Recent HIV infection Dasatinib 18-65 | Phenotyping of senescence markers in PBLs ~ Phase 2 | Nov 2022- December 2024 NCT05527418
monotherapy (Beta-galactosidase, Bel-2, Histone H2A, (DASAHIVCURE)
P16 and CD87)

“The clinicaltrials.gov search criteria used to identify studies were ‘dasatinib,‘fisetin,’‘ABT263," UBX0101, “UBX1325, ‘senescence,”and ‘senolytic’in older adults aged 65+. Only studies that
lsted senescence analysis in immune cell types as primary and/or secondary outcomes were included in this table. Primary and secondary outcomes examining SASP, factors or inflammation
associated with senescence alone were not included.

"All studies have proposed to examine immune cells from whole blood.

Abbreviations: CVID, common variable immunodeficiency; NCT, national clinical trial; PBL, peripheral blood leukocyte; PBMC, peripheral blood mononuclear cell.





OPS/images/inline_1.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Impact of senolytic treatment on immunity, aging, and disease		Introduction

		Senescent cell accumulation

		Senescent cell biomarkers

		Senolytic drugs and immune cells: a broad overview

		Senolytic drugs and innate immune cells

		Senolytic drugs and adaptive immune cells

		Senolytics in age-related disease

		Senolytic effects on infectious disease

		Concluding remarks and considerations

		Future perspectives

		Author contributions

		Funding

		Publisher’s note

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Aging






OPS/images/fragi-04-1161799-g001.gif
R —

Naturataging and coll domage

/ B ¥

g
C senescomcotmmneenson | Pisqelsnesconce o lghboro






OPS/images/fragi-04-1161799-g002.gif
e - .

e R R
T L T
[ /i sttt
e ey T g
| soemese, o pmns, =
1 s — g

1 st i e









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers in Aging





