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SCIENTIFIC BACKGROUND AND STATE OF THE ART
The overall activity of the immune system has long been known to decline with age such that this progressive immunosenescence is a key hallmark of aging, affected by and impacting almost all pillars of aging (1-3). Older adults are much more prone to chronic inflammatory disorders, reduced vaccine efficacy, and infection-related morbidity and mortality (4-7). The mechanisms underlying this age-related deterioration of the immune system are not fully understood, and their elucidation may aid efforts to improve longevity and quality of life in the elderly (8-12). Of the many dysregulated inflammatory processes involved in aging, neuroinflammation characterized by glial activation (primarily microglia and astrocytes) and senescence (12-14), blood-brain barrier dysregulation (15-19), and leukocyte infiltration (20-22) has drawn increasing attention due to its strong impact on neurodegenerative diseases, psychiatric disorders, and dementia (23-33). Age-related inflammation may thus play a key role in tissue pathogenesis (14, 34-37) and degeneration (36, 38, 39). 
One of the most remarkable changes that characterizes immunological aging relates to the maintenance and function of CD4 T cells, which are key orchestrators of the immune system (40-43). At younger age, CD4 T cells comprise a large repertoire of naïve cells, reflecting the plasticity of the immune system to encounter new antigens, respond to them effectively, and generate memory T cells (44). With age, however, central and effector memory cells accumulate and both the naïve and effector populations show dysregulated properties (3, 42, 43, 45-47). The complexity of the immune system and particularly the large variety of cells composing it has complicated investigatory efforts. To address changes in CD4 T cells over the course of aging and to better understand their functional properties, we applied single-cell RNA sequencing (scRNA-seq) to analyze CD4 T cell populations isolated from young and old mice (48). As expected, we found that the proportion and absolute number of naïve CD4 T cells shrink with age, whereas effector memory (EM) cells and exhausted cells accumulate (Scheme 1, Fig. 1). However, we also identified two intriguing subsets that accumulate in mice with age: A subset that exhibits an activated regulatory T cell phenotype (aTregs) and a subset with a cytotoxic and pro-inflammatory expression profile (CD4 cytotoxic T lymphocytes, CTLs). In addition, we found that the most prominent accumulation of EM, exhausted, and CD81+ Tregs occurred between the ages of 6 and 12 months, whereas CD4 CTLs accumulated primarily after the age of 16 months [Scheme 1, (48, 49)]. Furthermore, the transcription factors (TFs) required for the CD8 CTL lineage are active in these CD4 CTLs, and that the in vitro stimulation of these cells results in significantly higher levels of pro-inflammatory and cytotoxic protein expression as compared with EM and exhausted T cells [Fig. 1/Scheme 2, (48-50)]. These CD4 CTLs were previously observed and therapeutically implicated in mouse models of colitis (51, 52), cancer (53), neuroinflammation (54, 55), and infectious diseases, and in human samples in the context of viral infection (56-60), secondary progressive multiple sclerosis (27), and cellular senescence (61) (Scheme 2). Strikingly, a recent study of a Japanese cohort of supercentenarian individuals also demonstrated high frequencies of CD4 CTLs (up to about 50% of all T cell compartments) (62), similar to those we observed in old mice [Fig. 1 and (48)]. Further unveiling the role and properties of CD4 CTLs, our preliminary results show that transferring splenocytes or CD4 T cells from young to old mice resulted in accumulation of CD4 CTLs to similar frequencies of the endogenous cells [Fig. 5, and manuscript under revision (50)]. Intriguingly, using a Cre-Lox mouse model which allows for the depletion of EOMES—one of the key TF allowing the differentiation of effector cells to CD4 CTLs—we demonstrate that mice lacking the TF exhibit enhanced increased SC load, liver fibrosis, accelerated aging, and a shorter lifespan [Fig. 4, (50)]. Furthermore, by using senolyitc treatments we observed a causal relationship between SC load and EOMES+CCL5+ CD4 CTLs (Fig. XX). These results suggest that EOMES+ CD4 T cells may attenuate the aging process, at least in part, via differentiation to CTLs and the targeting of senescent cells (Fig. xx). Our preliminary study in human subjects revealed lifespan changes in the CD4 T cell landscape along with the accumulation of CD4 CTLs primarily among EM cells and EM cells reexpressing CD45RA (TEMRA) (Fig. 2). Notably, a small cohort of individuals with mild cognitive impairment (MCI) appeared to exhibit more robust changes in the age-related CD4 T cell landscape (Fig. 2-3). This was further demonstrated using ML approaches which could yield 80% accuracy in identifying MCI individuals (Fig. xx). scRNA-seq analysis of human CD4 T cells further demonstrated the accumulation of CD4 CTLs with age exhibiting several clusters which appear to differ in molecular properties between young, healthy older, and MCI individuals (Fig. xx). Taken together, although cytotoxicity was generally thought to be irreversibly blocked in the CD4 lineage, it is clear that the fate of CD4 T helper (Th) cells can change in a manner that contributes to the post-thymic differentiation of MHCII-restricted cytotoxic CD4 T cells with killing functions, similar to the CD8 CTL lineage. Overall, changes in the CD4 T cell landscape with age along with the accumulation of CD4 CTLs appear to be critical to the biology of aging, age-related diseases, and longevity. Critical questions related to the differentiation and accumulation of the cells and their mode of action remain open. Particularly intriguing is the fact that while CD4 CTLs mark a stage in the timeline of aging, they also appear to represent a biology of immune aging adjusted to confer protection and healthy aging in certain individuals. [image: ]
Scheme 1: Illustration of the major changes that occur in the population of CD4 T cells during aging, demonstrating the shift from naïve dominancy in young mice to diverse and extreme effector and regulatory phenotypes in old mice. 
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Scheme 2: Chronic inflammation promotes the accumulation of cytotoxic CD4 T cells.

RESEARCH OBJECTIVES AND SIGNIFICANCE
Our recent studies have aimed to comprehensively describe how aging reshapes the CD4 T cell compartment (48, 63). The scRNA-seq data and the functional assays we performed enabled the identification and characterization of CD4 T cell subsets, along with their specific transcriptional and functional regulation, in aging mice and human. Given their key roles in chronic inflammation, tissue repair, and age-related diseases (56, 64, 65), we hypothesize that age-related CD4 T-cell subsets can provide a platform to unveil immunological aging and cellular trajectories associated with chronic inflammation, cellular senescence, immunity, and tissue repair. Our goal in the proposed study is to characterize age-related changes in the landscape of CD4 T cells in humans, which may enable efforts to predict the pace of aging, immune competence, and cognitive impairment. As CD4 CTLs appear both as a landmark in the aging process and as a population that may directly impact longevity, we plan to focus on the molecular characterization and functional roles of these cells in both mice and older individuals. 
Objectives
Aim 1: Characterize the molecular and functional properties of CD4 CTLs in mouse models of liver cirrhosis and aging. Based on our previous studies, we will characterize the differentiation and dynamic accumulation of CD4 CTLs and assess their molecular and functional properties. A Cre-Lox mouse model that enables the depletion of the TF EOMES, as a master regulator of the cytotoxic lineage, in CD4 T cells and EOMES reporter mice will be used to dissect the role of CD4 CTLs in aged mice and in mice subjected to CCl4-induced liver cirrhosis. 
Aim 2: Assess the capacity of CD4 CTL frequency and molecular properties to predict aging-related chronic inflammation, cognitive decline, and frailty. We will study primarily samples from healthy males and females older than ≥70 years including healthy individuals, patients with MCI, and patients with AD. We will use advanced cellular, molecular, multivariate statistical analyses, and machine learning (ML) approaches to explore aging-related changes in the population structure of CD4 T cells, and more specifically in CD4 CTLs, that coincide with biomarkers of aging and cognitive decline. 	Comment by Alon Monsonego: frailty, epigenetics, chronic inflammation, metabolic 
Expected outcomes & Significance: 
Our goal in this proposal is to conduct a detailed characterization of lymphocyte aging and its impacts on immune system functionality, cellular senescence, and cognitive decline. The direct outcomes of the successful completion of this work will include the identification of immune-related biomarkers and mechanisms that should help facilitate the development of immune screening strategies that predict age-related cellular trajectories linked to systemic inflammation, tissue senescence, and cognitive decline. Perhaps the most intriguing implication of these studies is the possibility that lymphocyte aging is tightly linked to the biology of aging by virtue of changes in lymphocyte functional properties and hence their capacity to orchestrate tissue repair. Such dynamics in lymphocyte aging can serve as a viable target not only to predict and understand other hallmarks of aging such as metabolic disorders, stem cell exhaustion and cellular senescence (2, 3), but also to treat age-related diseases such as cancer, cardiovascular diseases, and type II diabetes. 
DETAILED RESEARCH PLAN:
Aim 1: Characterize the molecular and functional properties of CD4 CTLs in mouse models of liver cirrhosis and aging. 
Rationale: Our findings in mice and human suggest that while the CD4 CTL population can serve as a measure of the aging timeline, at least in part, they exhibit beneficial properties through their ability to modulate tissue senescence, chronic inflammation, and antiviral and antitumor immunity (27, 54-56, 62). These intriguing results open critical questions related to the overall biology of CD4 CTLs and their role in aging  including 1) the signaling cues that promote their terminal differentiation in tissues subjected to chronic inflammation and increased senescent cell load, 2) their molecular properties and mode of action leading to clearance of senescent cells, and 3) their overall impact on aging processes such as systemic inflammation, frailty, neuroinflammation, and cognitive decline. Addressing these questions may not only unveil individual’s aging trajectories culminating in healthy or enhanced aging, but also uncover novel diagnostic and therapeutic implications in aging. 
Specific tasks & experimental systems:
1.1. Generate Eomes reporter mice to follow the dynamic accumulation and function of CD4 CTLs. A more detailed functional characterization of CD4 CTLs is currently limited due to the lack of sufficient extracellular markers that allow their isolation. In addition, the frequency of CD4 CTLs is very low except their more abundant accumulation at advanced ages [above 18 months, (48, 50)]. We thus used a mouse model of CCl4-induced liver cirrhosis and demonstrate that similar to their accumulation in tissues during aging, CD4 CTLs accumulate locally in the liver and that using senolytics treatment abolished this accumulation [Fig. xx, (50)]. Furthermore, depletion of EOMES in CD4 T cells using the CD4CreEREomeslox/lox mice resulted in increased frequencies of SCs and enhanced tissue pathology [Fig. 4, (50)]. We thus find this mouse model as an elegant and robust system to further interrogate the dynamic accumulation and molecular properties of EOMES+CD4+ cells. Notably, it was recently demonstrated that CD4 T cells expressing EOMES exhibit enhanced metabolic fitness that allow them to survive and facilitate effector functions in tissues subjected to chronic inflammation (66). Thus, EOMES+ CD4 T cells may not only represent CTLs but also a population with enhanced effector functions that facilitate the clearance of SCs. To determine the dynamic accumulation of EOMES+ CD4 T cells and the portion of which that differentiate to CD4 CTLs, we will cross the CreERT2 Eomes (Strain #:036301) with the tdTomatolox/lox reporter mice (Strain #:007914). Mice aged 3 months (n=xx) will be administered with TMX and CCl4 or TMX and vehicle as described in Methods [Fig. xx, (50)], and 3, 7, 14, and 28 days later livers and spleens will be excised and EOMES-expressing CD4+ tdTomato+ cells will be analyzed with flow cytometry panels including CD3, CD4, CD44, CD62L, the cytotoxic markers GzmB, GzmK, Eomes, CCL5, CD107, and perforin to define the dynamic accumulation of EOMES-expressing CD4 T cell landscape in the liver (Fig. xx, Methods). In addition, liver sections will be immunolabeled with CD4, GzmB, GzmK, CD11c, CD11b, b-Gal, P16, and/or P21, caspase 3, and Ki67 and analyzed via confocal imaging to assess the tissue distribution EOMES+CD4+ T cells, their cellular interactions with SCs or APCs, and cell-mediated cytotoxicity (Fig. xx, ref). Overall, we anticipate to follow an early differentiation of EOMES-expressing CD4 T cells which proliferate and gradually transition to EOMES-expressing CD4 CTLs. As our scRNA-seq analysis in older human individuals demonstrate distinct populations of GzmK+ and GzmB+ CD4 T cells, both populations will be analyzed as a possible transition from more proliferating GzmK+EOMES+ to more cytotoxic GzmB+EOMES+ CD4 T cells, as was recently shown for CD8 T cells (ref).  
1.2. Characterize the differentiation, molecular and cellular properties of CD4 CTLs in a mouse model of liver cirrhosis. To further determine the population structure of CD4 T cells in the liver following cirrhosis and the impact of EOMES depletion on the CD4 T cell landscape, we will apply scRNA-seq analysis of liver-derived CD45+ cells. CreERT2+/-CD4CreEREomeslox/lox mice and littermate control mice (3 months old; n=xx) will be administered with TMX and CCl4 (Fig. xx, Methods). As a negative control group, littermate controls will be administered with TMX and vehicle. Depending on results in Task 1, livers will be dissected after 7, 14, or 28 days and analyzed for 1) CD4 T cell subsets (exhausted, regulatory, EOMES+ effectors, and EOMES+ CTLs; Fig.xx, Methods) with flow cytometry; 2) molecular and metabolic properties of CD4 T cell subsets and their TCR repertoire using scRNA-seq of CD45+ leukocytes/CD4 T cells (Methods). Combining the flow cytometry and scRNA-seq results, we anticipate to uncover the EOMES+ CD4 T cell subsets exhibiting effector and cytotoxic properties that accumulate in the liver following CCl4 administration and how the effective depletion of EMOES in CD4+ T cells impact the phenotype and repertoire of the CD4 T cell subsets in the liver. Cellular trajectory analysis using the xx package to infer transitioning from effector CD4 T cells to EOMES+ cells, and EOMES+ CTLs expressing GzmK+, GzmB+ or both. TCR analysis using the xx software will allow to dissect clonal expansion of CD4 CTLs in the presence or absence of EOMES and ultimately certain CTL TCRs which can be further analyzed for antigen specificity, beyond the scope of the current proposal. 	Comment by Alon Monsonego: See figs to finalize 
1.3. Characterize the accumulation and function of CD4 CTLs in old mice. Transferring splenocytes or CD4 T cells from young to old, but not from young to young, mice resulted in differentiation and proliferation of EOMES+ CD4 T cells and subsequently their accumulation as CD4 CTLs in frequencies similar to the endogenous cells [Fig. 5, (50)]. In this task we will thus leverage this cell transfer system to follow the migration of EOMES+ CD4 T cells to various tissues in old CD4CreER+/-Eomeslox/lox and littermate control mice and determine the dynamic accumulation of GzmK+ and GzmB+ CD4 CTLs and their impact on the immune compartment, SC load, and frailty. CD4CreER+/-Eomeslox/lox and littermate control mice aged 16 months (n=xx) will be administered with TMX (Fig. xx, Methods) and 4 weeks later injected IV with 10 x106 CD4 T cells sorted from young CreERT2 Eomes- tdTomatolox/lox reporter mice or with vehicle. Mice will remain on weekly alternating TMX/normal chow diet [ensuring the effective and continuous depletion of endogenous EOMES+ CD4 T cells (Fig. xx) and the expression of EOMES in the transferred CD4 T cells] and sacrificed at 1, 2, 4, and 6 weeks after cell transfer. The mice will be analyzed for 1) the frequency of tdTomato (EOMES+) CD4 T cells expressing GzmK, GzmB, CCL5, and perforin along with frequencies of CD4 T cell subsets (exhausted, regulatory, effector, Fig. xx) in the spleen, blood, bone marrow, gut, adipose tissue, liver, lungs, and brain via flow cytometry, and 2) immunological synapse formation between tdTomato+CD4+ CTLs (GzmB+) and senescent cells (p16Ink4a+ and/or P21+) and/or antigen-presenting cells (APCs; CD11b+ and/or CD11c+) in the liver via confocal imaging. The groups analyzed at 4 and 6 weeks will be monitored for weight, food and water intake, and frailty using the hanging and wheel tests and frequencies of GzmK+ and GzmB+ CD4 CTLs in blood before the initial TMX administration and at the end of the experiment (Fig. 4, Methods). SC load will be assessed in livers and lungs via flow cytometry and confocal imaging (Fig. 4, Methods). We anticipate that this experiment will reveal the dynamic accumulation of CD4 CTLs in various tissues of old mice, the fraction of the GzmK+ and GzmB+ cells within CD4+tdTomato+ cells relative to the endogenous CD4 CTL populations, and their impact on aging processes and cellular senescence.  	Comment by Alon Monsonego: Or TMX [(intraperitoneal injections of 100 µl of TMX diluted in corn oil (0.01 g/ml)] twice per week for a duration of six weeks (12 total injections) 
1.4. Determine the cytotoxic properties of CD4 CTLs. Activation of CD4 CTLs with anti-CD3/CD28 Dynabeads resulted in increased expression of IFN-g, GzmB, and perforin suggesting that the cells can exert cytotoxic functions following to MHCII-TCR interactions (48, 61).  Yet, it is critical to establish an in vitro system to determine whether the CD4 CTLs are directly involved in the elimination of SCs via direct MHCII-TCR interactions or via their local stimulation by APCs and secretion of cytotoxic granules (ref). As the main limitation towards achieving this goal is the isolation of CD4 CTLs and maintain their cytotoxic properties, our preliminary results show that senescent primary fibroblasts cocultured with spleen-derived CD4 T cells promoted increased frequencies of CTLs [Fig. 6, (50)]. To obtain cytotoxic and potentially SC antigen-specific CD4 T cells, CD4+ tdTomato+ cells observed in Task 1 will be sorted from livers of mice subjected to CCl4 treatment at the timepoint where most of EOMES+CD4+ cells exhibit cytotoxic properties. The cells will be activated in vitro for 24 hours as using anti-CD3CD28 Dynabeads, and cocultured with primary fibroblasts or senescent primary fibroblasts for 3 and 7 days (Fig. 6, Methods). T cells will be then purified and subjected to flow cytometry analysis to determine the impact of cellular senescence on the cytotoxic profile of the cells (EOMES+CCL5+GzmB+perforin+CD107+) and SCs undergoing cell death (AnnexinV). In addition, cells will be fixed and immunolabeled with antibodies to CD4, GzmB, ICAM1, MHCII, CD90, b-Gal, and caspase3 and analyzed with confocal microscopy for CD4 CTL-SC interactions and cell-mediated cytotoxicity. ICAM1 and MHCII blocking ab’s will be used to determine whether the differentiation and/or function of CD4 CTLs is contact dependent. Cytokines associated with senescence (primarily IL-6, IL-1, and TNF-a) and other targets revealed by RNA-seq will be neutralized in the coculture system with blocking antibodies followed by analyses of the frequency and function of CD4 CTLs. Whether cytotoxicity is induced by secreted molecules and/or vesicles in a cell contact-independent manner the liver-derived CD4+ tdTomato+ cells will be cultured for 24, 48, and 72 hours and CM will be collected. Primary senescent and non-senescent fibroblasts will be then cultured with CM and evaluated for apoptosis at 24 and 48 hours post treatment with flow cytometry. Overall, we find this system highly useful to explore the signaling pathways that promote the differentiation of CD4 CTLs and their cytotoxic mode of action.   
Aim 2: Assess the capacity of CD4 CTL frequency and molecular properties to predict aging-related chronic inflammation, cognitive decline, and frailty.  
Rationale: Longitudinal brain imaging studies indicate that brain inflammation is one of the earliest signs of dementia developing 10-20 years later (14), and more attention is now focused on systemic inflammation as a key driver of brain inflammation (21, 67-72). Based on our earlier findings (48, 49) and preliminary results (Figs. 2-3), we hypothesize that immunological aging (as reflected by age-related CD4 T cells) and circulating inflammatory molecules can not only enhance aging but also disrupt the brain-immune ecosystem, a process that exacerbates neuroinflammation and neural damage. The accumulation of CD4 CTLs with age and their association with SC load, frailty, and longevity [Fig. xx, (48-50, 61)], suggest a newly-emerging concept of protective T cell-mediated cytotoxicity. Namely, rather than rejuvenation, healthy aging may be achieved by adjusted immunity such as the accumulation of CD4 CTLs over, for example, the naïve T cells. Our preliminary results in human cohorts not only show that the frequency of CD4 CTL subset is increased with age (Fig. 2), but that additional clusters of CD4 CTLs develop in older individuals and may differ between healthy individuals and patients with MCI (Fig. xx). Furthermore, ML approaches demonstrate that from all CD4 T cell subsets the cytotoxic markers markedly distinguished patients with MCI from healthy age- and sex-matched controls (Fig. xx). Together, our preliminary results suggest that while CD4 CTLs can support healthy aging, both the frequency and functional properties of the cells may play a role in this process. To further characterize the accumulation of CD4 CTLs, their differential molecular properties and functional roles in healthy individuals and patients with cognitive decline, we will analyze the changes of CD4 T cell subsets, and particularly the cytotoxic clusters, among male and female healthy adult individuals, older healthy individuals, older individuals with MCI, and older individuals with AD and assess their association with circulating biomarkers of inflammation and neurodegeneration. (42, 43, 73). ML toolbox will be used to determine whether age-related changes in the CD4 T cell landscape, and particularly among CD4 CTLs, can differentiate between healthy older individuals and MCI patients with improved accuracy (collaboration with Dr. Dan Vilenchick; see letter of support). 
Specific tasks and experimental approaches:
2.1. Determine the changes in CD4 CTLs during aging and the progression of cognitive decline and their association with systemic inflammation and neuroinflammation. To further reveal the role of CD4 CTLs in aging and their different phenotype in patients with cognitive decline, we will recruit individuals aged 70 and older with or without MCI or dementia. We will thus not only strengthen the differences we observed between older individuals and patients with MCI but will also determine the pattern of the CD4 CTLs among other CD4 subsets at older ages (90-100 years). In addition, since only a portion of MCI patients will progress to dementia (about 40% in 4-5 years), we will recruit patients with already established AD which may exhibit a more extreme phenotype of the CD4 CTL clusters observed in the MCI cohort. The subject recruitment procedure, inclusion/exclusion criteria, and clinical assessments (cognitive decline and frailty) will be conducted in collaboration with Prof. Yan Press and Dr. Boris Punchik (Clalit Health Services, Beer Sheva, Israel), Dr. xx (Psychiatry medical center), Prof. Gil Atzmon (Ichilov xx), and the Siaal center (see letters of support), as detailed in the Methods section below. To that end, blood samples from healthy male and female individuals 70-100 years of age (n = 60, 20 individuals for each decade) and age-and sex-matched individuals with MCI (n = 60) (120 total individuals, as predicted by the ML-model RMSE [Root Mean Square Error] analysis – see Aim 2.2.). We also recruit patients with already established AD with MoCA scores <15 (n=50). PBMCs will be analyzed for the relative frequencies of CD4 T cell subsets, as shown in Figure 2. Based on the scRNA-seq analysis (Fig. xx), CD4 CTLs will be analyzed at a higher resolution with flow cytometry panels including EOMES, GzmK, GzmB, CCL5, perforin, CD81, and klrd1. A range of cytokines and chemokines including C-reactive protein (CRP), CX3CL1, CXCL9-10, IFN-g, interleukin 2 (IL-2), IL-6, TNF-a, and TNF receptor superfamily 1A (TNFRSF1A), and biomarkers of neuronal damage including glial fibrillary acidic protein (GFAP), neurofilament-light (NF-light), phosphorylated tau (pTau-181), and amyloid-beta peptides (Ab40 and Ab42), will be measured in serum samples using Luminex and Simoa (Methods). These data will allow us to determine the frequency and phenotypes of CD4 CTLs and their association with 1) other CD4 (naïve, regulatory, exhausted, effector) and CD8 (naïve, exhausted, effector) T cell subsets in each of the study groups, serum biomarkers of chronic inflammation and neuronal damage, and cognitive decline. To validate risk factors for developing frailty and/or cognitive decline among the healthy control and MCI groups, the recruited individuals in these 2 groups will be reevaluated, as described above, in 2 additional visits (once in years 2-3 and again in years 4-5). We anticipate that around 17% of healthy older individuals and around 40% of MCI patients will progress with cognitive decline over the 4-5 years study period (74-76).	Comment by Alon Monsonego: further analysis of the sc results, TCRs, metabolic properties, epigenetic 
2.2. Use ML approaches to predict age and cognitive decline. Our preliminary PCA analysis, in collaboration with Dr. Dan Vilenchick, revealed that the features of cytotoxic CD4 T cells among 46 healthy individuals (21-89 years old) and 6 elderly individuals with MCI (73-89 years old) roughly predict chronological age and MCI with no sex discrimination (Fig. 3). Our goal in this Aim is to increase our sample size and add additional markers of CD4 T-cell subsets obtained in the scRNA-seq and flow cytometry analyses performed in Task 2.1., such that our predictions of MCI and frailty, as a more advanced stage of biological aging, from this data set are more accurate. Using the various algorithms (Fig. xx, ref Dan), we will explore the top 5-10 features among the CD4 T-cell subsets underlying the discrimination between healthy controls and patients with MCI.  To estimate the number of data points needed to train a model to predict the occurrence of MCI more accurately, we trained a Random Forest regressor on the entire dataset (Fig. 3). We then evaluated the RMSE (Root Mean Square Error) of this Random Forest regressor. As shown in Figure XX, an estimated 200 participants should be sufficient to predict MCI with 90% accuracy, and these subjects will be recruited in Aim 2.1. Throughout the recruitment process, we will continue to re-train the model based on further analyses of age-related CD4 T cell subsets and additional inflammatory markers identified in Aims 1 & 2 such that the testing of new samples will allow us to better infer cognitive decline and the underlining biological features.
2.3. Does T cell subset functionality differ among older individuals at risk for cognitive decline? The scRNA-seq analysis revealed CD4 CTL subsets that differ in older individuals and/or in patients with MCI and thus should be examined for functional properties. Intriguingly, in contrast to the homogeneous population of CD4 CTLs in young individuals, older individuals exhibited several clusters, which among other markers, differed in expression of GzmK and GzmB (Fig. xx). Furthermore, patients with MCI had decreased frequencies of GzmK- vs GzmB-expressing cells, which also showed reduced metabolic fitness (Fig. xx). These results suggest that patients with MCI may exhibit a defect in the differentiation and/or function of CD4 CTLs which may reflect a more advanced stage of aging. We will thus gain functional characterization of the GzmB- and GzmK-expressing CD4 CTL subsets to assess the functional properties of these subsets in healthy young and older individuals and patients with MCI. To this end, PBMCs from the healthy young (20-30 years), healthy older (≥70 years), and MCI (≥70 years) groups (n=10-15 in each group) will be thawed and cultured in the absence or presence of the cell activation cocktail containing optimized concentration of PMA (phorbol 12-myristate-13-acetate), ionomycin, and protein transport inhibitor (Brefeldin A) for 4 hours, and then harvested and analyzed via flow cytometry to assess the inflammatory, cytotoxic, and metabolic properties of GzmK+ and GzmB+ CD4 cells expressing EOMES, IL-2, IFN-g, perforin, CD69, and CD107. Mitochondrial mass and membrane potential will be assessed with xx. We will also determine functional differences associated with exhaustion [PD1, Lag3, and TIGIT (T cell immunoreceptor with Ig and ITIM domains)] and cytokine expression (e.g., IL-17, IL-10, and TNF-a) profiles among the effector subsets. To measure the proliferation capacity of the T cell subsets, the cells will be incubated with 5 mM CFSE (carboxyfluorescein succinimidyl ester), washed, and activated with anti-CD28/anti-CD3 for 5 days after which they will be harvested and analyzed via flow cytometry (48). Overall, these effector and cytotoxic properties will ultimately allow to determine key functional differences, beyond the frequency of cells, that distinguish healthy older individuals from patients with MCI and/or frailty.  
Potential pitfalls and alternative approaches:
1. CD4+ tdTomato+ T cells do not maintain their phenotype following in vitro activation. Using spleen-derived CD4 cells from reporter mice.
2. Liver model instead aging model aim 1.3 to follow the accumulation, role, and efficacy of CD4 CTLs. 
3. Over expression of EOMES-GFP in CD4 T cells instead of CD4+ tdTomato+ cells.
4. Human cohort sample size
5. Other cell subsets correlate with biomarkers of aging or cognitive decline except CD4 CTLs (ML, scRNA-seq).
METHODS
A. Human samples and clinical assessments.  All recruitment will be performed in collaboration with Prof. Yan Press (Soroka Medical Center), Dr. Boris Punchik (Clalit Health Services, Beer Sheva, Israel), Dr. Svetlana xx (Psychiatry medical unit), and the Siaal Research Center at The Faculty of Health Sciences, Ben-Gurion University (support letters attached). Blood samples and questionnaires will be collected in community healthcare clinics in the south of Israel. Only subjects that signed consent forms will be included. Exclusion criteria: We will not recruit patients with known immunodeficiencies. This includes patients that received immunosuppressive treatments and/or over 5 days of steroid treatment within the three months preceding recruitment; oncology patients (not including squamous cell carcinoma and basal cell carcinoma); patients treated with chemotherapy or biological agents that might affect the immune system; patients with autoimmune diseases; immunosuppressed patients; patients with severe leukopenia (< 3000 leukocytes/µl) and/or neutropenia (< 1,500 neutrophils/µl); patients who suffered from a fever of 38.5°C or above in the two weeks preceding recruitment. Blood samples (50-70 ml) will be collected while taking a routine blood test, using 10 ml EDTA test tubes and one 5 ml serum tube. We will collect the following information from each participant: age; sex; gender; background diseases (including diabetes, chronic renal failure, ischemic heart disease, heart failure, liver dysfunction, hypertension, dementia, depression, and Parkinson's disease); vaccination status; marital status, and with whom they live; height and weight; and changes in weight during the past year. For these patients, we will calculate two comorbidity indexes: Charlson's Comorbidity Index and CIRS. All participants will undergo the following tests:
Cognitive evaluation: We will use a computerized-based platform (NeuroTrax) and the Montreal Cognitive Assessment test (MoCA) to determine MCI and dementia status. NeuroTrax: The Mindstreams computerized cognitive assessment battery has been well-validated for the assessment of cognitive function and MCI in older populations (77). The test lasts for 45–50 min and evaluates several cognitive components, including verbal memory, non-verbal memory, the Go-No Go test, the Stroop index, visuospatial perception, concentration, and reaction time. In the final report, these components are incorporated into categories with indices for memory, attention, visual-spatial perception, and executive function, together with a global score comprising all indices. The scores are based on a performance index in each cognitive domain that weighs the number of correct answers and response times, calculated as correct answers divided by the response time and multiplied by 100. Normative data are provided corrected for age and education level. There is no need for previous computer experience, as the program provides training before the initiation of the actual testing procedures. The data are automatically uploaded to a central server where the final score is calculated. MoCA: This instrument is a paper-based screening instrument that takes about 10 minutes to complete. The test is composed of 8 parts and has a maximum possible score of 30 points. A score of 26 or more is considered normal in the English version of the test (78). The tasks evaluate visuospatial perception, organizational skills, recognition and naming, short-term memory, attention, verbal ability, abstraction, and orientation. The Hebrew version of the MoCA was found to distinguish between cognitively asymptomatic older individuals and those with MCI with a sensitivity of 94.6% and a specificity of 76.3%, using a cutoff of 26/30 points (79, 80).
Functional assessment: For functional assessments, we will use the Barthel Index (Basic Activities of Daily Living) (81) and the OARS _IADL (Instrumental Activity of Daily Living) (82). For frailty measurements, we will use two indexes: Fried's frailty phenotype (FFP) (83) and the Study of Osteoporotic Fractures (SOF) index (84). According to the FFP index, "frailty" is defined by the presence of 3 or more of the following 5 components: (1) unintentional weight loss (4.5 kg in the past year), (2) self-reported exhaustion, (3) weakness (grip strength), (4) slow walking speed, and (5) low physical activity. According to the SOF index, “frailty” is defined by the presence of 2 or more of the following 3 components: (1) weight loss (irrespective of intent to lose weight) of 5% or more; (2) the subject’s inability to rise from a chair 5 times without using their arms; and (3) reduced energy levels, as identified by an answer of “no” to the question “Do you feel full of energy?”. Patients exhibiting none of these components will be considered to be robust, while those exhibiting one component will be considered to be in an intermediate or prefrail state. To evaluate muscle weakness participants, will undergo hand grip strength testing with a hand dynamometer. Individuals will be considered frail if they meet one of the frailty criteria (FFP and/or SOF).  
B. Lymphocyte analyses. Cell isolation: We used standard operating procedures for Ficoll density gradient centrifugation for PBMC isolation, cryopreservation, storage, and thawing (85). Human CD4 T cells will be isolated from total PBMCs with a negative selection kit (StemCell Technologies, Canada) followed by the EasySep human CD4 T-cell positive enrichment kit, thus allowing us to achieve  >95% purity.  Spleens will be harvested from mice and mashed through a 70-μm cell strainer (48). Red blood cell lysis will be performed using 300 μl of Ammonium-Chloride-Potassium (ACK) buffer for 1.5 minutes (Lonza, Basel Switzerland).
Flow cytometry: We will use a multicolor labeling technique to detect cell-surface and intracellular molecules in PBMC, splenocyte, or mouse tissue samples, as we have recently described (48). Briefly, viable cells will be washed with FACS staining buffer and incubated with the Fc receptor blocker (TrueStain fcX; BioLegend) for 5 minutes at 4℃. To differentiate between live and dead cells, the eFluor780-Fixable Viability Dye (eBioscience) will be used according to the manufacturer’s instructions. Cells will be incubated with primary antibodies for 25 minutes at 4℃ and then washed twice with FACS staining buffer. After staining for surface markers, cells will be fixed and permeabilized using the FOXP3/Transcription Factor Staining Kit (eBioscience), blocked with rat serum (1 μl per 50 μl of staining buffer), and stained. For Sbeta-gal staining, we will use the CellEvent™ Senescence Green Flow Cytometry Assay Kit (eBioscience) according to the manufacturer's instructions. Flow cytometry experiments will be conducted using the CytoFLEX instrument (Beckman Coulter). Data analysis will be performed with the FlowJo (v10.5.3) software. Gating strategies will rely on fluorescence-minus-one controls, unstained samples, and unstimulated samples (when applicable). 
C. Serum cytokine measurements. Red-topped tubes will be used to isolate serum from 5 ml blood samples. Blood tubes will be incubated at room temperature for coagulation (30 minutes) and then centrifuged at 450 xg. Serum will be then isolated and kept frozen. For measurements of circulating inflammatory mediators (described in Aim 1.2), we will use a Luminex human inflammation panel in accordance with the provided instructions. Data will be acquired on the Luminex instrument and analyzed by American Medical Laboratories (AML, Israel). The Simoa technology will be used for ultra-sensitive detection of serum biomarkers of neurodegeneration including GFAP, NF-light, pTau, and Ab (Quanterix; Merkel Technologies Ltd., Israel).  
D. scRNA-seq and computational data analyses. Leukocytes collected from each blood sample will be barcoded by using the Chromium single-cell reagent kit of 10x Genomics, at the Weizmann Institute core facility. We will sequence each library by using Illumina's NextSeq 550 sequencing platform. The output Illumina base call files (BCLs) will be converted to FASTQ files and count files. Quality control, dimensionality reduction, clustering, and further analysis will be performed with Seurat v2.0.1 or similar packages as we recently described (48, 86). To annotate clusters, each cluster will be analyzed for expression of known biomarkers, or similarity to annotated cell types via CellTypist. We will identify genes with differential expression among subsets and among age groups. Downstream functional analysis of differentially expressed genes will include gene set enrichment analyses using clusterProfiler34 with KEGG or gene ontology (GO) as reference gene sets, assessing regulatory programs (87) and the differential activity of biological processes (88).  	Comment by Alon Monsonego: consider referring to legend instead 
E. Confocal microscopy. Tissues will be immersed in a 4% paraformaldehyde solution at 4℃ overnight, then transferred to a 30% sucrose solution at 4℃ for 2 days and fixed in O.C.T Compound (Tissue-Tek). Sections (20-30 µm) will be produced with a cryostat and kept at -20℃. Sections will be rinsed in a washing solution (0.05% Tween 20 in PBS) and then permeabilized for 30 minutes in 0.5% Triton X-100 in PBS. Prior to staining, the sections will be incubated for 1 hour with a blocking solution containing 0.5% Triton X-100 and 10% Donkey serum in Antibody Diluting Buffer (Biomeda). Sections will be then incubated for 48 hours with primary antibodies in blocking solution at a 1:100 dilution. Following the incubation, the sections will be rinsed 3 times in a washing solution and then incubated for 1 hour with secondary antibodies conjugated to Alexa Fluor 488, 546, or 633 (Invitrogen) diluted 1:250 - 1:500 in PBS. Sections will be then rinsed in a washing solution twice more before nuclear staining and then mounted on slides for confocal imaging using an Olympus FV1000 laser-scanning 4-channel confocal microscope, as we recently described (89, 90).
F. Hanging test. Mice use their forelimbs to suspend their body weight on a wire stretched between two posts 50 cm above the ground, and a pillow is used to prevent fall injuries. We will evaluate grip strength and endurance in each mouse with the wire-hanging test before and after the tamoxifen feeding regime. Mice will be allowed to hang on a wire three times, and the average hanging time will be normalized to body weight as hanging duration (sec) × body weight (g).
G. Metabolic cages. For metabolic data acquisition, we will use the 8-cage Promethion High-Definition Behavioral Phenotyping System (Sable Instruments, Inc., Las Vegas, NV, USA). Before experiments, mice will be housed in a metabolic cage facility for 7 days. Data will be collected at 30-minute intervals for 84 hours of recording. Mice will be maintained under a 12/12 h light/dark cycle (07:00–19:00) at an ambient temperature of ≈ 23°C. The following parameters will be analyzed: temperature, body mass, water and food consumption, ped meter, ped speed, and x and y breaks. Overall activity will be the sum of all distances traveled within the beam break system (x and y). This includes fine movement (such as grooming and scratching) as well as direct locomotion. For analyses, we will record each mouse before and after 45 days of tamoxifen treatment and calculate the "performance ratio" = post-treatment parameter / pre-treatment parameter.
I. Senescence of primary fibroblasts and co-culture with CD4 T cells: To establish primary cultures of lung fibroblasts, lung tissue from young C57BL/6 mice (3 months old) will be chopped by gentleMACS and incubated at 37ºC with Liberase™ for 1 hour, then the tissue will be washed and transferred into T175 flasks. Tissue samples will be then incubated in Dulbecco’s Modified Eagle’s Medium (DMEM) (Gibco), supplemented with 10% (v/v) fetal bovine serum (Invitrogen) and 1% Penicillin-Streptomycin at 37°C in air containing 5% CO2. Cells will allowed to migrate out from the tissue and to grow to full confluence. Adherent cells will be passaged by digestion with 0.025% Trypsin-EDTA solution when ~90% confluent. Experiments will be performed with fibroblasts from individual cryovials of cells that were rapidly thawed in a 37°C water bath (1–2 min of agitation) and resuspended in culture media. Cells (105) will be seeded into wells (48-well plate) for a 48-hour incubation at 37°C. Senescence will be induced by treatment with Etoposide (Santa Cruz Biotechnology) dissolved in DMSO (3 mg/ml) and added to cell medium (final concentration: 30 μM) for 48 hours, after which cells will be washed with fresh medium and incubated for another six days. CD4 isolation: CD4 T cells will be isolated from the spleens of young (2-3 months) mice using the EasySep Mouse CD4 T Cell Isolation Kit (STEMCELL Technologies) according to the manufacturer's instructions. CD4 T cells will be activated with anti-CD3/anti-CD28 beads (Dynabeads, Gibco) in 96-well (U-shaped) plates (50 × 104 cells per well) and transferred to a 48-well plate with senescent or control fibroblasts. After 3 or 7 days, cells will be collected and analyzed by flow cytometry. Cell supernatants will be collected for cytokine measurements via ELISA. 
J. Statistics. Statistical analyses will be carried out in collaboration with Dr. Vered Chalifa-Caspi, from the bioinformatics core facility at Ben-Gurion University (BGU, letter of support attached). ML tools will be used in collaboration with Dr. Dan Vilenchick; see letter of support). For routine statistical analysis, Student’s t-test or ANOVA will be used. We will identify and remove confounding sources of variation including batch effects, gender, background diseases, time of hospitalization, and additional parameters that will be collected from patients. We will use multivariable regression analysis to assess an association between clinical parameters and immunological states, adjusting for any confounding factors. Since clinical parameters may not be distributed normally, we will apply transformations or use non-linear regression approaches using Poisson or other distributions. 
Available resources: 
The laboratory employs a lab manager, research associate, 2 technicians, 2 postdoctoral researchers, 5 trainees, 4 MSc students, and 7 PhD students. The lab possesses the space and equipment required to perform the proposed study, including two tissue culture hoods, refrigerators and -20˚C freezers, -70˚C freezers, CO2 incubators, regular PCR instruments, an ELISA plate reader, an ELISA plate washer, a confocal microscopy station, and a 21-channel FACS analyzer. Available institutional services include a specific pathogen-free (SPF) animal facility with MRI, surgery, and behavioral stations and metabolic cages, Imagestream FACS instruments, cell sorters, cryostats, Taq-Man Real-time PCR instruments, ultracentrifuges, and a bioinformatics unit. 
PRELIMINARY RESULTS
Figure 1. CD4 T cells undergo extensive diversification with age, resulting in a new population structure: Splenocytes were harvested from young (2–3 m, n = 4) and old (22–24 m, n = 4) mice and purified to isolate highly pure (99.2%  0.4%) CD4 T cells which were subjected to scRNA-seq, as we have recently published [Methods, (48, 91)]. We obtained expression profiles for 13,186 and 10,821 CD4 T cells from young and old mice, respectively. A. CD4 T cell subset and CD4 CTL trajectory analyses were performed using the scRNA-seq data from our recent publication (48). To create a pseudo-time trajectory, we first generated a uniform manifold-approximation and projection (UMAP)-based clustering projection using the reduce_dimension function. Seven robust clusters were identified, including (i) naïve T cells, (ii) naïve_Isg15; (iii) resting regulatory T cells (rTregs), and (iv) effector-memory T cells (TEM). The three other subsets have not been previously identified in the context of aging, and include (i) regulatory T cells (denoted aTregs) overexpressing the Cd81, Cd74, and Cst7 genes, together with Tregs-associated genes, such as Foxp3, Tnfrsf4, Tnfrsf9, Tnfrsf18, and Ikzf2; (ii) cells overexpressing the Lag3, Tbc1d4, Sostdc1, and Tnfsf8 genes, typical of exhausted phenotypes (denoted exhausted); and (iii) cells overexpressing genes such as Eomes, Gzmk, and Ctla2a, which are commonly associated with CD8+ T cells (denoted cytotoxic) and were previously described as cytotoxic CD4 T cells (CD4 CTLs). The learn_graph function was then used to reconstruct the developmental trajectories of these cells, suggesting that the CD4 CTL subset differentiates from the TEM subset. [image: ]

Figure 2. Flow cytometry analyses of CD+ T cell subsets across the lifespan. PBMCs were purified from the whole blood of healthy individuals of various ages and elderly individuals with mild cognitive impairment (MCI) and analyzed via flow cytometry (Methods). A. An overview of the selected flow cytometry gating strategy with different subpopulations identified by distinct colors (based on CD45RA/CCR7 labeling for effector memory [EM], central memory [CM], naïve, and TEMRA cells, and CD25/CD127 labeling for Tregs). B. Flow cytometry analysis showing alterations in CD4 subpopulations observed in healthy individuals across a range of ages (20-30, n=12; 61-70, n=8; and 71-90, n=19) and in elderly individuals with MCI (age 71-90, n=8). C. Flow cytometry results showing alterations in exhausted (PD1+, LAG3+) and cytotoxic (Granzyme B+, EOMES+) CD4 T cells across age groups (20 to 71+ years old) and in individuals with MCI. D. Percentages of EOMES+ cells within TEMRA, EM, CM, and naïve CD4 T cell populations in elderly individuals. E. Distributions of GzmB+ (left), EOMES+ (middle), and perforin+ (right) cells within TEMRA, EM, CM, and naïve CD4 T cell populations in elderly individuals. *p<0.05, **p<0.01, ****p<0.0001, one way ANOVA with Tukey correction.[image: ]

Figure 3: The use of age-related immunological markers to explain age and cognitive decline. PCA projections of flow cytometry data from 46 healthy individuals (21-89 years old) and 6 elderly individuals with MCI (73-89 years old) were generated (after standardization) for CD4 T cell subset features (excluding age, sex, or health status). PC1 and PC2 respectively explain 28% and 14% of the observed variance. The left panel shows a similar distribution of parameters among men and women. In the middle panel, points were color-coded by age, revealing that PC1 roughly represents the age axis (the larger the PC1 value the higher the age). In the right panel, to the left of the x=0 axis we see only healthy participants, while to the right we see a mix, with the majority of healthy individuals being to the left of x=0. PC1 values may thus be an indicator of cognitive decline. These analyses suggested that immune system parameters with top important features related to cytotoxic functions of CD4 T cells can predict aging and cognitive decline (data not shown). We then trained a Random Forest regressor on the entire dataset and checked its RMSE (Root Mean Square Error), which was 6.88 years, much smaller than the STD of 22 years. As these data are very scarce, we checked the RMSE on the training set itself (no train-test separation). Notably, the top features in a feature importance map for the Random Forest model that was trained on the entire dataset were also related to the cytotoxic properties of CD4 T-cells (data not shown). [image: ][image: ][image: ]



Figure 4. Decreased physical performance and survival in aging are associated with lower frequencies of CD4 CTLs. A. Experimental setup: physical performance of aged (20 months) control (CreERT2-/-Eomesfl/fl) and CD4 CTL KO mice (CreERT2+/-Eomesfl/fl) was evaluated using the hanging test and metabolic cages. Additionally, 100-200 µl of blood was collected from the tail vein of each mouse for flow cytometry analysis. Subsequently, the mice were subjected to a TMX regimen, which included intraperitoneal injections of 100 µl of TMX for 3 days, followed by an alternating dietary regimen of two weeks on TMX chow and two weeks on regular chow, lasting for a total of 6 weeks. After the TMX exposure period, each mouse was reevaluated for physical performance. Finally, the mice were sacrificed, and blood, spleen, and liver samples were collected for further analysis.  B. CD4 CTL (CD3+CD4+EOMES+CCL5+) frequencies in the blood before and after TMX treatment in the control group (left, n=6) and in the CD4 CTL-depleted group (right, n=7). C. Representative flow cytometry plots showing CD4 CTLs in the blood of control mice (left) or CD4 CTL-depleted mice (right) before (upper plots) and after (lower plots) TMX treatment. The X-axis represents EOMES expression, and the Y-axis represents CCL5 expression. D. Hanging test results are shown as a ratio between the score after TMX and the score before TMX for each control (n=13) and CD4 CTL-depleted (n=15) mouse. Each dot represents one mouse. Scores were normalized to weight for each mouse. E-F. The ratio between post-treatment and pre-treatment performance in metabolic cages for each mouse in control (n=12) and CD4 CTL-depleted (n=14) groups. Each dot represents the ratio for one mouse. E. Activity ratio, which represents the sum of fine motor movement and intentional movements, in the control and CD4 CTL-depleted groups. F. Food consumption ratio (left) and water consumption ratio (right) in the control and CD4 CTL-depleted groups. G. Percentages of CD4 CTLs in the liver of control (n=12) and CD4 CTL-depleted (n=14) mice. H. Flow cytometry analysis of the percentage of Granzyme B+ cells among CD45+CD3+CD4+ cells in livers.  I. Percentage of senescence β-Galactosidase+ (S-β-Gal+) cells among liver cells (CD45-) from control (n=12) and CD4 CTL-depleted (n=14) mice.  J. Percentage of p16Ink4a+ and P21+ cells among liver cells (CD45-) from control (n=6) and CD4 CTL-depleted (n=7) mice. K. Kaplan-Mayer survival curve for control (n=9) and CD4 CTL-depleted (n=9) mice. Censoring is indicated by the black line (|) mark. Bars indicate mean ± SEM from two (D-J) or one (J) independent experiments. Data were analyzed using a two-tailed Student’s t-test, paired (B), unpaired (D-J), or log-rank (Mental-Cox) (K). Exact P-values are presented in the graphs. [image: ]






 Figure 5. CD4 T cells differentiate into CD4 CTLs in an aged environment. A. Experimental setup: splenocytes were harvested from CD45.1+ C57BL/6 mice and then 20 million cells were injected into either young (2-3 months) or old (24-26 months) CD45.2+ C57BL/6 mice. After 30 days, spleens were harvested for analysis. B. Left: representative flow cytometry plots showing CD4 CTL (EOMES+CCL5+) frequencies out of transferred CD45.1+ CD4 T cells (CD3+CD4+CD8-) in young or old CD45.2+ mice. Right: quantitative analysis of CD4 CTL frequencies out of the transferred cells in young (n=6) or old (n=4) WT mice (CD45.2+). C-D. Quantitative analysis of exhausted (CD3+CD4+CD62L-CD44+PD1+LAG3+) (C), effector (CD3+CD4+CD62L-CD44+PD1-LAG3-), and regulatory T cells (Tregs, CD3+CD4+FOXP3+) (D) out of transferred CD45.1+ CD4 T cells in young (n=6) or old (n=4) WT mice (CD45.2+). E. Percentages of CD4 CTLs (left) and exhausted (right) out of CD4 T cells comparing CD45.1+ (young-transferred cells) and CD45.2+ (old-endogenous cells) in the old group. Bars indicate mean ± SEM from two (B-E) independent experiments. Data were analyzed using a two-tailed Student’s t-test (B-E). [image: ]

Figure 6. CD4 CTL differentiation is induced by senescent fibroblasts in vitro. A. Experimental setup: primary lung-derived fibroblasts underwent senescence induction with Etoposide (Methods). Next, CD4 T cells were purified, activated with anti-CD3/anti-CD28 beads, and co-cultured with either control or senescent fibroblasts for 7 days. Data were then analyzed via flow cytometry. B. A representative image displaying β-gal staining of cultured lung fibroblasts for control (upper panel) and etoposide-treated (lower panel) conditions. C. Percentages of CD4 CTLs (CD3+CD4+CCL5+EOMES+) (left) and median fluorescence intensity for EOMES (right) among CD4 T cells co-cultured with either control or etoposide-treated fibroblasts. D.  Percentage of granzyme B positivity in CD4 T cells co-cultured with either control or etoposide-treated fibroblasts. Data are from one representative experiment analyzed using two-tailed Student’s t-tests (C-D). Exact P-values are presented in the graphs.[image: ]
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