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Abstract

:

Cellular senescence is a durable cell cycle arrest as a result of the finite proliferative capacity of cells. Senescence responds to both intrinsic and extrinsic cellular stresses, such as aging, mitochondrial dysfunction, irradiation, and chemotherapy. Here, we report on the use of mass cytometry (MC) to analyze multiple model systems and demonstrate MC as a platform for senescence analysis at the single-cell level. We demonstrate changes to p16 expression, cell cycling fraction, and histone tail modifications in several established senescent model systems and using isolated human T cells. In bone marrow mesenchymal stromal cells (BMSCs), we show increased p16 expression with subsequent passage as well as a reduction in cycling cells and open chromatin marks. In WI-38 cells, we demonstrate increased p16 expression with both culture-induced senescence and oxidative stress-induced senescence (OSIS). We also use Wanderlust, a trajectory analysis tool, to demonstrate how p16 expression changes with histone tail modifications and cell cycle proteins. Finally, we demonstrate that repetitive stimulation of human T cells with CD3/CD28 beads induces an exhausted phenotype with increased p16 expression. This p16-expressing population exhibited higher expression of exhaustion markers such as EOMES and TOX. This work demonstrates that MC is a useful platform for studying senescence at a single-cell protein level, and is capable of measuring multiple markers of senescence at once with high confidence, thereby improving our understanding of senescent pathways.
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1. Introduction


Cellular senescence was originally defined by Hayflick and Moore as a durable cell cycle arrest as a result of the finite proliferative capacity of cultured human fibroblasts and originally coined replicative senescence [1,2]. It is now understood that senescence can be a response to a number of intrinsic and extrinsic cellular stresses including oxidative stress, mitochondrial dysfunction, irradiation, chemotherapy, and tumor promoting gene activation [3,4,5,6,7]. Since first described in 1961, the multiple mechanisms of cellular senescence have been elucidated and understood to involve multiple contributing pathways. The primary driver and indicator of senescence is activation of p21 (CIP1/WAF) and p16 (INK4A) pathways [8,9,10,11]. Both p21 and p16 function as inhibitors of cyclin dependent kinases preventing the phosphorylation of retinoblastoma protein (pRb) thereby suppressing cellular proliferation leading to senescence. The upregulation of p21 occurs before p16 and is responsible for determining cellular fate and entry into senescence. Once a cell has committed to senescence, the expression of p16 increases and the expression of phosphorylated retinoblastoma protein decreases, resulting in division arrest. More recently, changes in chromatin structure, particularly within growth-related genes, have been described by several groups [12,13,14,15,16]. These changes are affected through modifications to the histones, integral modifiers of DNA structure, which change chromatin accessibility. A reduction in open histone modifiers such as H3K4me3 and H3K9ac are noted on these DNA regions while markers of gene repression or chromatin closure such as H3K27me3 increase [17,18,19]. There is an increase in these hypermethylated regions in genes that are responsible for cellular growth as the cell enters senescence and loses the ability to divide again. Senescence as a consequence of aging has been the focus of several research groups and p16 is the gold standard marker of in vivo senescence [8,20]. While p16 increases in aging, the expression of p16 is typically asynchronous in nature. Thus, in any culture, there is frequently a subset of cells that enter senescence from increased p16 expression while neighboring cells will not necessarily express markers of senescence [21,22]. The expression of p16 can be quite specific within a given tissue with some studies showing increased p16 expression in the proximal segment of the aorta compared to the distal segment [23,24]. This specific expression and regulation of p16 warrants special consideration in the immune system, which comprises a multitude of cell types and functions. In the complex heterogeneity of the immune system, T cells in particular can show increase in the expression of senescence markers that correspond to increased age, and T cell senescence has been shown to play an immunosuppressive role [11,21,25,26,27,28,29,30]. The mechanisms of T cell senescence are still incompletely understood but represent an important aspect of senescence that can be applied clinically. For instance, T cell senescence can negatively impact immunotherapies such as the use of chimeric antigen receptor (CAR) T cells or immune checkpoint inhibitors [31,32]. T cell receptor (TCR) signaling is needed for CAR T cell efficacy and this can be compromised in senescent T cells [33]. Furthermore, as individuals age, the TCR diversity can decline, especially in CD8+ T cells as a consequence of senescence [34]. Syngeneic murine studies of exhausted/senescent CD8+ T cells demonstrated that the exhausted T cells negatively affected the ability of the CAR T cells to expand effectively and reduced leukemic cell clearance [35]. The detection and understanding of senescence markers then are important in both basic and clinical science. There is thus tremendous utility to the development of better biomarkers of cellular senescence.



While numerous in vitro models have been developed to understand pathways and biomarkers involved in senescence, only the original WI-38 fibroblast cell line remains in wide use [2,36,37]. Most primary cells were isolated from cancer patients that do not respond to senescent signals and are effectively immortal, making them unsuitable for studying senescence. The WI-38 cell line, however, is a primary lung fibroblast that undergoes a certain number of clonal doublings eventually resulting in terminal cell cycle arrest and senescence. The WI-38 cell line can also be treated with chemical agents such as chemotherapeutics and hydrogen peroxide (H2O2) to induce an early senescent phenotype due to DNA damage and cell cycle arrest [38,39,40]. Another model of senescence is bone marrow-derived/mesenchymal stromal cells (BMSCs). These BMSCs when cultured in vitro are capable of differentiation and a limited number of cellular divisions. BMSCs, like WI-38, will eventually reach senescence after a certain number of cellular divisions. The number of divisions is influenced by the age of the organism from which the cells were derived as senescent cells increase in relation to age [41,42,43,44,45,46]. This makes study of the BMSCs important to understand the mechanisms of senescence, especially concerning the reversal or abatement of senescence for BMSC-derived therapies. BMSCs are an ideal model to study senescence because they demonstrate several senescence characteristics that can reliably be studied in vitro. The cellular shape becomes enlarged taking on a flat appearance, SA-β-galactosidase (SA-β-gal) activity increases, DNA damage markers increase, increased heterochromatin, and p16/Rb and p53/p21 pathway activity increases. BMSCs in vivo also represent a unique cell population as cells that support homeostasis and interact directly with the immune cells [47,48]. BMSCs are potent immunoregulators and in aging have been shown to interact with immune cells and increase certain senescent markers, especially among T cells [49,50]. The ability of the immune system to adapt to challenges is necessary to respond to not only infections but also elimination of tumor cells. The inability of the immune system to respond to challenges can lead to negative outcomes such as vulnerability to viruses, vaccine resistance, and reduction in overall immune defense [51,52,53]. Defining and understanding senescence is important to understand immune cell function. Currently, there are several methods to examine or determine T cell senescence: inability of CD8+ T cells to be stimulated in vitro, reduced IL-2 production in vivo, and increased p16/p21 protein expression [25,28,29,54,55,56,57].



The study of senescence then is a complex multifaceted system relating cell cycle activity, chromatin changes, phosphorylation changes, and increases in senescence markers. A further layer or complexity is that while the increase in senescence associated with aging is considered gradual and steady, there are studies in aging model systems and humans that indicate senescence-associated aging is asynchronous and changes were nonmonotonic [58,59,60,61,62]. This is indicative that cellular senescence occurs in cellular subsets, necessitating the use of single-cell techniques especially in in vivo samples that have not been driven to senescence in in vitro conditions. Currently, most biomolecular studies of senescence utilize classical techniques such as Western blotting, immunofluorescence, etc. that do not allow for single-cell analysis. Understanding the complexity of senescence could be helped by combining these individual methods into a single single-cell platform. MC combines the aspects of flow cytometry and mass spectroscopy into a single platform [63,64,65,66]. Because of the minimal spillover of the individual mass channels, the number of parameters capable of analysis by MC is currently around 50 with a possibility of 60 parameters analyzed at once. MC has been applied to understanding immunology, cellular development, neural immune cells, cell metabolism, and cell cycle [64,65,66,67,68,69,70,71,72,73,74,75]. We describe the development of a MC-based assay for cellular senescence that enables study of surface proteins, cell cycle, intracellular proteins, and senescence-associated proteins at a single-cell level. The assay has been validated for the detection of senescence in a number of models to ensure the fidelity of senescence detection, including primary AML BMSCs, WI-38 cell replicative and H2O2-induced senescence, and finally, in vitro repeated stimulation of primary human T cells to demonstrate immune cell senescence. MC is a single-cell platform uniquely positioned to study different factors in a complex heterogeneous, asynchronous environment. The method outlined in this report enables rapid analysis of senescence at the single-cell level and with a high level of functional resolution, and should enable a variety of novel investigations into the role of senescence in aging, neoplasia, and immune cell function.




2. Materials and Methods


2.1. BMSC Culture


BMSCs were isolated from spongiform bone marrow (BM) of femur heads obtained from hip replacement surgeries performed at The Ohio State University Medical Center, or from BM aspirates collected during diagnosis of myeloid malignancies. All patients provided informed consent for the sample donation in accordance with an IRB-approved protocol and the Declaration of Helsinki. Isolated cells were grown in a 37 °C, 4% oxygen incubator in DMEM (4.5 g/L glucosE) (ThermoFisher, Waltham, MA, USA) supplemented with 10% FBS (ThermoFisher, Waltham, MA, USA) and Penicillin/Streptomycin (ThermoFisher, Waltham, MA, USA). BMSC cell purity was confirmed through phenotypic analysis using MC (Supplementary Figure S1). Cells were cultured progressively to induce senescence through replication. During selected cell passages (p), defined as early: p4, middle: p8–p10, and late passage: p14–p17, an aliquot of the cells was harvested for downstream analysis. In order to measure cell cycle state Iodo-deoxyuridine (IdU) (Sigma-Aldrich, Merck, St. Louis, MO, USA) as added to the cells at a final concentration of 10 uM for 10 min in a 37 °C incubator, fixed and stained as previously described [64]. Briefly, fixed samples were frozen until the time of mass cytometry analysis. Since the cultures are not always 100% pure BMSCs, BMSC surface markers (CD90, CD44) were used to gate on these cells and hematopoetic cell markers (CD34, CD45) were used to exclude any contaminating cells. This gating also helped remove debris, artifacts, and dead cells.




2.2. WI-38 Culture


WI-38 cells were obtained from the Coriell Institute for Medical Research at a low clonal population doubling level (CPDL, approximately 20). The induction of senescence in the WI38 is well established in the literature and is considered a classical system for studying oxidative stress-induced senescence. Cells were cultured in 21% oxygen using normal glucose DMEM supplemented with 10% FBS and Penicillin/Streptomycin. Cells were monitored visually and split upon reaching 75% confluency. WI-38 cells were sampled serially to study the development of the senescent phenotype as clonal population doubling level increased until the cells reached replicative senescence at approximately 60 doublings. To study oxidative stress-induced senescence (OSIS), the WI-38 cells were treated with 30 uM H2O2 in serum free DMEM for two hours before DMEM supplemented with FBS was added back. This process was repeated every 2 days for a total of 21 days. Cell aliquots harvested for downstream analysis were treated with IdU as described above. The OSIS experiment was repeated twice (n = 2).




2.3. Primary Immune Cell Culture


Normal peripheral enriched cells were obtained from Versiti from volunteers undergoing routine blood donation. All samples were irreversibly de-identified and volunteers consented in accordance with the Versiti IRB and Declaration of Helsinki. The leukopaks were processed using Ficoll and Human T Cell Enrichment cocktail according to the manufacturer. The isolated T cells were then counted and resuspended in RPMI 1640 media supplemented with FBS and Penicillin/Streptomycin before being rested for 1 day. Following this rest, T cells were resuspended in T cell growth media: RPMI-1640 supplemented with FBS, Penicillin/Streptomycin, 50 U/mL IL-2, 12 mM HEPES (ThermoFisher, Waltham, MA, USA), and Glutamax (ThermoFisher, Waltham, MA, USA). T cells were stimulated with CD3/CD28 beads at a ratio of 333,000 beads to 1 million T cells (Dynabeads, ThermoFisher, Waltham, MA, USA). T cells were stimulated with the CD3/CD28 beads for 3 days, the beads were then removed during the following 3 days of culture, and this process was repeated (3 days with stimulation and 3 days without) until the T cells demonstrated a noticeable drop in their S-phase fraction, which was tested on a cell aliquot every 3 days by utilizing the IdU procedure described above. At the time of cell harvest, a subset of the T cells was stimulated with PMA (50 ng/Ml) (Sigma-Aldrich, Merck, St. Louis, MO, USA) and Ionomycin (1 ug/mL) (STEMCELL Technologies, Vancouver, BC, Canada), and Golgi blocked with 1 x Brefeldin A (BD Biosciences, BD Bioscience, San Jose, CA, USA). The cells were stimulated and treated with Golgi blocked for 4 h before IdU incorporation and fixated with SmartTube Buffer as described previously. Unstimulated cells were processed in parallel. Isolated T cells were also cultured in the presence of MCF7 cells or with TGF-beta in order to induce senescence exhaustion. MCF7 cells were grown for approximately 1 week after thawing before coculture with T cells to ensure normal MCF7 function. The cells were split at a 1:4 ratio into a new flask and allowed to sit undisturbed in a 37 °C tissue culture incubator for 4 h to promote attachment. Attachment was confirmed visually using a bright-field microscope. Next, T cells were added at a ratio of 1:1 to the MCF7 cells and were cocultured for 48 h before removal. Following removal, the T cells were cultured in MCF7-conditioned media supplemented with Glutamax for the remainder of the experiment. CD3/CD28 activation beads were added to the T cells as described above but removed after 48 h in order to only stimulate the cells once. The T cells were harvested when IdU incorporation showed a noticeable decrease following the stimulation with PMA/Ionomycin as described above. For TGF-Beta stimulated cells, the isolated T cells were cultured in normal culture media supplemented with TGF-Beta at a concentration of 50 ng/mL for 48 h. Following TGF-Beta stimulation, the T cells were spun down and resuspended in normal T cell media. Activation beads were added as described above and removed after 48 h. The T cells were allowed to expand and were harvested when aliquots indicated a noticeable decrease in IdU incorporation and reduction in proliferation by live cell counting. Upon harvest, the T cells were stimulated with PMA/Ionomycin and incubated with IdU as described above. In all cases, the different timepoints and treatment conditions for each donor sample were always stained and analyzed on the same day using the same staining cocktail, and treatment conditions were always compared to control samples from the same donor that were stained and analyzed on the same day.




2.4. Mass Cytometry


Cell samples were barcoded as previously described [76]. Barcoding ensures control for any batch effect in the reported experiments. All timepoints for all samples were run together in a single barcoded plate (20 total samples; for instance, 5 BMSC preps at 4 timepoints each). This insured that all samples were stained with all markers in a single tube and run on the mass cytometer simultaneously. This typically reduces technical variation to <3% [76]. This was particularly important for the histone markers, as these antigens can be difficult to saturate with antibody. Following barcoding, cells were washed and stained for extracellular markers as described previously [67,72,77]. Cells were fixed and then permeabilized with ice cold MeOH and washed before intracellular staining as previously described [68]. Following intracellular staining, the cells were washed twice in cell staining media (CSM) before being incubated with PBS with 1:4000 dilution of 500 nM iridium intercalator pentamethylcyclopentadienyl-Ir(III)- dipyridophenazine (Fluidigm, Fluidigm, South San Francisco, CA, USA) and 1.6% PFA to stain cellular DNA and fix antibodies in place. See Supplementary Table S1 for the antibody list.



Cell events were acquired on the Helios CyTOF system (Fluidigm, South San Francisco, CA, USA) at an event rate of approximately 200–400 events/s with internally calibrated dual count detection. Noise reduction and cell extraction parameters were set as follows: cell length 8–150, convolution threshold 600, and dual count start 1. During event collection, samples were suspended in water containing 1:20 Fluidigm EQ beads, which are polystyrene beads loaded with metal lanthanides, to allow monitoring and normalization of instrument performance. These bead events were then removed according to an algorithm developed by Finck et al. [78], enabling correction of short- and long-term fluctuations in signal intensity. Following normalization, the barcoded cells were then debarcoded to analyze their samples individually [76,78,79].




2.5. Cell Gating and Analysis


FCS file analysis was performed using two different platforms, either Cytobank or Omiq, depending on the advanced analysis to be performed; regardless of platform, the initial gating was the same [80,81]. Initially, a singlet gate was drawn using the event length and Iridium signal to remove doublets and debris. This singlet gate was further refined by drawing a second singlet gate on Gaussian parameters that are a result of processing on the Helios (Supplementary Figure S1). Depending on the experiment and sample source, the gates were then further refined using surface markers. Additional live/dead discrimination was performed for each experiment and demonstrated in Supplementary Figure S2.



Cell cycle phases were gated according to previously described methods [70,82]. For cell cycle analysis, the S-phase cells were gated on an IdU-positive population against CyclinB1. S-phase cells form a distinct IdU-positive population that could be used to help delineate the other gates. If resolution between the G0/G1 and G2/M population was not clear from the biaxial plot, the amount of IdU incorporation was used to indirectly measure the boundary. The G0/G1 gate is then established as the remainder of the population not residing in either gate. The sum of all gates in the IdU versus CyclinB1 is 100%. The Ki67+ and pRb + populations were gated using biaxial plots of each marker versus IdU incorporation. Gates were drawn such that 90–95% of IdU+ (S-phasE) cells were within the Ki-67+ and pRb + gates. For p16 analysis, the nonsenescent sample was used to establish a gate boundary between the p16-negative and p16-positive populations.



For T cell analysis, the T cells exposed to antigen stimulation were gated to exclude cells that had not been activated due to stimulation. Living T cells were gated according to previous reports, following identifying those T cells that were living surface markers of activation and used to identify cells that showed evidence of having been activated by CD3/CD28 stimulation. Surface markers used to identify activated T cells used were CD25, HLADR, CD69, and CD39 [83,84,85,86,87,88].



For advanced analyses, Omiq was used for three different advanced analysis techniques: optSNE, UMAP, and Wanderlust. OptSNE and UMAP are both nonlinear dimension reduction tools that attempt to visualize data as interrelated clusters that differ from each other slightly in how they achieve dimensionality reduction and cluster connectivity. OptSNE is an improvement on the classical tSNE and uses divergence evaluation to reduce exaggeration and provide higher resolution in data visualization. UMAP is similar in purpose to tSNE but uses different computations to better preserve data structure for downstream visualization [89]. Finally, Wanderlust is a relatively new analysis that seeks to project cellular fate across time when starting from an early developmental process [90,91,92]. This method has been shown to demonstrate the changes in surface markers in certain immune cells and how they adjust over pseudo-time as the cell differentiates. Analysis was performed by gating initially on the p16+/pRb− senescent population as a starting point, and running Wanderlust from the stopping time point rather than the beginning. For a full list of parameters for advanced analyses, see Supplementary Table S2.




2.6. Western Blotting


Cells were detached using accutase (Innovative Cell Technologies, San Diego, CA, USA), washed in ice-cold PBS, and then lysed in 1× Cell Lysis Buffer (Cell Signalling Technology, MA, USA) supplemented with proteinase and phosphatase inhibitors cocktail (Roche, Basel, Switzerland). Pierce BCA Protein Assay was used to quantify the protein lysates (ThermoFisher, Waltham, MA, USA). For immunoblotting, 15–25 μg of protein lysate was prepared in 2× or 4× Laemmeli’s sample buffer (Bio-Rad Laboratories, Hercules, CA, USA) and heated for 5 min at 100 °C. Samples were separated on gradient 4–15% sodium dodecyl sulfate polyacrylamide gel and transferred onto nitrocellulose membrane (Bio-Rad Laboratories, Hercules, CA, USA). The membranes were blocked for 1 h in Blocker BLOTTO Blocking Buffer (ThermoFisher, Waltham, MA, USA), followed by overnight incubation at 4 °C with primary antibody, followed by HRP-conjugated secondary antibodies, and visualized with chemiluminescent Pierce ECL Substrate (Thermo Fisher ScientifiC) on X-ray films.




2.7. Statistical Analysis and Data Presentation


Statistical analysis was performed for the cell cycle analysis for the BMSCs after sequential passaging. As the samples were collected sequentially, the earliest passage was used to normalize the cell cycle phases (G0, G1, S, G2, and M) of the later passages of the same sample. These samples (n = 5) were pooled together, and the data are represented as the average plus/minus the standard error of the mean. To determine statistical significance (where p < 0.05), each cell cycle phase was analyzed using Student’s t-test. For example, the pooled S-phase of the earliest passage was compared to the middle passage and the late passage separately for statistical differences. This was repeated for each cell cycle phase.





3. Results


3.1. Expression of p16 and CD26 Increases during Replicative Senescence


As antibodies raised against p16 can cross-react to the related protein p15, we first sought to identify a p16 specific monoclonal antibody that could be used in MC studies. A number of p16 clones were tested against HeLa and MCF7cell lines as the positive and negative controls, respectively, and MCF7 overexpressing either 15 or p16 (Supplementary Figure S3). To assess the effects of replicative senescence in vitro of BMSC samples, cells were cultured and passaged with intermittent sampling until reaching senescence, defined by morphological changes and loss in proliferation (morphological changes shown in Supplementary Figure S4). Examining three distinct stages of growth representing an early (passage 4, p4), middle (p8–p10), and late passage (p14–p17), we observe a progressive increase in p16 protein level by immunoblot as BMSCs increased in passage number (Figure 1A). To assess the specificity of the antibodies used for both Western blotting and subsequent MC experiments, MCF7 and HeLa cell lines were used as negative and positive controls, respectively. As some p16 antibodies can cross-react with p15, MCF7 cells were also lipofectamine-transfected with either a p15 or p16 construct (Origene) and analyzed using both Western blot and MC (Supplementary Figure S2). The MCF7 + p16 cells showed a positive p16 population by both immunoblot and MC, while the MCF7 + p15 construct did not have a positive p16 population by either method. After p16 antibody validation, the BMSC samples were analyzed using MC to test for p16, p21, and CD26 expression levels as intracellular and surface markers of senescence (Figure 1B) [93].



MC analysis of five BMSC samples demonstrated a progressive increase in both p16 and CD26 in the early, middle, and late passages (Figure 1B). Expression of p21 only showed a slight increase in certain samples when comparing the early, middle, and late passages. The increase in median/mean p16 was statistically significant for when measured by both MC and Western blotting (WB) (p = 0.033 MC early compared to middle, p = 0.008 MC early compared to late, p = 0.01 WB early compared to middle, and p = 0.02 WB early compared to late; Figure 1C. Normalization was performed on the respective sample and then averages of the normalized values were used for the bar graphs). Senescence was validated in these samples morphologically, with senescent cells having larger body size and being visibly less dense (Supplementary Figure S4).




3.2. Culture-Induced Senescence of Both BMSC and WI-38 Is Associated with a Reduction in Actively Cycling Cells and an Enrichment of Cells in the G0-Phase


We observed that early passage BMSC samples show notable iododeoxyuridine (IdU) incorporation indicative of actively dividing cells in S-phase, and as the BMSC samples were continuously cultured, the fraction of IdU incorporating cells decreased (Figure 2A). The expression of pRb and pHH3 also decreases with increasing culture of BMSCs, demonstrating an increase in the G0-phase and termination of active cycling. The increase in G0-phase in cell cycle analysis was significantly increased (p < 0.05) between the early and late collections (Figure 2B). To visualize the relationship of senescence and cell cycle markers, optSNE was used to cluster the data based on cell cycle parameters. The optSNE demonstrated that as BMSC were progressively cultured, there was a loss of the IdU, pRb, CyclinB1, and Ki67 highly expressing cells and the majority of the cells localize to regions of the OptSNE plot composed of cells expressing markers of noncycling cells. The expression of p21 was evident in the early passage cells localizing primarily in cells in the G2-phase, and p21 expression decreased in the middle and late passages. The p16 expression was evident at low levels in early passage cells, particularly in cell in G2-phase, and can be seen localizing to the G0-phase cells in the middle and late passages, with the late passage having the highest p16 expression (Figure 2C). Finally, the expression of CD26 was absent in the early and middle passages but was increased in the late passage cells. The expression of p16 and CD26 is also noticeably overlapped in high dimensional space in the late passage cells, which demonstrated a high coexpression of p16 and CD26 (Figure 2C). Notably, the use of single-cell analysis enabled the detection of rare G0 cells expressing p16 even at early and middle passages, demonstrating that this approach can facilitate this study of senescent cells even when these cells are a small proportion of the overall sample. This also suggests that p16 expression (at least in a subset of cells) can precede many of the changes associated with senescence.



We next confirmed these findings using WI-38 cells that underwent culture-induced senescence. The WI-38 cells were cultured from passage 23 to senescence at passage 78 and demonstrated increased p16 expression by WB and MC (Figure 3A,B). Upon repeated culture, these cells showed a noticeable reduction in the actively cycling pRb+ fraction with a significant expansion in the p16+/pRb− population (Supplementary Figure S5 and Figure 3C, p < 0.0001 for early compared to middle, and early compared to late). High dimensional analysis of the WI- 38 cells also showed a p16+ population residing in the G0-phase at early passages, demonstrating an asynchronous p16-expressing population (Figure 3D). Wanderlust analysis is an algorithm that projects data as a pseudo-time graph of selected marker expression. Wanderlust analysis was performed on the WI-38, which demonstrated a progression in p16 expression that increased over the pseudo-time as senescence progresses (Figure 3E). The expression of both p16 and CD26 increased as pRb and H1 expression decreased, as the high dimensional analysis shows an overlap of pRb and H1 high expression with increasing p16 expression. To ensure that the observed changes were not due to cell death, viability was assessed by staining for cleaved PARP, GAPDH, H1, and pRb, as previously described [77]. This staining, performed in all experiments and viability gating, is shown in Supplementary Figure S2.




3.3. Cultured-Induced Senescence in Both BMSC and WI-38 Cells Demonstrated Senescence-Associated Changes in Global Chromatin Profile That Correlated with p16 Expression


To further characterize the global changes associated with senescence, BMSC and WI-38 were examined for common histone tail modifications indicative of an open or closed chromatin state. Viewing histone tail modifications utilizing MC represents a ”global” chromatin change rather than a gene or promoter-specific approach like chromatin immunoprecipitation (ChIP) [94,95]. Therefore, we also visualized p16 and cell cycle markers in high dimensional analysis to complement the analysis (Figure 3 and Figure 4). In both WI-38 and BMSC culture-induced senescence, there was a reduction in the expression level of H3K4me3 and H3K9ac alongside a reduction in total histone H1 (H1) signal (Figure 3B for WI-38 and Figure 4A for BMSC). Histone H1 has been shown previously to be depleted in certain senescence models [96]. A Western blot performed on the passages of BMSC samples showed a reduced total histone H1 signal (Supplementary Figure S6). In BMSC, H3K4me3 and H3K9ac expression showed an overall trend in reduction and were significantly reduced in the senescent cells positive for p16 and low for pRb (Figure 4 and Supplementary Figure S7) compared to all other cells. H3K27me3 can be associated with either activated or repressed transcription but remains relatively high in senescent cells [94,97,98]. In the BMSCs (Figure 4B) and WI-38 (Figure 3B and Supplementary Figure S8), the expression of H3K4me3 and H3k9ac is high initially and reduces in expression with increasing passage number. Similar to BMSCs, WI-38 cells that appeared to be senescent based on high level of p16 and low pRb, showed large decreases in expression of total histone H1, H3K4me3, and H3K9ac, as compared to all other cells. In contrast to the BMSC cells, the level of the other histone modifications (H3K9me3, and H3K27me3) was also significantly decreased, though to a lesser degree. Additionally, by the latest passage of WI-38 cells, there was minimal overlap of H3K4me3 and H3K9ac with p16 expression. H3K27me3, however, was highly expressed in the early and late passages. The signal of H3K27me3 can also be seen with higher expression in regions also expressing p16.




3.4. Hydrogen Peroxide Treatment of WI-38 Recapitulated the Senescent Phenotype Shown in the Culture-Induced Senescence Model


To determine if these changes could also be observed during OSIS, WI-38 cells were treated with H2O2 [99,100,101] for 2 h every other day until the experiment ended. We observed an increase in the frequency of pRb low population that also shows an increase in CD26 expression (Figure 5A) and p16 (Figure 5A,C). The expansion in the pRb−/p16+ population could be observed in both the biaxial projections and in a high-dimensional UMAP analysis, which can provide a better snapshot of single-cell expression. In the UMAP (Figure 5B), the expression of pRb alongside p16 in the baseline and day 5 of the H2O2-treated samples is very similar to the control sample. By day 10 there was a large decrease in the S-phase population in the H2O2-treated cells (10% vs. 4%) and a reciprocal increase in the G0-phase population (17% vs. 64%), as compared to untreated control cells cultured in parallel. These effects became more pronounced by day 14 with a further decrease in S-phase cells (13% vs. 3%) and increase in the G0-phase population (26% vs. 71%). Consistent with our observations in replication-induced senescence, p16 and CD26 expression was highest in cells in the G0 and G1 phase and the overall expression of both increased as the fraction of senescent cells increased. A comparison of the fraction of cells within the senescent pRb low, p16 high population demonstrated that the fraction of cells in this population was increased in H2O2-treated cells (relative to control) at all time points, particularly days 7–14 (Figure 5C; p < 0.0002 by paired t-test).



To further clarify the progression of these changes, the results from UMAP were used to perform a Wanderlust analysis of H2O2-induced senescence in WI-38 cells. The Wanderlust analysis (Figure 5D) shows a trajectory into senescence where there is an increase in CD26 and p16 expression with a reciprocal decrease in both H1 and pRb expression. As with culture-induced senescence of BMSC and WI-38 cells, p16 could be detected in cells that still expressed markers of active cell cycling, and the progression analysis supports that this initial increase in p16 expression precedes the completely senescent state (Figure 5B). The trajectory of the Wanderlust against a biaxial cell cycle plot to demonstrate its function is shown in Supplementary Figure S9.




3.5. Expression of p16 and Other Markers of Senescence Can Be Observed in T Cells Exhibiting Exhaustion from Repetitive Antigen Stimulation


To assess the ability of our MC approach for the study of senescence in other cell models, we stimulated normal T cells in vitro using CD3/CD28 beads. Samples were split into a control sample or a repetitive stimulation sample (2 days on 2 days off). Repetitive stimulation of T cells in vitro resulted in an increase in p16 expression when compared to matched donor controls (Figure 6A). The repetitive stimulation also resulted in an increase in the expression of EOMES, TOX, and PD-1 (Figure 6A). To understand the relationship between the exhaustion, senescence, and cycling markers, a UMAP analysis was performed alongside running the Wanderlust algorithm [90]. The UMAP demonstrated that p16 expression is mostly found in cells that appear to no longer be in the cycle. These p16+ cells have higher levels of exhaustion markers as compared to cells that were expressing low amounts of p16 (Figure 6B). The p16 expression increased in a fraction of T cells that continued to express some markers of active cell cycling, and progression analysis suggests that its initial expression precedes the complete loss of markers of active cell cycling. H3K9ac expression decreased in cells with increased p16 expression (Figure 6C). H3K9ac is important in T cell response to stimulation, and there is a reduced expression of H3K9ac as the T cells progress to an exhausted senescent phenotype.



To further verify if p16 levels increase during T cell exhaustion and senescence, two models of induced T exhaustion (MCF7 and TGF-beta coculture) were tested. T cells were stimulated using CD3/CD28 beads for 48 h in the presence of MCF7 cells and then allowed to expand until S-phase reduction [102,103]. Additionally, T cells were also cultured with TGF-beta before stimulation with CD3/CD28 beads for 48 h prior to expansion. T cells stimulated after exposure to either MCF7 or TGF-beta demonstrated an exhausted phenotype as compared to parallel control cells. As shown in Figure 6D, there was an increase in the p16-positive population of both the MCF7 and TGF-beta samples when compared to controls.



Relative to repetitive stimulation, the MCF7 and TGF-beta conditions lead to a smaller expression of EOMES and TOX compared to the large increase in the expression of PD-1 and fraction of PD-1 positive T-cells. This PD-1-positive population was present in both the p16-negative and p16-positive populations, but was notably increased in the p16-positive population, with the majority of p16-positive cells also expressing PD-1.



To further confirm that these changes were associated with senescence, the histone modification H2AK119Ub was also examined in this experiment. H2AK119ub has been shown to be increased in peripheral blood of aged individuals and also increases in senescent models [95,104]. H2AK119ub was increased in both the MCF7 and TGF-beta models when compared to the control sample, and in the p16-positive population there was an increase over the p16-negative population. Visualizing these results in UMAP demonstrates overlap between p16- and H2AK119ub-expressing cells (Figure 6E). In contrast to the repetitive stimulation experiments, T cells cocultured with either MCF7 cells or TGF-beta could exhibit PD-1 and p16 expression even in the absence of markers of activation such as HLA-DR and CD39 (Supplementary Figure S10). A repeat analysis of TGF-beta treatment again demonstrated upregulation of p16 in induced senescence and again confirmed its colocalization with cells expressing markers of exhaustion (Tox, EOMES, PD-1) and the H2AK119Ub histone modification.





4. Discussion


4.1. Mass Cytometry Reliably Detects a p16+ Senescent Phenotype


This work demonstrates that MC can enable the study of multiple aspects of senescence at the single-cell level, thereby providing a much more detailed measurement of the development of senescence and how this interacts with other cellular processes. The use of MC for this study was to overcome two specific shortcomings in flow cytometry: (1) The multiplexing limitations of flow cytometry—MC exhibits highly parametric data, which has allowed us to study the cell cycle without staining cells for DNA content, greatly limiting the other parameters that can be measured by flow cytometry. (2) To reduce information loss due to autofluoresence—senescence in fibroblast-like cells and bone marrow mesenchymal cells, especially late passage (senescent) cells, have high autofluorescence on flow cytometry platforms (involving cell size and spectroscopic measurements) that make it very difficult to determine expression of low to medium expressed markers; additionally, autofluorescent cells are traditionally excluded from the analysis in flow cytometry, thereby risking loss of information on the more senescent cells. Although others have shown that autofluorescence can be used as a tool to detect senescent cells by flow cytometry [105], we wanted to eliminate the possibility of losing information on cells that may have low senescence and hence low autofluorescence, by opting to not rely on autofluorescence to detect senescence in our cell models. This study demonstrated that p16 expression can be measured accurately by MC and that this measurement correlated well with measures of total p16 expression by Western blot. Demonstrating the ability to evaluate p16 expression expands the abilities of MC and extends other previously established methods for MC measurement of histone modifications and cell cycle changes. The MC phenotype that we observed (p16+pRb−H1lowCD26+) was consistent across multiple models of senescence and correlated with a loss in markers of open chromatin. The strengths of MC have been well established in the field of immunology, being used extensively to characterize immune cell development, differentiation, and activation [64,67,68,69,71,72,90,106,107]. This work expands the use of MC to include senescent and chromatin markers which can be measured in combination with a number of surface and functional markers to enable senescence to be studied in relation to a wide variety of other aspects of immune function, such as defining T cell exhaustion and differentiation and how it interacts with other immune cell populations.




4.2. Single-Cell Measurement of Senescence Reveals a Progression of p16+ Cell States Associated with Global Chromatin Changes


The ability to assess senescence at the single-cell level enabled us to demonstrate that p16+ cells demonstrated an altered global chromatin state. This chromatin state was primarily characterized by a loss of histone modifications associated with open chromatin such as H3K4me3 and H3K9ac. It is important to note that this MC approach only measures global chromatin changes. Progression analysis indicated that the loss of total histone H1 likely represents a chromatin profile associated with a fully senescent state. This conclusion is supported by the WI-38 and BMSC data where this pattern of histone markers was most prominent in cells that reached terminal senescence by all other metrics. The reduction in total H1 was confirmed by Western blot (Supplementary Figure S6) and has been previously reported [96]. This H1 depletion may be the result of ejection of chromatin into the cytoplasm (cytoplasmic chromatin fragments) [108,109,110]. It is also possible that chromatin condensation could block antibody access to the antigen binding sites; this particular assay would not be able to distinguish between these possibilities. These findings are in line with previous reports of global chromatin compaction in senescent cells [111]. The ability to measure these global chromatin changes in conjunction with other markers of the cell cycle and senescence could potentially allow for the measurement of both early and more terminal states of senescence, which can greatly enhance the study of senescence in heterogeneous biologic samples when combined with the ability to measure numerous other functional and surface markers.




4.3. The Expression of p16 Increases Prior to Other Markers of Terminal Senescence and Progression Analysis Suggest That p16 Expression Increases Prior to Other Senescent Cellular Markers


These experiments demonstrated that expression of p16 is dynamic and appears to increase prior to development of the classical senescent phenotype. In the UMAP and progression analyses using WI- 38 cells in both the culture and induced senescence models, p16 expression increased prior to reduced expression of pRb and H1 and prior to the maximal alterations in other chromatin markers studied (Figure 4 and Figure 5). Expression of p16 is considered the standard for the development of senescence, but p16 also performs normal cellular cycle functions [112]. The progression analysis demonstrates that p16 expression initially increases while there is still relatively high expression of H1, but as p16 expression continues to increase, the expression of H1 decreases as a final step in the progression. This decrease is preceded by a decrease in pRb. This was also evident in OSIS in WI-38 cells (Figure 5). Previous studies have demonstrated the link between senescence and ROS induction; however, this MC approach enables analysis of progressive phenotypes. This may be indicative of different types of senescent arrests, such as G2-arrest, which have been found in other studies but are hard to define [113,114]. The progression analysis demonstrated an inflection point between pRb and p16 whereas H1 expression persisted until the full development of the senescent phenotype. This was also evident in the antigen stimulation of T cells in vitro shown by the progression analysis (Figure 6C). The expression of pRb decreased before the increased expression of p16 while the chromatin markers H1 and H3K9ac remained high until p16 expression increased dramatically. While increased p16 expression is mainly found in cells that have exited the cell cycle, there are some p16-expressing cells that are still in cycle. Our high dimensional analysis indicates that some cells with high p16 expression are still in cycle, a state that appears to occur in at least a subset of cells before exiting the cell cycle. These dimensionality and progression analyses show a temporal relationship between p16 and other senescent markers that may have been underappreciated previously due to the inability to examine these global proteomic changes at a single-cell level.




4.4. Mass Cytometry Enables Detection of Markers of Senescence in Exhausted Primary Human T Cells


This work also demonstrates that during repetitive stimulation of T cells, p16 expression increases in a subset of T cells and the frequency of these p16+ cells increased over time with continued stimulation. While senescence and exhaustion are sometimes used interchangeably in the literature, they are two distinct dysfunctional states. The precision afforded by MC enabled highly parametric downstream single-cell analysis such as UMAP and Wanderlust. While each of these markers could be measured with other technologies, MC has the unique ability to examine these factors simultaneously alongside other signaling and differentiation patterns. Using highly parametric analysis methods such as UMAP, opt-SNE, etc. require high-quality data which the MC is in a unique position to generate. Using UMAP to project the expression of p16, H2AK119Ub, and PD-1 revealed an overlap between the p16 expression and H2AK119Ub and PD-1, but also shows a bright PD-1 population in the cocultured T cells that did not overlap with p16 expression. This supports a model in which a subset of exhausted cells become senescent, and the size of this fraction may have implications for the ability of immune checkpoint inhibitor therapies to restimulate the exhausted cells.



This study represents the first use of MC as a platform to study senescence using p16 protein expression as a definitive early marker of this process. Protein expression of p16 offers the opportunity to avoid measurement and quantification of p16 mRNA, which can be confounded by error and may not accurately correlate with protein levels. There are currently other aspects of MC that are being developed that can be applied to the study of senescence. Recent work by Hartman et al. has demonstrated a unique metabolic regulome in the differentiation of human cytotoxic T cells [114]. As senescent cells are still metabolically competent, but cell cycle arrested, there may be a number of changes in the metabolic regulome that can be investigated and provide new insight into the development and maintenance of senescence. The study of MC with BMSC and T cells is also important clinically. Allogeneic cells taken from a patient may not be as effective as intended due to the increased accumulation of senescent factors in the bone marrow stroma as a consequence of age and disease [41,46,115]. The measurement of senescence could be especially relevant in cellular therapies (e.g., chimeric antigen receptor T and NK cells, antiviral cytotoxic cells, or tumor-infiltrating T cells) in which understanding the proliferative qualities of the starting cells could greatly influence the effector function and ultimately the clinical efficacy of the final therapeutic product. Screening for the development of senescence in the starting cells or final product of these therapies could improve our understanding of how these treatments may fail and could facilitate the development of better methods to make these treatments more consistently effective. Since established MC assays can potentially produce results in a matter of days, this approach could have significant utility for the characterization and monitoring of cellular therapies. For hematological cancers, it could also be used to monitor both malignant and nonmalignant cells in the bone marrow or peripheral blood during and following therapy, allowing for the measurement of chemotherapy-induced senescence through the combination of senescence measurement and aberrant signaling and/or surface markers. Finally, measurement of immune cell senescence could further studies of other immunomodulatory therapies such as checkpoint inhibition for cancer therapy, immune suppression for autoimmune diseases, and monitoring of organ or stem cell transplantation.
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Figure 1. Increasing passages of BMSCs were associated with an increase in key markers of senescence. (A) Western blot analysis of p16 demonstrated an increase in p16 expression as passage increases in BMSCs. (B) Expression of p16, p21, and CD26 using MC showed an increase in p16 and CD26 expression. (C) Averaged normalized increase in p16 expression via Western blotting and MC between multiple cell samples from early, middle, and late BMSC passages. The average of five BMSC samples at middle and late passage was normalized to its early passage then averaged and analyzed using a t-test to determine significance, where p < 0.05 (Asterix * is used to denote significance for Western blot data, hashtag # for mass cytometry data, a single * or # denoted a p < 0.05, a double ** and ## denote p < 0.005). 
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Figure 2. Cell cycle analysis of BMSCs with increased passage. (A) Reduced IdU incorporating fraction with a reduced pRb and pHH3 expression indicating a movement into a G0-phase phenotype. (B) The percentages of each cell cycle gate across five BMSC samples were normalized to its early passage and then averaged and analyzed using a t-test to determine significance where p < 0.05 (denoted by an Asterix *). (C) High dimensional analysis of BMSC samples with increasing passage demonstrate a loss in the S-phase population with a reduction in overall pRb expression and an increase in p16 expression in the G0-phase. 
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Figure 3. Increasing passage of WI-38 cells was associated with increased expression of senescence markers and a reduction in actively cycling cells. (A) Western blot analysis of WI-38 cells with increasing doubling population demonstrated an increased expression of p16. (B) The expression of p16 via MC shows an overall increase as doubling number increased but (C) more specifically, a significant expansion in a pRb low, p16 high population (p < 0.0001, significance denoted by an Asterix *). The analysis of histone modifications also demonstrated there was a reduction in the active transcription markers H3K4me3 and H3K9ac. H3K27me3 expression was persistently high and retained expression in later passages. (D) High dimensional analysis shows the distribution of p16 and histone modifications. As doubling number increases, the expression of pRb decreases alongside expression of H3K4me3. The expression of p16 increased with increasing passage number and the increased p16 expression occurred in regions of low pRb expression in the latest passage. The expression of H3K27me3 overlapped with the expression of p16 in some regions but not others, indicative of a progressive senescence phenotype. (E) Progressing analysis using the Wanderlust algorithm demonstrates p16 and CD26 expression increases as H1 and pRb expression decreases during the development of cellular senescence. Progression starts from G0 cells (left of plot) to senescence cells (right of plot). Analysis was performed on all cells from clonal population doubling levels (CPDLs) 30, 48, 68, and 78. Wanderlust was started from the terminal senescent population and run toward actively cycling cells. 
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Figure 4. Analysis of histone modifications in the BMSC sample with increase passage. (A) H3K4me3 and H3K9ac decrease with a persistent expression of H3K27me3. (B) High dimensional analysis of the histone modifications showed that active transcription markers, H3K4me3 and H3K9ac, were reduced with increasing passage number. The expression of H3K27me3 was persistent and showed a high expression in the p16 region, indicating increased expression with increasing passage number. 
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Figure 5. Treatment of WI-38 cells with subcytotoxic concentrations of H2O2 recapitulated a senescence phenotype. (A) Treatment of WI-38 cells every two days with H2O2 caused a senescent phenotype by day 10 of treatment; this phenotype showed increased overall p16 expression and the development of a low pRb-expressing population with high expression of p16. The expression of senescent surface marker CD26 showed a similar pattern with p16 expression. Overall CD26 expression increased and there was development of a pRb-low, CD26-high population. (B) High dimensional analysis showed an increase in p16 expression of H2O2-treated cells localizing to the G0-phase in comparison to the control samples where p16 expression was shown to be across the G2-G1-G0 phases. (C) Increased p16-positive, Rb-negative population in WI-38 cells untreated or treated with H2O2 over 14 days of culture. (D) Wanderlust analysis of the H2O2-treated WI-38 showed that there was a temporal relationship between the increase in p16 and reduction in Histone H1 and pRb. 
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Figure 6. Isolated T cells were repeatedly stimulated with CD3/CD28 beads to develop a senescent/exhausted phenotype. (A) Repeated exposure to beads caused an increase in p16 expression when compared to control cells (n = 3). Cells from donor 1 were rested overnight and stimulated on days 1, 4, 7, 10, and 13, and then harvested on day 15. Donor 2 and 3 were rested for 72, stimulated on days 1, 4, 7, 10, 13, 16, 19, and 22, and harvested on day 23. The stimulated population of these stimulated cells showed increased expression of exhaustion markers EOMES, TOX, and PD-1. (B) High dimensional analysis of these cells showed an overlap between p16 expression and EOMES/TOX expression. The expression of EOMES and TOX also showed nonoverlapping regions of p16 expression. (C) Wanderlust analysis show that increased p16 expression is associated with an increase in PD-1 expression and reduction in Histone H1, pRb, and H3K9ac expression. (D) T cells were also cocultured in the presence of MCF7 cells and then stimulated with CD3/CD28 beads in MCF7-conditioned media for 48 hrs before bead removal. Coculture with MCF7 showed an increase in p16 expression and the p16-positive population showed increased EOMES, TOX, and PD-1. There was also an increase in the histone senescence marker, H2AK119ub, in cocultured cells when compared to control cells. T cells were also cultured with TGF-Beta (50 ng/mL) for two days to induce an exhausted and senescent phenotype. Culture with TGF-Beta was associated with increased p16 expression in comparison to control cells. These p16-positive cells showed increased expression of EOMES, TOX, and PD-1. There was also an increase in the expression of H2AK119ub with TGF-Beta-cultured T cells in vitro. (E) In high dimensional analysis of senescence and exhaustion markers, both the MCF7 cocultured and TGF-Beta-cultured T cells showed an overlapping expression among p16, PD-1, and H2AK119Ub. 






Figure 6. Isolated T cells were repeatedly stimulated with CD3/CD28 beads to develop a senescent/exhausted phenotype. (A) Repeated exposure to beads caused an increase in p16 expression when compared to control cells (n = 3). Cells from donor 1 were rested overnight and stimulated on days 1, 4, 7, 10, and 13, and then harvested on day 15. Donor 2 and 3 were rested for 72, stimulated on days 1, 4, 7, 10, 13, 16, 19, and 22, and harvested on day 23. The stimulated population of these stimulated cells showed increased expression of exhaustion markers EOMES, TOX, and PD-1. (B) High dimensional analysis of these cells showed an overlap between p16 expression and EOMES/TOX expression. The expression of EOMES and TOX also showed nonoverlapping regions of p16 expression. (C) Wanderlust analysis show that increased p16 expression is associated with an increase in PD-1 expression and reduction in Histone H1, pRb, and H3K9ac expression. (D) T cells were also cocultured in the presence of MCF7 cells and then stimulated with CD3/CD28 beads in MCF7-conditioned media for 48 hrs before bead removal. Coculture with MCF7 showed an increase in p16 expression and the p16-positive population showed increased EOMES, TOX, and PD-1. There was also an increase in the histone senescence marker, H2AK119ub, in cocultured cells when compared to control cells. T cells were also cultured with TGF-Beta (50 ng/mL) for two days to induce an exhausted and senescent phenotype. Culture with TGF-Beta was associated with increased p16 expression in comparison to control cells. These p16-positive cells showed increased expression of EOMES, TOX, and PD-1. There was also an increase in the expression of H2AK119ub with TGF-Beta-cultured T cells in vitro. (E) In high dimensional analysis of senescence and exhaustion markers, both the MCF7 cocultured and TGF-Beta-cultured T cells showed an overlapping expression among p16, PD-1, and H2AK119Ub.
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