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Cytotoxic T-lymphocyte–associated protein 4 (CTLA-4) plays a pivotal role in regulating immune responses. It accumulates in intracellular compartments, translocates to the cell surface, and is rapidly internalized. However, the cytoplasmic function of CTLA-4 remains largely unknown. Here, we describe the role of CTLA-4 as an immunomodulator in the DNA damage response to genotoxic stress. Using isogenic models of murine T cells with either sufficient or deficient CTLA-4 expression and performing a variety of assays, including cell apoptosis, cell cycle, comet, western blotting, co-immunoprecipitation, and immunofluorescence staining analyses, we show that CTLA-4 activates ataxia–telangiectasia mutated (ATM) by binding to the ATM inhibitor protein phosphatase 2A into the cytoplasm of T cells following transient treatment with zeocin, exacerbating the DNA damage response and inducing apoptosis. These findings provide new insights into how T cells maintain their immune function under high-stress conditions, which is clinically important for patients with tumors undergoing immunotherapy combined with chemoradiotherapy.
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INTRODUCTION
T lymphocytes (T cells) execute various functions in defense against pathogens and tumors and interact with other cells involved in immune responses. T cells have a life span of several decades and the highest proliferative potential, and T-cell DNA is damaged by diverse endogenous and environmental stress factors (Opzoomer et al., 2019). Therefore, these cells have developed a complex DNA damage response (DDR) to promote the maintenance of genome integrity (Bouwman and Jonkers, 2012). Appropriate communication between cell cycle regulation, DDR, and apoptosis is important to ensure the effectiveness of DDR (Vermeulen et al., 2003; Finn et al., 2012). Double strand breaks (DSBs) are the most harmful DNA lesions in cells. These “dirty” DSBs that remain “uncleaned” may cause gene mutations, genomic instability, and carcinogenesis (Ciccia and Elledge, 2010; Hanahan and Weinberg, 2011). Apoptosis is a major type of cell death in which unwanted cells are removed. Therefore, the identification and development of mechanisms that induce T-cell apoptosis or increase susceptibility to genomic stress are useful for maintaining the health of organisms.
Conventional cancer therapies, including radiotherapy and/or chemotherapy, not only lead to the direct killing of cancer cells but also induce immunogenic cell death. Immune cells undergo apoptosis or lose their function during cancer therapy—problems that urgently require a solution. Immunotherapy, also known as immune checkpoint blockade, is currently one of the most exciting and promising modalities of investigation and development in the field of cancer therapy, and T cells play central roles in cancer immunotherapy (Shklovskaya and Rizos, 2021). Cytotoxic T-lymphocyte–associated protein 4 (CTLA-4) is an immunoregulatory molecule found on T cells and a negative regulator of T-cell activation (Teft et al., 2006). CTLA-4 plays a critical role in maintaining the balance of immune homeostasis, functioning as an immune checkpoint (Schlosser et al., 2016). Since 2000, immune checkpoint inhibitors such as ipilimumab and tremelimumab, CTLA-4 inhibitors that are used in a new and effective treatment strategy for immunotherapy in cancer, have been in clinical development (Chang et al., 2019). The incorporation of chemotherapy, radiotherapy, or chemoradiotherapy with immunotherapy may enhance antitumor immune responses (Chicas-Sett et al., 2018; Wang et al., 2019; Paz-Ares et al., 2021). However, no relevant studies examining the effect of conventional cancer therapies on the immunosuppressive role of CTLA-4 have been published. In one study, CTLA-4–deficient mice were born healthy but exhibited a large number of activated T cells within 5–6 days of birth and died when 18–28 days old as a result of fatal hyperactivation of the immune system and tissue destruction (Sobhani et al., 2021). Based on these results, CTLA-4 has been shown to downregulate T-cell responses and modulate peripheral self-tolerance. Because of this negative regulation, CTLA-4 has been proposed to be related to several autoimmune diseases, although the mechanisms are not fully understood (Ghaderi, 2011). CTLA-4 regulates T-cell activation through multifaceted pathways. Because CTLA-4 and CD28 show significant homology, considerable information is available on CTLA-4 competition with CD28 (Liu et al., 2021). However, very little information is available regarding the inherent plasticity of CTLA-4 signaling. A striking characteristic of CTLA-4 is the conservation of its cytoplasmic domain, implying that this segment is essential for its functions (Qureshi et al., 2012). Some studies have shown that CTLA-4 negatively regulates T-cell activation through the delivery of an inhibitory signal by its cytoplasmic tail (Greenwald et al., 2002; Teft et al., 2009; Haanen and Robert, 2015). Recent studies have shown that CTLA-4 is mainly located in the cytoplasm of resting T cells, while the CTLA-4 level in the cell membrane is higher during T-cell activation, with its membrane level changing in a very dynamic (unstable) manner (Van Coillie et al., 2020). Other reports have documented various CTLA-4 gene expression levels in different cell lines, including T lymphoid, B lymphoid, myeloid, and erythroid (K562)–derived cells; granulocytes; stem cells; and placental fibroblasts (Wang et al., 2002; Pistillo et al., 2003; Contardi et al., 2005). CTLA-4 expression is mainly detected in the cytoplasm of all these cells, except granulocytes. However, the precise function of CTLA-4 in the cytoplasm remains unclear.
Protein phosphatase 2A (PP2A) is a Ser/Thr protein phosphatase that is highly conserved from yeast to humans (Shi, 2009). PP2A consists of three subunits, including a common scaffolding subunit A, two subtypes of catalytic subunit C (α and β), and a regulatory subunit B. PP2A-B was shown to mediate the specificity and localization of PP2A. PP2A-A and PP2A-C comprise the essential enzyme core (Janssens and Goris, 2001). PP2A is a well-known phosphatase that participates in the administration of the DNA damage response (Ramos et al., 2019; Lei et al., 2020). PP2A controls the DNA damage response by regulating the level of ataxia–telangiectasia mutated (ATM) autophosphorylation/activation, which was formerly proven to facilitate DNA damage repair, regulate the cell cycle, and induce apoptosis (Goodarzi et al., 2004). The cytoplasmic CTLA-4 population is associated with PP2A and has been shown to regulate the Raf/MEK/ERK path in T cells (Chuang et al., 2000; Teft et al., 2009). However, the relationship between DDR signaling and the PP2A-CTLA-4 interaction in the cytoplasm has not yet been clarified.
In the present study, we reveal for the first time that CTLA-4 activates ATM by anchoring the ATM inhibitor PP2A in the cytoplasm of T cells following transient treatment with zeocin and, consequently, exaggerating the DNA damage response and inducing apoptosis.
MATERIALS AND METHODS
Mice
B7-1/B7-2−/− and B7-1/B7-2/CTLA-4−/− C57BL/6 mice were purchased from Suzhou Cyagen Co. (Suzhou, Jiangsu, China). About 6- to 8-week-old female mice were used in this study. Experiments on the mice were performed in accordance with approved protocols.
Cell and Transfection
B7-1/B7-2−/− and B7-1/B7-2/CTLA-4−/− T cells were isolated from the lymph nodes of the indicated mice using CD4 MicroBeads (Miltenyi Biotec, #130117043). CD4+ T cells were cultured in a sterile RPMI-1640 medium (Gibco, #A1049101) supplemented with 10% fetal bovine serum (Gibco, #16170078), 1% penicillin/streptomycin (Gibco, #15070063), 10 mM HEPES buffer (Gibco, #15630106), 2 mM L-glutamine, and 50 mM 2-mercaptoethanol (Gibco, #21985023).
HeLa cells were purchased from ATCC and cultured in DMEM (Gibco, #11965084) supplemented with 10% fetal bovine serum. The constructs were transiently transfected into the HeLa cells using Lipofectamine™ 2000 (Invitrogen, #11668019) according to the manufacturer's instructions. About 24 hours after transfection, the cells were treated with 500 μg/ml zeocin (XYbio, #X10014) for 1 h in an incubator, and experiments were subsequently conducted.
The cells were maintained at 37°C in a humidified atmosphere containing 5% CO2.
Plasmid Construction
A plasmid encoding human Myc-CTLA-4 was purchased from OriGene (#NM005214). GFP-CTLA-4 constructs were prepared by excising full-length CTLA-4 from Myc-CTLA-4, and subcloning it into the EcoR I and Kpn I sites of the pEGFP-N1 vector. GFP-CTLA-4-TAIL constructs were prepared by excising the transmembrane plus cytoplasmic tail of CTLA-4 from Myc-CTLA-4 and subcloning this fragment into the EcoR I and Kpn I sites of the pEGFP-N1 vector.
Mutagenesis of Myc-CTLA-4 and GFP-CTLA-4 was performed using a QuikChange Site-Directed Mutagenesis Kit (Agilent, #210518). The sequences of the forward and reverse primers were as follows:
A602T, F: 5′-ggg​ggc​att​ttc​aca​aag​acc​cct​gtt​gta​aga​gg-3′,
R: 5′-cct​ctt​aca​aca​ggg​gtc​ttt​gtg​aaa​atg​ccc​cc-3′, and
A653T, F: 5′-cgc​gta​ttg​atg​gga​ata​aaa​aaa​ggc​tga​aat​tgc​ttt​tca​c-3′,
R: 5′-gtg​aaa​agc​aat​ttc​agc​ctt​ttt​tta​ttc​cca​tca​ata​cgc​g-3′.
Immunofluorescence Staining
Immunofluorescence staining of HeLa cells was performed as described previously (Yan et al., 2017). Briefly, the cells were cultured on coverslips, washed with PBS, fixed with 4% paraformaldehyde for 10 min at room temperature, permeabilized with 0.2% Triton X-100 for 2 min, and blocked with 1% BSA for 1 h. The cells were then incubated with anti-Myc (Abcam, #ab32072, 1:200) and anti-PP2A-A antibodies (Santa Cruz Biotechnology, #sc-13600, 1:50) at 4°C overnight. Alexa Fluor 594-conjugated goat anti-rabbit IgG (Molecular Probes, #A31632, 1:500) and Alexa Fluor 488-conjugated goat anti-mouse IgG secondary antibodies (Molecular Probes, #A31619, 1:500) were used. The nuclei were detected using DAPI staining. The images were acquired with a laser scanning confocal microscope (Zeiss, LSM 710).
The T cells were washed with PBS and plated on coverslips coated with poly-L-lysine (Sigma, P8130). The next steps were similar to those described in the HeLa cell experiment mentioned above. The primary antibodies used for this experiment were anti-P-ATM (GeneTex, GTX132146, #sc-47739, 1:100), anti-53BP1 (Cell Signaling Technology, #4937, 1:200), and anti-γH2AX (Cell Signaling Technology, #9718, 1:200). The percentage of cells with γH2AX and 53BP1 nuclear foci was quantified using ImageJ software, and the data were plotted using GraphPad Prism software.
Immunoblotting
Western blotting was performed as previously described (Yan et al., 2017). Briefly, the cells were lysed in a cell lysis buffer for western blotting and immunoprecipitation (IP) (Beyotime, #P0013) containing protease inhibitors (Roche, #04693116001) and phosphatase inhibitors (Coolaber, #SL1087, 1:100), followed by centrifugation at 14,000 g for 30 min at 4°C. The supernatant was collected; the protein concentration was estimated; and equal amounts of protein from each sample were separated on SDS-PAGE and electrotransferred to polyvinylidene fluoride membranes. The membranes were blocked with 5% nonfat milk in TBS-T buffer for 1 h at room temperature and incubated with primary antibodies overnight at 4°C. The following primary antibodies were used: DNA Damage Antibody Sampler Kit (Cell Signaling Technology, #9947, 1:1,000), anti-phospho-Histone H2AX (Cell Signaling Technology, #2577, 1:1,000), anti-p53 (Cell Signaling Technology, #2524, 1:1,000), anti-phospho-p95/NBS1 (Cell Signaling Technology, #3001, 1:1,000), anti-MRE11 (Cell Signaling Technology, #4895, 1:1,000), anti-RAD50 (Santa Cruz Biotechnology, #sc-74460, 1:200), anti-NBS1 (Cell Signaling Technology, #3002, 1:1,000), anti-CTLA-4 (Santa Cruz Biotechnology, #sc-376016, 1:50), anti-GFP (Abmart, #7G9, 1:2000), and anti-actin (Sigma, #A5441, 1:1,000). On the second day, the membranes were washed and incubated with the appropriate HRP-conjugated secondary antibodies (Jackson Research, 1:5,000) for 1 h at room temperature. Protein bands were detected using chemiluminescence (ECL) reagent (Millipore, CPS350) and evaluated using densitometry. The experiment was repeated three times independently.
2.6 Co-immunoprecipitation
Co-immunoprecipitation (co-IP) was performed as previously described (Yan et al., 2017). The cells were washed once with cold PBS, lysed in lysis buffer for IP (Beyotime, #P0013) containing a protease inhibitor cocktail (Roche) at 4°C for 1 h, and then centrifuged at 12,000 g for 15 min at 4°C. After centrifugation, a small fraction of the supernatant was frozen for subsequent analysis (cell extract) as the input. The remaining fraction was incubated at 4°C with 1 μg of the desired antibody on a rotator overnight. Then, the mixtures were incubated with Protein A/G agarose beads (Abcam, #ab193262) with rotation at 4°C for 6 h. After the incubation, the beads were washed three times with wash buffer, boiled in loading buffer at 95°C, and then subjected to western blotting. The following specific secondary antibodies were used to avoid overlap of the bands for the target proteins with those of the immunoglobulin light chain and heavy chain: IPKine HRP Goat AntiMouse IgG HCS (Abbkine, #A25112, 1:5,000), IPKine HRP Goat AntiRabbit IgG HCS (Abbkine, #A25222, 1:5,000), IPKine HRP AffiniPure Goat AntiMouse IgG Light Chain (Abbkine, #A25012, 1:5,000), and IPKine HRP AffiniPure Mouse AntiRabbit IgG Light Chain (Abbkine, #A25022, 1:5,000).
Comet Assay
A neutral comet assay was performed as previously described (Yan et al., 2017). DNA damage was quantified with a neutral comet assay (CometAssay Kit, Trevigen, #4250–050) according to the manufacturer's instructions. Briefly, after zeocin treatment for 1 h, the B7-1/B7-2−/− and B7-1/B7-2/CTLA-4−/− cells were harvested after the indicated periods, placed in molten agarose, and then spread on the surface of comet slides. After a series of incubations, lysis, and washes at 4°C, the slides were immersed in the lysis solution for electrophoresis, stained with SYBR Green, and then examined with a Zeiss ImagerA2 microscope. The comet assay was quantitated by measuring the percentage of cells with a tail (comet +) from 500 cells using Adobe Photoshop CS6.
Isolation of Cytoplasmic and Nuclear Cell Fractions
Nuclear extracts were prepared using an NE-PER Nuclear Cytoplasmic Extraction Reagent Kit (Thermo Scientific™, #78835) according to the manufacturer's instructions. Briefly, after stimulation with zeocin, the cells were collected, washed twice with cold PBS, and harvested by centrifugation at 800 rpm for 3 min. The cell pellets were resuspended in cytoplasmic extraction reagent I plus protease inhibitor cocktail by vortexing and allowed to swell on ice for 10 min. Then, cytoplasmic extraction reagent II was added, incubated for 1 min on ice, and the mixture was centrifuged for 5 min at 16,000 g at 4°C. The supernatant fraction was obtained as the cytoplasmic extract, transferred to a clean tube, and stored at −80°C. For further nuclear protein extraction, the sediment was suspended in a nuclear extraction reagent by vortexing, incubated on ice for 10 min, and then centrifuged for 10 min at 16,000 g at 4°C. The supernatant was obtained as the nuclear extract.
Cell Apoptosis Assay
Cell apoptosis was analyzed using an Annexin V-FITC/propidium iodide (PI) apoptosis assay kit (Beyotime, #C1062M) according to the manufacturer's instructions. Briefly, the B7-1/B7-2−/− and B7-1/B7-2/CTLA-4−/− T cells were harvested and washed twice with cold PBS. After treatment, the cells were suspended in Annexin V binding buffer containing Annexin V-FITC/PI. After incubation on ice in the dark for 30 min, the cell apoptosis rate was measured by flow cytometry.
Cell Cycle Analysis
The cell cycle assay was performed using the Cell Cycle and Apoptosis Analysis Kit (Beyotime, #C1052) according to the manufacturer's instructions. Briefly, the HeLa cells were collected and fixed with cold 70% ethanol overnight at 4°C. After centrifugation (1,200 rpm, 5 min, 4°C), the cells were washed with cold PBS. Subsequently, PI was used to stain the cells in the presence of 20 μg/ml RNase A in the dark at room temperature for 30 min. The cell cycle was measured by flow cytometry.
RESULTS
CTLA-4 Increases the Risk of T Cells Undergoing DNA Damage–Induced Apoptosis
We assessed the CTLA-4 activity in response to the genotoxic stress to explore the function of cytoplasmic CTLA-4 in the DDR. Zeocin, a member of the bleomycin family, binds to and intercalates into DNA, leading to the formation of DSBs in a manner similar to that of ionizing radiation (Peres de Oliveira et al., 2020). A previous study verified that zeocin treatment induced a significant decrease in the number of T cells in the peripheral blood (Hu et al., 2018). CTLA-4–deficient mice die at 18–28 days due to the generation of self-reactive T cells (Chambers et al., 2001). Therefore, we referred to a report in which B7-1/B7-2/CTLA-4−/− mice were generated, and they were found to have a normal life span and produce CTLA-4–deficient T cells (Greenwald et al., 2002). We investigated the role of CTLA-4 in the genotoxic stress response induced by zeocin treatment by comparing freshly isolated CD4+ T cells from B7-1/B7-2−/− and B7-1/B7-2/CTLA-4−/− mice. We evaluated the effects of the zeocin dose on cell apoptosis. B7-1/B7-2−/− and B7-1/B7-2/CTLA-4−/− cells were pretreated with increasing concentrations of zeocin (0, 100, 200, 500, and 800 μg/ml) for 1 h and then cultured in fresh media without zeocin for 24 h. In the absence of zeocin (ctl) and in the presence of low zeocin doses (100 and 200 μg/ml), the B7-1/B7-2−/− and B7-1/B7-2/CTLA-4−/− cells exhibited similar levels of apoptosis. Treatment with 500 μg/ml zeocin resulted in an obvious increase in the B7-1/B7-2−/− cell apoptosis rate compared with the B7-1/B7-2/CTLA-4−/− cell apoptosis rate. These cells showed approximately equal apoptosis rates after treatment with 800 μg/ml zeocin (Figure 1A). Therefore, we chose to administer a 500 μg/ml zeocin pulse treatment to detect the apoptosis rates at different times (0, 4, 8, 12, and 24 h). The results showed gradual increases in the apoptosis rates at 0 and 4 h after a 1-h transient treatment with 500 μg/ml zeocin, with the B7-1/B7-2−/− cells exhibiting a rate similar to that of the B7-1/B7-2/CTLA-4−/− cells. After zeocin treatment for 8, 12, and 24 h, the B7-1/B7-2−/− cells exhibited a significantly higher apoptosis rate (approximately twofold greater) than the B7-1/B7-2/CTLA-4−/− cells (Figures 1B,C). Western blotting analyses were performed to examine the levels of apoptosis markers (cleaved caspase-3 and cleaved PARP) and confirm the apoptosis rates, and the results showed marked increases in the levels of these proteins in the B7-1/B7-2−/− cells after zeocin treatment for 12 and 24 h (Figure 1D), indicating that the B7-1/B7-2−/− cells are hypersensitive to DSBs induced by zeocin. In other words, CTLA-4 induced massive cell apoptosis after DNA damage induction.
[image: Figure 1]FIGURE 1 | CTLA-4 increases the risk of T cells undergoing DNA damage–induced apoptosis. (A) Percentage of apoptotic cells (Annexin V-positive stained cells). CD4+ T cells from B7-1/B7-2−/− and B7-1/B7-2/CTLA-4−/− mice were treated with 100, 200, 500, or 800 μg/ml zeocin for 1 h and then cultured without zeocin for 24 h. The cells were collected, and apoptosis was detected. These results are representative of three experiments. All values represent the averages ±SEM of three independent experiments. ***p < 0.001. Ctl indicates untreated control cells. (B) Annexin V-PI dual-staining assay and flow cytometry analysis. CD4+ T cells from B7-1/B7-2−/− and B7-1/B7-2/CTLA-4−/− mice were treated with 500 μg/ml zeocin for 1 h, cultured without treatment for the indicated times and collected to detect apoptosis. (C) Percentage of apoptotic cells (Annexin V-positive stained cells) of the cells shown in (B). These results are representative of three experiments. All values are presented as the averages ±SEM of three independent experiments. ***p < 0.001. (D) The levels of cleaved PARP and caspase-3 in CD4+ T cells from B7-1/B7-2−/− and B7-1/B7-2/CTLA-4−/− mice were detected using western blotting. The asterisk indicates a nonspecific band. The bar chart shows the fluorescence intensity of the cleaved caspase-3 band in the immunoblot.
Zeocin Treatment Causes Overwhelming DNA Damage in CTLA-4–Expressing Cells
DNA-damaging agents are potent inducers of cell apoptosis (Roos and Kaina, 2013). We tested whether CTLA-4 induced more DNA damage after drug treatment to investigate the role of CTLA-4 in apoptosis triggered by DNA damage. γH2AX, which refers to histone H2AX phosphorylated at Ser139, is a key protein that is involved in the cellular response to DNA damage and is a sensitive biomarker of DSBs (Rothkamm et al., 2015). Specifically, γH2AX forms nuclear foci that enable visualization and quantification of a DSB site. During apoptosis, the nuclei shrink and are fragmented, and the chromatin is increasingly condensed. Our results showed that the B7-1/B7-2−/− and B7-1/B7-2/CTLA-4−/− cells exhibited a typical apoptotic appearance after zeocin treatment for 24 h. We examined the level of γH2AX in apoptotic cells using immunocytochemical staining and western blotting analyses. A significantly greater amount of γH2AX was present in the B7-1/B7-2−/− cells than in the B7-1/B7-2/CTLA-4−/− cells 24 h after transient zeocin treatment. Thus, H2AX is phosphorylated when cells undergo apoptosis and the B7-1/B7-2−/− cells undergo excessive DNA damage during apoptosis (Figures 2A–C). Collectively, our results indicate that CTLA-4 leads to an increased DNA damage–induced apoptosis rate after drug treatment.
[image: Figure 2]FIGURE 2 | Zeocin treatment causes overwhelming DNA damage in CTLA-4–expressing cells. CD4+ T cells from B7-1/B7-2−/− and B7-1/B7-2/CTLA-4−/− mice were treated with 500 μg/ml zeocin for 1 h and then released and harvested at the indicated times. (A) Representative bright field and immunofluorescence images of γH2AX in treated T cells. Scale bar, 10 μm. (B) Cells prepared for the assay shown in panel A were analyzed for γH2AX levels using western blotting. (C) Quantification of the γH2AX immunoblot intensity. Each experiment was independently performed three times (n = 3). (D) DNA damage was assessed using the comet assay. Representative images of cellular DNA damage are presented. (E) Histogram showing the percentage of T cells with tail DNA greater than 10%. Experiments were performed three times independently (n = 3), and more than 100 cells per sample were counted in each experiment. Data are presented as the mean ±SEM; ***p < 0.001. (F) DNA damage was determined by measuring changes in the γH2AX levels in the cells shown in panel C using western blotting. (G) Quantification of the γH2AX band intensity in the corresponding groups. Each experiment was independently performed three times (n = 3).
We confirmed the role of CTLA-4 in DNA damage by performing a DNA damage analysis at the other treatment time points to determine CTLA-4 function in the first 24 h of treatment. After the cessation of zeocin treatment and culture in a fresh medium, we chose two time points: a massive number of cells incubated with zeocin for 4 h showed imminent apoptosis, and 12 h after treatment, the apoptosis rate of the B7-1/B7-2−/− cells was higher than that of the B7-1/B7-2/CTLA-4−/− cells. A comet assay was performed to detect DNA damage in individual cells. As expected, zeocin treatment contributed to DNA damage, resulting in the fragmentation of DNA that produced comet tails in the assay. In the comet assay, the percentage of cells with tails (>10% with a tail DNA signal) was the determinant of DNA damage. Untreated cells did not show DNA damage; however, following transient zeocin treatment, the B7-1/B7-2−/− cells displayed obvious DNA tails, and a greater number of the cells exhibited tails, indicating a large number of severe DNA breaks (Figures 2D,E). The γH2AX level in the cell sample with which the comet assay was performed was determined using immunoblotting (Figures 2F,G). Similar results were obtained, where upon zeocin pulse treatment, the B7-1/B7-2−/− cells showed higher levels of γH2AX than the B7-1/B7-2/CTLA-4−/− cells.
The 53BP1 protein rapidly accumulates at the site of DNA damage and recruits DDR proteins to DSBs. A 53BP1 foci assay was performed to detect DSBs, as previously described (Wang et al., 2016; von Morgen et al., 2018). We examined the formation of γH2AX or 53BP1 foci and counted the number of positive cells. The extent of γH2AX and 53BP1 accumulation caused by different zeocin pulse regimens was uniformly increased in the presence of CTLA-4 (Figures 3A,B). In addition, the immunofluorescence results were consistent with the findings of the western blotting experiments and comet assays, suggesting that the B7-1/B7-2−/− cells incurred a greater number of severe DSBs than the B7-1/B7-2/CTLA-4−/− cells.
[image: Figure 3]FIGURE 3 | Zeocin treatment induced more γH2AX foci and 53BP1 foci in CTLA-4–expressing cells. γH2AX and 53BP1 protein accumulation at DNA damage sites forms cytologically discernible foci. (A) DNA damage was measured by determining the number of γH2AX and 53BP1 foci using immunofluorescence detection. Representative images are presented. The B7-1/B7-2−/− and B7-1/B7-2/CTLA-4−/− T cells were treated without or with 500 μg/ml zeocin for 1 h followed by culture in a normal medium for the indicated times and then stained for γH2AX (red), 53BP1 (red), and nuclei (DAPI, blue). Scale bar, 20 μm. (B) Quantitation of the data shown in (A). The histograms represent the percentage of cells with more than 10 γH2AX and 53BP1 nuclear foci. Each experiment was independently performed three times (n = 3), and more than 100 cells were counted in each experiment. The data are presented as the mean ±SEM; ***p < 0.001.
CTLA-4 Affects ATM Signaling and Arrests Cells in G2/M Phase Upon DNA Damage
We investigated whether CTLA-4 plays a role in the DDR signaling pathway to understand the mechanisms underlying the increased DNA damage in the B7-1/B7-2−/− cells. ATM and ATR (ATM- and Rad3-related) proteins are key regulators and sensors of the DDR that induce apoptosis (Blackford and Jackson, 2017). The ATR signaling is activated by stalled replication forks and single-strand (ss) DNA formation during DNA replication (Awasthi et al., 2016). Our time course analysis of both the B7-1/B7-2/CTLA-4−/− and B7-1/B7-2−/− cells indicated that ATR activation was not obviously affected by changes in CTLA-4 expression (Figures 4A,B). ATM is activated by autophosphorylation at Ser1981 in response to the cellular DSBs; therefore, phosphorylation at Ser1981 is a marker of ATM activation. The DSBs are sensed by the MRE11, RAD50, and NBS1 (MRN) complex, which recruits ATM and plays a pivotal role in the activation of ATM signaling. ATM subsequently phosphorylates numerous targets, including the MRN complex and other downstream substrates, such as CHK2 (Bekker-Jensen et al., 2006; Zhang et al., 2012; Tripathi et al., 2018). We investigated whether CTLA-4 triggers the DDR pathway by activating ATM in cells after zeocin treatment. We analyzed ATM signaling during cellular responses to DNA damage using WB and found that the levels of ATM phosphorylation at Ser1981, CHK2 at Thr68, and NBS1 at Ser343 mediated by CTLA-4 were significantly higher in the B7-1/B7-2−/− cells than in the B7-1/B7-2/CTLA-4−/− cells. In addition, the activation of p53 has been previously shown to be critical for determining the cell fate after DNA is damaged (Zager and Johnson, 2019). The levels of p53 and p53 phosphorylated at Ser15 were negligibly detected and were accompanied by an increase in the expression of the target protein p21 in the B7-1/B7-2−/− and B7-1/B7-2/CTLA-4−/− cells treated with zeocin; p21 expression was more pronounced in the B7-1/B7-2−/− cells (Figure 4A). We then examined ATM activation in these cells after zeocin treatment for 8 h using immunofluorescence staining with antibody probes specific for phosphorylated ATM. Consistent with the immunoblot data, zeocin-induced phosphorylation of ATM was more significant in the nucleus of the B7-1/B7-2−/− cells than that of the B7-1/B7-2/CTLA-4−/− cells (Figure 4C). We concluded from these results that CTLA-4 leads to increased phosphorylation of ATM kinase in zeocin-treated cells and thus induces DDR.
[image: Figure 4]FIGURE 4 | CTLA-4 causes greater zeocin-induced activation of ATM and ATM-dependent signaling pathways. The CD4+ T cells from B7-1/B7-2−/− and B7-1/B7-2/CTLA-4−/− mice were treated with 500 μg/ml zeocin for 1 h and then harvested at the indicated times. (A) Representative western blotting analyses are shown. The cells were lysed and analyzed at the indicated time intervals. The bar chart represents the intensity of the immunoblot bands in the corresponding group. (B) Quantification of P-ATM and P-CHK2-T68 immunoblots in the corresponding groups. Each experiment was independently performed three times (n = 3). (C) P-ATM-S1981 was detected using immunofluorescence staining. The cells were subjected to immunofluorescence staining using specific antibodies against P-ATM-S1981 (green) and nuclei (DAPI, blue). Scale bar, 10 μm.
The CD4+ T lymphocytes are difficult to maintain and remodel to some extent; therefore, we designed a feasible model system in which CTLA-4 was expressed at various levels. Furthermore, we characterized CTLA-4 involvement in the DDR using a model of transiently transfected HeLa cells expressing Myc-CTLA-4 to construct a CTLA-4 overexpression system. The cellular responses to DNA damage usually include the induction of cell cycle arrest (Kramer et al., 2004; Smith et al., 2010). The nuclear DNA content of transiently transfected HeLa cells exposed to zeocin was detected using flow cytometry analysis to determine the regulatory effect of CTLA-4 on the cell cycle. In the untreated control group, CTLA-4 overexpression did not affect the cell cycle (Figures 5A,B). However, the cell cycle analysis showed that zeocin treatment increased the number of pcDNA-transfected cells and CTLA-4–transfected cells in the G2/M phase (Figures 5A,B), consistent with previous findings (Tounekti et al., 1993). Moreover, the number of CTLA-4 transfected in the G2/M phase was significantly increased after zeocin treatment. For confirmation, the expression of the G2/M cell cycle–regulated proteins [cyclin-dependent protein kinase 1 (CDK1) and cyclin B] was determined using WB. In cells overexpressing CTLA-4, the levels of CDK1 and cyclin B were elevated compared with those in cells expressing pcDNA (Figures 5C–E). Consistent with the flow cytometry results, CTLA-4 caused G2/M arrest of cells treated with zeocin.
[image: Figure 5]FIGURE 5 | CTLA-4 promotes zeocin-induced cell cycle arrest in the G2/M phase. HeLa cells were transfected with pcDNA and Myc-CTLA-4. After 24 h, the cells were exposed to 500 μg/ml zeocin for 1 h and harvested at the indicated times. (A) The cell cycle distribution was analyzed using flow cytometry. (B) The percentages of cells in the G2/M cycle phase are depicted. (C) Levels of the cell cycle regulatory proteins CDK1 and cyclin B were detected using western blotting. (D,E) Quantification of immunoblots of CDK1 and cyclin B levels in the corresponding groups.
CTLA-4 Interacts With PP2A, Promotes the Translocation of PP2A Into the Cytoplasm, and Induces ATM Activation After Zeocin Treatment
CTLA-4 mainly resides in intracellular vesicles and is rapidly transported to the cell surface only upon T-cell activation (Chikuma, 2017). Some reports have discovered that the CTLA-4 cytoplasmic domain interacts with PP2A, which involves CTLA-4 residues surrounding Y201 (Baroja et al., 2002). We tested the interaction of PP2A and CTLA-4 in the HeLa cells transfected with the wild-type CTLA-4 (WT) and mutant CTLA-4 (MT) which was mutated at tyrosine residues 201 and 218, after zeocin treatment. A co-IP assay with a Myc antibody against CTLA-4 revealed that the CTLA-4 interaction with endogenous PP2A increased after zeocin treatment (Figure 6A). Anti-PP2A-A and anti-PP2A-C antibodies also co-precipitated CTLA-4, and the amount of co-precipitated CTLA-4 was higher after the HeLa cells were treated with zeocin (Figures 6B,C). These findings were confirmed in primary murine T cells (Figure 6D). We found that mutating the conserved tyrosine residues present in the CTLA-4 tail abrogated the PP2A-CTLA-4 interaction (Figures 6A–C, lane 4). Cell lysates subjected to WB with anti-PP2A and anti-Myc showed equivalent sample loading.
[image: Figure 6]FIGURE 6 | CTLA-4 interacts with PP2A, promotes the translocation of PP2A-A into the cytoplasm, and induces autophosphorylation of ATM at Ser1981 after zeocin treatment. (A–C) Co-IP analysis of the interaction of CTLA-4 with PP2A. HeLa cells were transfected with Myc-CTLA-4-WT and Myc-CTLA-4-MT proteins with the Y201F and Y218F mutations. About 24 h after transfection, the cells were treated with 500 μg/ml zeocin for 1 h and harvested at the indicated times. (D) For endogenous co-immunoprecipitation experiments, CD4+ T cells from B7-1/B7-2−/− mice were lysed. (E) Nuclear and cytoplasmic levels of PP2A-A in HeLa cells were detected using western blotting. HeLa cells were transfected with Myc-CTLA-4 (left panel), and pcDNA and Myc-CTLA-4 (right panel) for 24 h. At the indicated times after cessation of treatment, the cells were lysed and separated into nuclear and cytosolic fractions. GAPDH, a marker of the cytosolic fraction; histone H3.1, a marker of the nuclear fraction. (F) Double immunofluorescence staining was performed to detect the PP2A-A and CTLA-4 proteins and their colocalization in HeLa cells. HeLa cells were transfected with Myc-CTLA-4 for 24 h. The cells were treated with 500 μg/ml zeocin for 1 h, harvested at the indicated time points, and then subjected to immunofluorescence staining using specific antibodies against PP2A-A (green), CTLA-4 (red), and Scale bar, 20 μm. (G) ATM was immunoprecipitated and immunoblotted to detect the levels of P-ATM-S1981, total ATM, and the PP2A-A and PP2A-C subunits. Right panel: HeLa cells were transfected with pcDNA, GFP-CTLA-4-WT, a GFP-CTLA-4-TAIL (tail only) mutant, and GFP-CTLA-4-MT sequences containing Y201F and Y218F mutations. About 24 h after transfection, the cells were treated with 500 μg/ml zeocin for 1 h and harvested at the indicated time points. The CTLA-4 extracellular domain is shown as orange ovals, the transmembrane domain is indicated by gray bars, the CTLA-4 cytoplasmic tail is shown as red bars, the double-mutant Y201F/Y218 is shown with blue lines, and GFP is indicated by green circles. Left panel: CD4+ T cells from B7-1/B7-2−/− and B7-1/B7-2/CTLA-4−/− mice were treated with 500 μg/ml zeocin for 1 h and then released and harvested at the indicated time points.
PP2A interacts with ATM and inhibits ATM autophosphorylation and activity in the cell nucleus (Goodarzi et al., 2004; Freeman and Monteiro, 2010). We examined whether CTLA-4 affected the subcellular expression and localization of PP2A during DNA damage–induced stress to determine the mechanism by which CTLA-4 modulates the ATM signaling pathway. Interestingly, in zeocin-treated cells, the interaction with CTLA-4 promoted PP2A translocation from the nucleus to the cytoplasm (Figures 6E,F). We then investigated whether PP2A translocation to the cytoplasm affected ATM activation. Our results suggested that CTLA-4 contributed to the PP2A translocation to the cytoplasm, away from ATM, and induced ATM activation in cells treated with zeocin (Figure 6G, lane 4). CTLA-4 resides in the endocytic vesicles, with the tail located in the cytoplasm (Lo et al., 2015). We next wanted to explore whether the CTLA-4 tail alone was sufficient for PP2A binding. We found that the CTLA-4 cytoplasmic tail was sufficient and necessary for the co-IP of PP2A and activation of ATM after the treatment with zeocin (Figure 6G). These findings were confirmed with CD4+ T cells from B7-1/B7-2−/− and B7-1/B7-2/CTLA-4−/− mice (Figure 6G, left panel). Our results indicated that the cytoplasmic tail of CTLA-4 attaches PP2A to the cytoplasmic vesicles.
In this study, we found that CTLA-4 activates ATM by sequestering the ATM inhibitor PP2A in the cytoplasm following transient treatment with zeocin in T cells, exaggerating the DNA damage response and inducing apoptosis (Figure 7).
[image: Figure 7]FIGURE 7 | CTLA-4 activates ATM by anchoring the ATM inhibitor PP2A in the cytoplasm following transient treatment with zeocin in T cells, exacerbating the DNA damage response and inducing apoptosis.
DISCUSSION
CTLA-4 is a well-recognized immune checkpoint that can be therapeutically targeted. The most important aspect of the current understanding of CTLA-4 function is its role as an external receptor, although CTLA-4 is predominantly located intracellularly. Three compartments containing intracellular CTLA-4 have been identified: the trans-Golgi apparatus (TGN), endosomes, and lysosomes (Valk et al., 2006). The cytoplasmic tail of CTLA-4 binds to the PI3K SH2 domains SHP-2 and PP2A, leading to posttranslational modifications of downstream targets and activation of the corresponding intracellular signaling pathways (Chuang et al., 2000; Chikuma et al., 2003; Rudd et al., 2009; Iiyama et al., 2021). Recent studies have focused on the regulation of CTLA-4 subcellular localization and the capacity of CTLA-4 to reduce T-cell activation. CTLA-4 resides on tumor cells at various densities and triggers apoptosis associated with the sequential activation of caspase-8 and caspase-3 (Contardi et al., 2005). CTLA-4 arrests cell cycle progression and then inhibits T-cell proliferation by suppressing IL-2 production (Yakoub and Schulke, 2019). CTLA-4 may also induce Fas cell surface death receptor–independent apoptosis of activated T cells (Sun et al., 2008). Previously, CTLA-4 was suggested to exert these regulatory functions in a ligand interaction-dependent manner (Contardi et al., 2005). In our study, we found that CTLA-4 interacts with PP2A to activate DNA damage–induced apoptosis.
In our system, a large number of γH2AX foci were detected in cells treated with 500 μg/ml zeocin for 24 h by using confocal microscopy (Figure 2A). These data support the results reported by Mukherjee et al. (2006), who indicated that H2AX is phosphorylated during DNA fragmentation and is related to apoptosis. In addition, the increase in the γH2AX foci depends on ATM kinase phosphorylation and activation (Banath et al., 2004). Therefore, we examined the activation of the ATM signaling pathway. In the cells treated with zeocin, the phosphorylation of ATM, CHK2, and NBS1 showed a clear increasing trend (Figures 4A,B). This finding is consistent with those of previous studies showing that ATM plays a pivotal role in sensing DNA damage in cells pretreated with DSB-inducing agents and undergoes autophosphorylation at residue S1981, resulting in an increase in the active ATM kinase levels and activation of downstream signal transduction. The MRN complex is the initial sensor of DNA DSB damage. The levels of the MRN complex did not increase with zeocin treatment, consistent with the results reported by Zhou et al. (2017).
Generally, in the presence of a low amount of DNA damage, p53 initiates DNA damage repair, and it is continuously activated by high levels of DNA damage, which promotes apoptosis to remove irreparably damaged cells (Zhang et al., 2011; Roos et al., 2016). Consistent with the broad and sometimes contradictory functions of p53 reported in recent years, the mechanisms by which p53 is activated and stabilized and the downstream events of this activation, which exhibit cell type–specific patterns, remain unclear. Our data (Figure 4A) are consistent with previous findings indicating that the total protein and phosphorylation levels of p53 were negligible in resting CD4+ T cells after the treatment with zeocin, as indicated by WB (Hu et al., 2018). However, the expression of the p53 downstream target gene p21 was significantly increased in the B7-1/B7-2−/− cells after zeocin treatment, which may have been due to other ATM activators inducing the expression of p21 (Ju and Muller, 2003; Ocker and Schneider-Stock, 2007). This finding is consistent with the observation that ATM functions through p53-independent signaling pathways to activate p53 downstream targets during cell growth and survival (Uhlemeyer et al., 2020).
Because DNA damage–mediated cell cycle checkpoint progression is essential for DDR and ATM function, which are primarily activated by DSB signaling that triggers cell cycle checkpoint activation, we examined the effect of CTLA-4 on cell cycle progression. The CDK1/cyclin B complex plays an important role in regulating the G2/M phase and facilitates the G2/M cell cycle transition (McGrath et al., 2005). The level of the CDK1/cyclin B complex has been shown to be reduced during cell cycle arrest in the G2/M phase (Gavet and Pines, 2010). In the present study, the cell cycle distribution was analyzed using flow cytometry and quantification of the DNA content (Figure 5A), and CTLA-4 was attributed to a G2/M phase delay in the cell cycle; this finding was supported by WB showing a decrease in cyclin B and CDK1 levels in CTLA-4–overexpressing cells after zeocin treatment (Figures 5C–E). The results of these two experiments are summarized as follows: following genomic stress induced by zeocin treatment, CTLA-4–expressing cells showed a profound delay in the G2/M phase transition. The cells were arrested in the G2/M phase upon activation of the ATM/CHK2/Cdc25 pathway through a mechanism independent of p53 (Tsou et al., 2006; Chang et al., 2016). This outcome may be at least partially explained by ATM activation and CTLA-4–induced arrest of cells in the G2/M phase following DNA damage.
CTLA-4 interaction with PP2A has been reported to be critical for the regulatory activity of T cells mediated by the PI3K-PKB-AKT pathway (Baroja et al., 2002; Resjo et al., 2002). In our study, CTLA-4 interacted with PP2A under resting conditions in normal cells (Figures 6A–D, line 1), consistent with the study by Baroja et al. (2002). According to the study by Goodarzi et al. (2004), the binding of PP2A to ATM in the cell nucleus tends to suppress ATM activation. Under normal circumstances without DNA damage, ATM constitutively interacts with PP2A. In response to DNA damage, which releases the inhibition by PP2A, ATM activation is increased (Volonte et al., 2009). This supposition appears to be consistent with our results (Figure 6G). Interestingly, in our system, a majority of PP2A colocalized with CTLA-4 in the cytoplasm, not near ATM (Figure 6F), after critical DNA-damaging stress induction. This colocalization excessively activated ATM autophosphorylation from a basal state, exaggerated the response to DNA damage, and induced cellular apoptosis. Furthermore, the tail of CTLA-4 was sufficient for PP2A binding and activation of ATM. This result is consistent with previous studies by Chuang et al. (2000). Our data suggested that CTLA-4 triggers a signaling network that culminates in an increase in ATM function in response to DNA damage. These observations present a new and promising approach to understanding cancer and developing new molecular therapeutics. Further in vivo evaluation is needed to validate the function of CTLA-4.
PP2A is associated with the cytoplasmic domains of CD28 (Chuang et al., 2000). However, this association invoked a DNA damage response in cells treated with zeocin (data not shown). By analyzing the structure of the cytoplasmic domains with coiled-coil proteins or by altering the phosphorylation state of tyrosine residues, a research group (Chuang et al., 2000) observed the difference between the mechanisms of CTLA-4 and PP2A interaction or the difference in affinity of CTLA-4 for PP2A and CD28, ultimately showing that CD28 interacts with PP2A. Thus, a different binding mechanism may account for the inability of CD28 to interact with PP2A in response to DNA damage.
Our model is supported by the findings of Lingel et al. (2017), to some extent. Other groups identified some downstream effectors of CTLA-4, including Ku70, BRCA1, SSRP1, and WRNIP1, as well as the associated signaling pathways in T cells, showing that these molecules play fundamental roles in the DDR (Kumari et al., 2009; Saha and Davis, 2016; Yoshimura et al., 2017; Yue et al., 2020). Therefore, these effectors should be studied to determine the numerous molecular mechanisms of the CTLA-4–mediated DDR. Furthermore, CTLA-4 is involved in regulating cell cycle progression and cell proliferation (Greenwald et al., 2002). However, further studies are required to investigate the mechanism by which CTLA-4 senses DNA damage.
What is the clinical significance of CTLA-4–mediated apoptosis induced by DNA damage in T cells? Previous studies have shown that chemotherapy or radiotherapy elicits antitumor effects through the immune system, which might lead to increased immunotherapy activity and better outcomes. Immunotherapy combined with chemoradiotherapy may result in an enhanced curative effect on cancer (Goyal et al., 2015; Chicas-Sett et al., 2018; Paz-Ares et al., 2021). Our study suggested that T cells may maintain their immune capacity under high-stress conditions by inhibiting CTLA-4–mediated apoptosis, which helps us to understand that CTLA-4 inhibitors such as ipilimumab function not only as terminators of CTLA-4 immune checkpoint signaling but also as coordinators for maintaining the immune capacity of T cells, which is clinically important for patients with tumors who are receiving immunotherapy combined with conventional cancer therapies.
Of course, our study has some limitations. Most CTLA-4 molecules reside in the cytoplasmic vesicles, and only a fraction transiently resides on the T-cell surface. Consistent with our conclusion, PP2A is adsorbed onto the vesicle surface by CTLA-4. Colocalization of the recycling endosome marker Rab11, TGN marker STX6, and the PP2A protein in T cells with DNA damage should be examined using immunofluorescence analyses to test this hypothesis. Moreover, the extracellular segment of CTLA-4 binds to B7 ligands with high affinity. We did not determine whether this binding alters the interaction of the CTLA-4 cytoplasmic tail with PP2A in cells with DNA damage in our study. Eventually, the findings of this study must be validated in vivo.
In the present study, we determined that CTLA-4 plays an essential role in apoptosis induced by DNA damage. This finding will help to partially explain the reasons why immunotherapy-based strategies combined with chemotherapy and/or radiotherapy exhibit greater therapeutic efficacy.
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