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Abstract

:

Glioblastoma (GBM) is the most common primary brain cancer with the median age at diagnosis around 64 years, thus pointing to aging as an important risk factor. Indeed, aging, by increasing the senescence burden, is configured as a negative prognostic factor for GBM stage. Furthermore, several anti-GBM therapies exist, such as temozolomide (TMZ) and etoposide (ETP), that unfortunately trigger senescence and the secretion of proinflammatory senescence-associated secretory phenotype (SASP) factors that are responsible for the improper burst of (i) tumorigenesis, (ii) cancer metastasis, (iii) immunosuppression, and (iv) tissue dysfunction. Thus, adjuvant therapies that limit senescence are urgently needed. The longevity-associated variant (LAV) of the bactericidal/permeability-increasing fold-containing family B member 4 (BPIFB4) gene previously demonstrated a modulatory activity in restoring age-related immune dysfunction and in balancing the low-grade inflammatory status of elderly people. Based on the above findings, we tested LAV-BPIFB4 senotherapeutic effects on senescent glioblastoma U87-MG cells and on T cells from GBM patients. We interrogated SA-β-gal and HLA-E senescence markers, SASP factors, and proliferation and apoptosis assays. The results highlighted a LAV-BPIFB4 remodeling of the senescent phenotype of GBM cells, enhancement of their sensitivity to temozolomide and a selective reduction of the T cells’ senescence from GBM patients. Overall, these findings candidate LAV-BPIFB4 as an adjuvant therapy for GBM.
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1. Introduction


Glioblastoma (named multiforme for its heterogeneity; GBM) is currently recognized as the most aggressive malignant primary brain tumor [1].



Surgical resection followed by radiotherapy in combination with cycles of temozolomide (TMZ)-based therapy represent the standard-of-care treatments for GBM patients [2]. Presumably due to the complex heterogeneity of the GBM landscape, this canonical treatment approach dramatically fails since the recurrence rate is more than 90% [3]. In addition, emerging immunotherapeutic strategy (i.e., immune checkpoint blockers) seems to lack a durable response with no recurrence in GBM patients [4]. At the same time, in combination with etoposide (ETP), a topoisomerase II inhibitor, no relevant effect on postresection residual disease was documented [5,6]. Looking for the major determinants of the failure in anticancer drug response, senescence outcome has a critical role.



Senescence is thought to be a major barrier to tumor formation, as it limits the replicative potential of many tumors including melanoma [7], hepatocellular carcinoma [8], and medulloblastoma [9].



On the other hand, recent studies show that senescence is involved in oncogenesis and cancer aggressiveness, as senescent tumor cells can serve as a reservoir of secreted factors with mitogenic, antiapoptotic, and angiogenic activities [10]. Senescent tumor cells recruit CCR2-positive myeloid cells, enhancing hepatocellular carcinoma growth and worsening the prognosis of patients with hepatocellular carcinoma through NK cell inhibition [11]. Further, senescence of HER-2-positive breast cancer cells can promote cancer progression [12]. It has also been reported that cisplatin, by inducing senescent melanoma cells, improves the growth of non-senescent melanoma cell compartment [13]. Furthermore, therapy-triggered senescence may induce cancer stem-like cells [14] responsible for chemoresistance due to the senescence intrinsic activity of cellular reprogramming [15].



In glioblastoma, the above scenario (i.e., cellular senescence) has been reported in response to the combination of TMZ with radiotherapy, which is administered after surgery in GBM patients [16]. The senescence outcome avoids the proliferative capacity of cancer cells in a p53-dependent manner and by inducing CHK1/CDC25c-dependent G2/M arrest [16]. Similarly, ETP, by inducing DNA damage, interferes with DNA repair processes, thus triggering both apoptosis and stress-induced senescence [17]. Despite the promising therapeutic effect of temozolomide or etoposide, physiologically cancer senescent cells remain metabolically active, and this brings attention to the potential side effects of cancer cell senescence. Regarding this, cancer senescent cells, characterized by increased SA-β-gal activity [18], formation of senescence-associated heterochromatin foci [19], and induction of senescence-associated DNA damage [20], show a spectrum of pro-inflammatory chemokines and cytokines (referred to as senescence-associated secretory phenotype, SASP; [21]). The combination of these changes promotes tumor growth and evasion from therapy-induced senescence due to the fact of both autocrine and paracrine effects. These lead to proliferation, apoptosis resistance, and angiogenesis generating a self-sustained deleterious pro-inflammatory and immunosuppressive microenvironment (such as matrix metalloproteinases, IL-1, IL-6, IL-8, and TGF-β) [22]. Based on these premises, glioblastoma becomes profoundly resistant to temozolomide, inducing DNA repair mechanisms [23], activation of the multidrug resistance (MDR) system [24], proliferation of glioblastoma stem cells [25], and evasion from the immune surveillance. The immunosuppressive microenvironment of GBM inhibits T-cell proliferation and activation, downregulates MHC expression in microglia cells affecting their antigen-presenting ability, hyper stimulates the activity of Treg cells, and causes anergy (i.e., perpetually inactivation), exhaustion (i.e., hyporesponsive state), or senescence in infiltrating T cells [26,27].



Notably, age is a negative prognostic factor for GBM stage, and, with age, senescence steadily increases. As a consequence, senescence is reported as a shared hallmark of cancer and aging. Indeed, if on the one hand senescence is a mechanism protecting cells from tumorigenic transformation, on the other hand, it is also true that senescence marks the aging of the organism that becomes more inclined to cancer development [28].



As statistics have demonstrated, GBM patients are mainly elderly people given the median age of diagnosis of 64 years and an average survival time of approximately 15 months post-diagnosis [29,30]. Of note, the less efficient immune system in elderly (referred to as immunesenescence, [31]) may be another key factor in developing glioblastoma with worse prognosis.



The longevity-associated variant encoded by a four-SNP haplotype of BPIFB4 (i.e., bactericidal/permeability-increasing fold-containing family B member 4) gene was previously found to be able to enhance health/longevity and cellular homeostasis both in several (in vitro and murine) models of human diseases (COVID-19, Huntington’s disease, heart failure, atherosclerosis, diabetic complications, frailty, etc.) and in frail people [32,33,34,35,36]. High levels of the secreted BPIFB4 protein are found in serum of long-living individuals (LLIs) classifying their healthy status [37]. In these contexts, LAV-BPIFB4 demonstrates a regulatory role in the immune system’s remodeling/adaptation and the recovery of the inflammatory balance mirroring what occurs in LLIs. LAV-BPIFB4 regulates the macrophages pro-resolving M2-like polarization state (both in microglia and atherosclerotic plaque) and improves the inflammatory balance (i.e., reduces IL-1β and TNF-α levels and increases IL-33 levels in atherosclerotic process but also increases IL-1β and IL-18 levels to contrast SARS-CoV-2 infection) [38]. Definitively, LAV-BPIFB4 exerts a balancing action to finely tune the age-induced immunological dysfunction [39]. Whether LAV-BPIFB4 influences senescence burden in the cancer microenvironment and immune escaping of GBM is completely unknown. Thus, since LLIs are protected from age-related pathologies, their genetic risk factors for healthy longevity might be helpful for developing therapeutic approaches. On these bases, we firstly indagated the role of LAV-BPIFB4 in shaping the senescence phenotype and microenvironment in an in vitro model of glioblastoma (i.e., U87-MG cells). Subsequently, we evaluated a putative effect of LAV-BPIFB4 in lessening the senescent status of innate and adaptive immune cells from low- and high-grade GBM patients.




2. Methods


2.1. Cell Culture and Treatment


The human glioma cell line, U87-MG, was obtained from CLS Cell Lines Service GmbH (Eppelheim, Germany). Small pieces of brain tissue containing tumor were collected at the time of craniotomy for tumor resection at the Neurosurgery Service of “Santa Maria della Misericordia” Medical Hospital (Udine, Italy) and handled for further analysis. The tumors were diagnosed as glioma, GBM low grade (WHO grade II, n = 6) or glioblastoma multiforme, GBM high grade (WHO grade IV, n = 7). Peripheral blood mononuclear cells (PBMCs) from GBM patients or healthy controls were harvested from whole blood collected in hospital. All GBM samples were collected in accordance with the ethical standards of the Institutional Committee of “Santa Maria della Misericordia” Medical Hospital (Udine, Italy), protocol No. 196/2014/Em, 18 November 2014. The patients were informed about the use of their biological material for research purposes. The U87-MG cells were cultured in EMEM (Gibco®, Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% heat-inactivated FBS (Gibco®, Thermo Fisher Scientific, Waltham, MA, USA), 1% L-glutamine (Aurogene, Rome, Italy), 1% antibiotic mixture (Aurogene, Rome, Italy), 1% sodium pyruvate (Aurogene, Rome, Italy), and 1% non-essential amino acids (MEM NEAA, Gibco®, Thermo Fisher Scientific, Waltham, MA, USA). All cell cultures were maintained at 37 °C in a humidified 5% CO2 atmosphere. The U87-MG cell line was treated with temozolomide (Sigma–Aldrich, Darmstadt, Germany) at 100 μM for 96 h in the presence or absence of recombinant LAV-BPIFB4 protein at 18 ng/mL. Additionally, in order to evaluate the effect of LAV-BPIFB4 on temozolomide-induced senescence and apoptosis, U87-MG cells were pre-treated with temozolomide (100 μM) for 24 h, the medium was discarded, and fresh medium was added for an additional 5 days in the presence or absence of LAV-BPIFB4 (18 ng/mL) for the last 48 h. Similarly, U87-MG cells were also treated with etoposide (6 μM) for 24 h. After 24 h, the medium was discarded, and fresh medium was added for an additional 5 days in the presence or absence of LAV-BPIFB4 (18 ng/mL) for the last 48 h.



The PBMCs were extracted from whole blood by Ficoll density gradient (Histopaque®-1077, Sigma–Aldrich, Darmstadt, Germany). After separation, the PBMCs were washed and collected in RPMI-free (Gibco®, Thermo Fisher Scientific, Waltham, MA, USA) or RPMI (Gibco®, Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% (v/v) fetal serum bovine (FBS, Gibco®, Thermo Fisher Scientific, Waltham, MA, USA), 1% (v/v) penicillin–streptomycin (Aurogene, Rome, Italy), 1% (v/v) MEM non-essential amino acids (MEM NEAA, Gibco®, Thermo Fisher Scientific, Waltham, MA, USA), and 1% (v/v) sodium pyruvate (Aurogene, Rome, Italy) for the subsequent experiments. PBMCs were also treated with recombinant LAV-BPIFB4 (18 ng/mL) for 48 h to perform further FACS analysis.




2.2. Senescence Induction and Detection


Glioblastoma cells (U87-MG) were treated with etoposide (6 μM) to induce senescence. After 24 h from treatment, the medium containing etoposide was removed, fresh medium was added, and the cells were incubated at 37°C for another 5 days without further changes of medium culture. A cellular senescence detection kit, SPiDER-ßGal (Dojindo Laboratories, Rockville, MD, USA), was used following the producer’s protocol for FACS analysis to verify the senescence in the cells.




2.3. Cytofluorimetric Analysis


PBMCs from GBM patients and healthy controls were stained with mAb against human CD3 FITC (Miltenyi Biotec, Bergisch Gladbach, Germany), CD56 PerCP-Cy5.5 (BioLegend, San Diego, CA, USA), NKp44 APC (Miltenyi Biotec, Bergisch Gladbach, Germany), CD11b APC (BioLegend, San Diego, CA, USA), CD14 PerCP Cy5.5 (BioLegend, San Diego, CA, USA), and CD206 (BioLegend, San Diego, CA, USA), CD163 APC (Miltenyi Biotec). The U87-MG cells were stained with mAb against human MDR PerCP Cy5.5 (BioLegend, San Diego, CA, USA). After 30 min incubation at 4 °C in the dark, cells were washed, centrifuged, and resuspended in staining buffer for the FACS analysis. For each test, cells were analyzed using a FACSVerse flow cytometer (BD Biosciences, Swindon, UK). The U87-MG cells (treated as mentioned above), healthy controls, and patients’ PBMCs were also stained for Sa-β-galactosidase and incubated for 15 min at 37 °C in the dark without washing before FACS analysis.




2.4. Cytokine Detection


IL-8, IL-6, IL-1β, and MCP-1 levels in the conditioned media of senescent U87-MG cells and IL-1α, IL-6, IL-8, and IL-10 levels in the conditioned media of healthy controls and patients’ PBMCs were determined using a beads-based multiplex ELISA (LEGENDplexTM, BioLegend, San Diego, CA, USA). Medium was incubated for 2 h with the beads and for 1 h with the detection antibodies, followed by 30 min incubation with SA-PE. After washing, the beads were resuspended in washing buffer and acquired using a FACSVerse flow cytometer (BD Biosciences, Swindon, UK). Data were analyzed with the LEGENDplex Data Analysis Software.




2.5. Proliferation Assay


U87-MG cell proliferation was evaluated by measuring BrdU incorporation into DNA (BrdU colorimetric assay kit; Roche Applied Science, South San Francisco, CA, USA) following treatment with temozolomide (100 μM) combined with increasing doses of LAV-BPIFB4 (0–144 ng/mL) for 96 h or following treatment with LAV-BPIFB4 at 18 ng/mL without temozolomide. Newly synthesized BrdU-DNA was determined on an ELISA plate reader (Thermo Scientific, Waltham, MA, USA) at 450 nm. All experiments were performed in triplicate, and the relative cell growth was expressed as a percentage of the untreated control cells (set to 100%) to allow for an unwanted source of variation.




2.6. Cytotoxicity Assay


The Cell Counting Kit-8 (CCK-8 Cat. CK04, Dojindo Laboratories, Rockville, MD, USA) assay was performed on U87-MG cells after treatment with LAV-BPIFB4 (18 ng/mL) for 48–72–96 h. CCK-8 solution (10 μL) was added to the U87-MG cell suspension incubated for 1–4 h in a humidified incubator. Absorbance was detected at a wavelength of 450 nm.




2.7. Apoptosis Assay


Annexin V FITC Apoptosis Detection Kit (Cat. AD10, Dojindo Laboratories, Rockville, MD, USA) was employed to evaluate U87-MG cell apoptosis after treatment with temozolomide (100 μM) in the presence or absence of LAV-BPIFB4 (18 ng/mL). Then, 2.5 μL of Annexin V FITC Conjugate and 2.5 μL of propidium Iodide PE Solution were added to 50 μL of the cell suspension (50,000 cells/mL). After incubation for 15 min at room temperature with light protection, 200 μL of Annexin V Binding Solution was added for FACS analysis.




2.8. Western Blotting


The U87-MG cells were washed with PBS (Gibco®, Thermo Fisher Scientific, Waltham, MA, USA), harvested, and lysed in ice-cold RIPA lysis buffer (50 mM Tris-HCl; 150 mM NaCl; 0.5% Triton X-100; 0.5% deoxycholic acid; 10 mg/mL leupeptin: 2 mM phenylmethylsulphonyl fluoride; 10 mg/mL aprotinin, phosphatase inhibitor, and protease inhibitor). After centrifugation (13,000 rpm for 20 min at 4 °C) to remove cell debris, proteins were quantified. Approximately 25 μg of proteins were separated on 10% SDS-PAGE at 90 V for 1 h and at 120 V for 1 h and then transferred to a nitrocellulose membrane. After blocking with 5% nonfat dried milk powder (PanReac AppliChem, Darmstadt, Germany) in Tris-buffered saline containing 0.1% Tween-20 (TBST) for 1 h at room temperature, the membranes were incubated overnight with the following primary antibodies Abs: Ab anti-p16 (BioLegend #675602, mouse mAb 1:1000, San Diego, CA, USA), Ab anti-p21 (Santa Cruz Sc6246, mouse mAb 1:1000, Santa Cruz, CA, USA) Ab anti-β-actin (Abcam #49900, mouse mAb 1: 50,000, Cambridge, UK). Immunodetection of specific proteins was carried out with horseradish peroxidase-conjugated donkey anti-mouse IgG (Bio-Rad, California, USA), using the enhanced chemiluminescence (ECL) system (Thermo Fisher Scientific, Waltham, USA) according to the manufacturer’s instructions and then exposed to X-ray films (Thermo Fisher Scientific, Waltham, USA). Western blot data were analyzed using Photoshop software to determine the optical density (OD) of the bands. The OD readings of phosphorylated proteins were expressed as a ratio relative to the total protein and β-actin.




2.9. Statistical Analysis


Statistical analysis was performed for all of the experiments using GraphPad Prism 6.0 software for Windows (GraphPad software, San Diego, CA, USA). For each type of assay or phenotypic analysis, data obtained from multiple experiments were calculated as the mean ± SD and analyzed for statistical significance using ANOVA followed by Tukey’s correction for multiple comparisons.





3. Results


3.1. Recombinant Human LAV-BPIFB4 Influenced GBM Cell Senescence Rate


The ability of LAV-BPIFB4 to enhance health/longevity and cellular homeostasis led us to investigate its putative senotherapeutic action in GBM, a neoplasm of older adults in which senescence, the main driver of aging, also supports cancer progression and recurrence after surgery. To this end, we chose to analyze the phenotype of the senescent U87-MG glioma cell line in vitro in the presence or absence of recombinant human LAV-BPIFB4 (18 ng/mL). Further, according to the literature, we started to use a low dose (6 μM) of etoposide (ETP) to induce DNA damage as a conventional genotoxic stress, leading to cellular senescence [40].



As expected, when we exposed U87-MG to ETP for 5 days, we found that the chemotherapeutic agent significantly increased the rate of U87-MG senescence-associated β-galactosidase (SA-β-gal)-positive cells, a surrogate marker of senescence, as detected by flow cytometry analysis (Figure 1A). Of note, when U87-MG cells were treated with recombinant LAV-BPIFB4 during the last 48 h after ETP exposure, SA-β-gal-positive cell populations significantly decreased (Figure 1B). Further, as rhLAV-BPIFB4 neither affected the proliferative index nor the survival of the parental non-senescent U87-MG cells (Supplementary Materials Figure S1A–C), we can exclude LAV-BPIFB4 toxicity as a potential cause of the less accumulation of SA-β-gal in senescent cells.



The reduction of the senescence burden well correlated with the downregulation of HLA-E expression, which is commonly associated to the persistence of the senescent state (Figure 1C) [41]. Taken together, these first results indicate that LAV-BPIFB4 treatment might be able to blunt, in a specific manner, the senescence degree in GBM cells.




3.2. Recombinant Human LAV-BPIFB4 Decreased SASP in ETP-Treated Senescent GBM Cells


As senescent cells may express the senescence-associated secretory phenotype (SASP) to induce and maintain the senescence phenotype in normal surrounding cells to properly burst tumor progression, we moved to test the senotherapeutic effect of LAV-BPIFB4 on the secretion of main SASP factors which included cytokines (IL-6, IL-8 and IL-1β) and other factors such as monocyte chemotactic protein 1 (MCP1). To this end we examined the protein levels of SASP in senescent GBM cells and in non-senescent counterpart for comparison by using multiplex ELISA. The results showed that the MCP1, IL-1β, IL-6, and IL-8 levels increased in ETP-treated U87-MG cells compared to non-senescent counterpart. The co-treatment with LAV-BPIFB4 for the last 48 h decreased all SASP factors by reaching statistical significance for IL-6 and IL-8 levels (Figure 2). No effects were reported for LAV-BPIFB4 on basal cyto-chemokine secretion from non-senescent cells (Figure 2). Collectively, these results suggest that LAV-BPIFB4 mitigates SASP induction triggered by ETP in GBM cells.




3.3. Recombinant Human LAV-BPIFB4 Sensitized U87-MG Cells to TMZ Treatment


Recent evidence suggests that tumor cells acquiring the ability to senesce become more resistant to long-term treatment with chemotherapeutic agents. Because a way to resist chemotherapy is through multi-drug-resistant P-glycoprotein (Pgp) upregulation, which acts both as a drug efflux pump and as an inhibitor of apoptosis [42], we speculated that ETP-treated U87-MG cells may show high surface levels of MDR after the acquisition of drug-induced senescence phenotype.



To test our hypothesis, we performed FACS analysis of MDR protein levels on the surface of U87-MG parental and ETP-exposed senescent cells (Figure 3A). As expected, the results showed that ETP-treated senescent U87-MG cells did express higher level of MDR compared to parental U87-MG cells (Figure 3A,B). Of interest, the co-treatment of ETP-treated senescent U87-MG cells with LAV-BPIFB4 significantly reduced the percentage of MDR positive cells (Figure 3A,B). This opens the way for an emergent approach to enhance the activity of current and prospective anti-cancer therapeutics by reducing the senescence burden.



As we herein showed that LAV-BPIFB4 blunts the degree of the senescence of cancer cells, we speculated that LAV-BPIFB4-treated U87-MG cells may also show high sensitivity to TMZ, the first-choice chemotherapeutic agent in GBM. To test our idea, first we proved the ability of LAV-BPIFB4 to interfere with the TMZ-induced senescence. Indeed, when we exposed U87-MG to TMZ for 24 h and 5 additional days resting, we found a slight increase in senescence-associated β-galactosidase (SA-β-gal) positive cells (Figure 3C, histograms) characterized by a higher level of p21 and p16 senescence-related markers (Figure 3C, WB analysis). Of note, when U87-MG cells were exposed to LAV-BPIFB4 during the last 48 h after TMZ treatment, the population of SA-β-gal-positive cells decreased. Likewise, LAV-BPIFB4 treatment induced a significative reduction of the cell cycle regulator p16 and p21, known to be essential for maintenance of the senescent cell cycle arrest [43]. As expected, the senotherapeutic effect of the LAV-BPIFB4 was also supported by the reduced HLA-E expression (Figure 3E,F) [41].



Thus, we moved to analyze the effects of combinations of TMZ and LAV-BPIFB4 in U87-MG cells in a proliferation assay. For TMZ, the fixed concentration of 100 μM was chosen. At this concentration (100 μM), the percentage of proliferating cells after 96 h was about 58 ± 3.1%. Interestingly, the co-treatment with lower doses of LAV-BPIFB4 (from 36 to 45 ng/mL) was more effective than TMZ alone in reducing proliferation of glioma cells (Figure 3D).



Together, these findings provide new insights on the potential role of LAV-BPIFB4 in inhibiting the effects of resistance to therapy. From a mechanistic point of view, LAV-BPIFB4 by reducing senescence (Figure 3C–F) might restore the ability of U87-MG cells to reenter the cell cycle with the consequent strengthening of TMZ-induced toxicity. This was suggested by the significant enhancement of apoptosis (both at early and late events) when TMZ-treated U87-MG cells were also exposed to LAV-BPIFB4 compared to TMZ-treated cells in which senescence and TMZ-resistance was shown (Figure 3G,H).




3.4. LAV-BPIFB4 Reversed the Senescent Phenotype of T cells from GBM Patients


The SASP has both paracrine and autocrine effects in maintaining senescence and spreading senescence to neighboring cells. The immune cells can sense the low-grade inflammatory background of the SASP by becoming aberrantly senescent themselves (immunosenescence). This impairment of the immune system results in compromised immune surveillance that is vital for tumor progression and metastasis.



To examine whether the LAV-BPIFB4 was also effective in reducing immunosenescence, we took advantage of the analysis of primary PBMCs isolated from GBM cancer patients including low-grade II–III (N = 6), and high-grade (N = 7) patients.



Through FACS analysis, SA-β-gal substrate was used to identify both senescent CD3+ T cells and CD56+CD3− NK cells in freshly isolated PBMCs. As a control, healthy donors (N = 7) were also analyzed. As depicted in Figure 4A, we monitored an increase in SA-beta Gal activity in peripheral CD3+ T cells of high-grade patients. Concerning the percentage of senescent NK cells, a statistical increase was found only when we compared high-grade vs. low-grade patients, suggesting its relationship with the pathology severity. Notably, the 48 h in vitro treatment of patients’ PBMCs with rhLAV-BPIFB4 resulted in a significant decrease in the senescent pool of peripheral T lymphocytes compared to untreated patients’ PBMCs (Figure 4B).



Of note, concerning the NK cell compartment, LAV-BPIFB4 was able to rescue the expression of the natural cytotoxicity receptor (NCR) NKp44 upon co-stimulation with interleukin (IL)-2. Indeed, in our cohort, the surface levels of NKp44, the only “inducible” receptor instrumental to immunosurveillance, were found downregulated in high-grade patients (2.01% ± 0.4 of positive NK cells) compared to healthy donors (3.66 ± 0.3% of positive NK cells) and low-grade patients (4.02 ± 1.2% of positive NK cells) (Supplementary Materials Figure S2). Notably, the percentage of NKp44+ NK cells from high-grade patients reached 3.89 ± 0.2% after LAV-BPIFB4 treatment (Supplementary Materials Figure S2).



Further, PBMC from high-grade GBM patients secreted higher levels of the SASP factors (i.e., IL-1α, IL-6, IL-8, and IL-10) than healthy and low-grade GBM patients (Figure 4C–F). As expected, LAV-BPIFB4 selectively suppressed the cytokine release from high-grade PBMC, indicative of a complete reversal of their cellular senescence phenotype (Figure 4C–F).



Contrary to the lymphoid compartment (Figure 4), CD11b+ cells, mainly monocytes, neutrophils, granulocytes, and macrophages, displayed a higher SA-β-gal activity in healthy PBMCs compared to high-grade and low-grade GBM patients (Supplementary Materials Figure S3A). This is probably because for immune cells with an intense lysosomal activity, SA-β-gal+ is not always indicative of senescence but marks cells with a normal cellular function compromised in cancer patients [44].



Then we asked if GBM immunosenescence may reflect an imbalance in the peripheral monocyte subsets. In PBMC from both healthy and high-grade and low-grade GBM patients, a higher frequency of inflammatory CD14+CD206+ M1-like monocytes was found compared to suppressive CD14+CD163+ M2-like monocytes (Supplementary Materials Figure S3C). Once again, no significant changes of monocyte phenotype were reported following LAV-BPIFB4 treatment (Supplementary Materials Figure S3D,E), suggesting its peculiar senotherapeutic activity on T-cell immunesenescence in cancer patients.



In conclusion, the ability of LAV-BPIFB4 to enhance health/longevity and cellular homeostasis might be useful in the future to control the senescence process occurring in the cancer microenvironment.





4. Conclusions and Perspectives


In the current study we found that LAV-BPIFB4, the recombinant product of the longevity-associated variant encoded by a four-SNP haplotype of the BPIFB4 gene, was associated to healthy aging and cellular homeostasis in several in vitro and in vivo contexts. It can reduce the senescence rate in both cultured U87-MG cell line and in the primary GBM patient-derived PBMCs. The senotherapeutic action of LAV-BPIFB4 was recently reported in aged-mice with the AAV-LAV-BPIFB4 gene transfer able to reduce the pool of peripheral immunosenescent cells in a CD38-NADase-dependent manner [45]. Previously, we also highlighted the importance of BPIFB4 levels to classify the health status of LLIs (by discriminating frail individuals vs. non-frail ones) [37]. In addition, by transferring healthy characteristics of longevity, LAV-BPIFB4 gene therapy was found to be effective in halting the progression of age-related conditions such as diabetic cardiomyopathy and atherosclerosis [34,35]. Finally, the LAV-BPIFB4 haplotype correlated with reduced frailty in a cohort of 237 elderly subjects and AAV-LAV transfer reduced frailty progression in old mice [36].



Here, we disclosed a new anti-senescence effect of LAV-BPIFB4 useful for GBM tumor control. Indeed, LAV-BPIFB4 treatment downregulates senescence both in cancer cells in vitro and in T lymphocytes from GBM patients, a key event which may support a dual activity of LAV-BPIFB4 in the cancer microenvironment. We demonstrated that LAV-BPIFB4 can specifically counterbalance the therapy-induced senescence (Figure 1 and Figure 3), a state which is responsible for a chronic secretory phenotype that is generally considered pro-tumorigenic and promigratory, especially in GBM residual disease [46].



We reported that LAV-BPIFB4 treatment reduces selectively IL-6 and IL-8 (Figure 2), from U87-MG cells, two cytokines known to maintain glioma stemness and create a supportive niche for GBM recurrence [47]. Consequently, LAV-BPIFB4 downregulated the surface expression of the non-classical MHC molecule HLA-E on the senescent U87-MG cells (Figure 1C and Figure 3E), recently reported to be induced by SASP-related pro-inflammatory cytokines reducing GBM immunogenicity [41]. In a putative treatment in vivo, this effect along with the NKp44 upregulation on the peripheral NK cells (Supplementary Materials Figure S2), might be responsible for the proper elimination of the senescent cells thus potentiating the immune response against the tumor. As a supposed mechanism, LAV-BPIFB4 may act at transcriptional level, as the regulation of the NKp44 gene contains many binding sites for the transcription factors AP-1, Oct-1, HNF-4, and Pax-4 [48], common clock-controlled genes in mammals [49]. Among the plethora of the immunosuppressive mechanisms, T-cell senescence and exhaustion in response to persistent cancer cell stimulation represent another major driver of dysfunctional immune responses of the GBM and of many other cancers [27,50]. The occurrence of this event is accentuated in elderly patients having a higher number of senescent T cells and thymic shrinkage; this might explain why the LAV haplotype in the BPIFB4 gene, selected by evolutionary forces [38] and able to counteract the age-related decline, was also effective in reversing the T-cell senescence in PBMCs from GBM patients (Figure 4). No changes in peripheral monocytes’ phenotype were reported in our experimental setting (Supplementary Materials Figure S3). From our perspective, the analysis of the mono-macrophage tumor infiltrating cells, which have been described to be more impaired than the peripheral counterpart [50], will be a more suitable cell model to test the polarizing effect of LAV-BPIFB4.



As regards the cancer cell compartment, we tested the LAV-BPIFB4 effect against the senescence response upon both ETP or TMZ treatment (Figure 1 and Figure 3, respectively). In our opinion, the downregulation of MDR level by LAV-BPIFB4 on the surface of ETP-treated senescent cells (Figure 3A) may be a general mechanism valid also for explaining the better response to TMZ (Figure 3C–F). Indeed, the inhibition and control of the MDR complex have been widely found in correlating with an enhanced GBM sensitivity to temozolomide [24,51]. Furthermore, in TMZ-exposed glioma cells, the pre-treatment with LAV-BPIFB4, by reducing senescence (Figure 3C–F) and probably by restoring the ability of these cells to reenter the cell cycle (as preliminarily documented in Hek-293 transfected with LAV-BPIFB4 isoforms, unpublished data) may cause the TMZ-induced toxicity, as suggested by the higher apoptotic rate induced by LAV-BPIFB4 co-treatment (Figure 3G,H). In this context, Granada A. et al. recently reported the unexpected effect of proliferation status in regulating responses to cisplatin and suggest that slowly proliferating cells within tumors, like those reentering the cell cycle, may be acutely vulnerable to chemotherapy [52]. In the same way, the response to neoadjuvant chemotherapy has been strongly associated with proliferation of ER+/HER2− breast cancers [53].



Furthermore, the capability of LAV-BPIFB4 to delay aging may be an adjunct value to its putative anti-GBM action. Indeed, age is a negative prognostic factor for GBM stage, due to the fact of senescence increase, which causes the enhancement of the tumor-supportive senescence state in brain parenchyma. Further we must consider that the systemic administration of cancer-therapy often generates a pool of senescent cells also in non-malignant areas, which may cause the early onset and progression of chronic diseases such as cardiovascular, fibrotic, and neurodegenerative diseases, and which are normally observed at an advanced age [54,55]. Thus, new strategies based on LAV-BPIFB4 administration may be useful to limit the detrimental effects of therapy-induced senescent cells by rescuing tissue impairment in cancer patients.



Another goal of the cancer therapy is to consider several personal factors before selecting a cancer treatment. This helps predict an individual’s response to therapy and find the most effective treatment. Compared to WT, homozygous LAV carriers have higher circulating BPIFB4 levels and a better response to counteract age-induced impairment. These led us to speculate that cancer subjects carrying the LAV-BPIFB4 genotype might display reduced chemotherapy resistance and lower adverse reactions to cancer treatment as well as a favorable immune profile. If the overall hypothesis is correct, BPIFB4 polymorphism may be characterized as an independent prognostic factor of response to cancer treatment.



In summary, even though the related mechanisms of such effects need to be deeply dissected, in the future, treatment with LAV-BPIFB4 as well as other senotherapeutics, might be a valuable strategy to restore therapy-sensitivity and a proper immune surveillance.
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Figure 1. Senescence analysis in the U87-MG glioblastoma cell line. Cytofluorometric analysis of Spider-β galactosidase (spider-βGal), common senescence marker, in the U87-MG glioma cell line after 24 h of treatment with etoposide (6 μM) and 5 days resting in the presence or absence of 18 ng/mL of rhLAV-BPIFB4 for the last 48 h. The treatment with etoposide induced senescence as shown in (A) (middle graph); after the treatment with 18 ng/mL of rhLAV-BPIFB4 the spider-βGal values decreased (right graph in (A)). (B) Bar graph reporting the mean percentage values ± SD of β galactosidase viable cells from 3 independent experiments. (C) Cytofluorimetric analysis of the HLA-E expression on U87-MG cells’ surfaces in the control and in ETP-treated cells with or without rhLAV-BPIFB4 for the 5 days resting as indicated in Section 2. The bar graphs report the mean ± SD of the percentage of positive cells in the different conditions. Statistical analysis by two-way ANOVA with Tukey’s test for multiple comparison was conducted. (** p < 0.001, *** p < 0.0001, **** p < 0.00001). 
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Figure 2. Cytokine analysis of Senescent U87-MG glioblastoma cell line. Secretory profile of U87-MG glioma cell line after 24 h treatment with etoposide (6 μM) and 5 days resting in the presence or absence of 18 ng/mL of rhLAV-BPIFB4 for the last 48 h as detected by multiplex ELISA of the cell medium. The etoposide induced the secretion of some SASP factors: IL-1β, MCP1, IL-6, and IL-8; the 48 h treatment with rhLAV-BPIFB4 modulated this secretory phenotype. Statistical analysis by two-way ANOVA with Tukey’s test for multiple comparison was conducted. (**** p < 0.0001). 
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Figure 3. Drug sensibilization in senescent U87-MG glioblastoma cell line. (A) Representative FACS dot plots showing the percentages of multidrug resistance protein (MDR)-positive U87-MG cells in different conditions as indicated. After inducing senescence with etoposide, the percentage of MDR-positive cells rose to 6.36%, and the 48 h treatment with rhLAV-BPIFB4 reduced this value to 0.72%. (B) Bar graph reporting the mean percentage values ± SD of MDR+ viable cells from 3 independent experiments. (C) Cytofluorometric analysis of Spider-β galactosidase in the U87-MG glioma cell line after 24 h treatment with TMZ (100 μM) and 5 days resting in the absence or presence with rhLAV-BPIFB4 for the last 48 h. The right panel reports the Western blot analysis of p16 and p21 senescence-related proteins in the same experimental condition. β-Actin was used as a control for quantitation of the sample protein. (D) BrdU proliferation assay on the U87-MG cell line after treatment with temozolomide (96 h, 100 μM). The LAV-BPIFB4 co-treatment induced a higher sensibilization to the drug in a dose–response manner. (E) Cytofluorimetric analysis of the HLA-E expression. The panel on left side shows a representative, of three independent experiments, histogram profile of HLA-E staining on U87-MG cells’ surface in the control and TMZ-treated cells with or without rhLAV-BPIFB4 for the last 48 h of the 5 days resting. (F) The right panel is a bar graph of percentage positive cells. The results are representative of 3 independent experiments expressed as the mean ± SD. (G,H) Induction of apoptosis measured by Annexin V and propidium iodide (PI) double-staining through flow cytometry in the U87-MG glioma cell line after 24 h of treatment with TMZ (100 μM) and 5 days resting in the absence or presence of rhLAV-BPIFB4 for the last 48 h. The left panel is a representative density plot of cytofluorometric analysis. Histograms on the right indicate total percentage of early (Annexin V-positive cells/PI-negative cells) and late apoptotic events (Annexin V/PI-double positive cells) as well as necrotic cells (Annexin V-negative cells/PI-positive cells). The results are representative of 3 independent experiments performed in duplicate and expressed as mean ± SD. Statistical analysis by two-way ANOVA with Tukey’s test for multiple comparison was conducted (* p < 0.01, ** p <0.001, *** p <0.0001, **** p < 0.00001). 






Figure 3. Drug sensibilization in senescent U87-MG glioblastoma cell line. (A) Representative FACS dot plots showing the percentages of multidrug resistance protein (MDR)-positive U87-MG cells in different conditions as indicated. After inducing senescence with etoposide, the percentage of MDR-positive cells rose to 6.36%, and the 48 h treatment with rhLAV-BPIFB4 reduced this value to 0.72%. (B) Bar graph reporting the mean percentage values ± SD of MDR+ viable cells from 3 independent experiments. (C) Cytofluorometric analysis of Spider-β galactosidase in the U87-MG glioma cell line after 24 h treatment with TMZ (100 μM) and 5 days resting in the absence or presence with rhLAV-BPIFB4 for the last 48 h. The right panel reports the Western blot analysis of p16 and p21 senescence-related proteins in the same experimental condition. β-Actin was used as a control for quantitation of the sample protein. (D) BrdU proliferation assay on the U87-MG cell line after treatment with temozolomide (96 h, 100 μM). The LAV-BPIFB4 co-treatment induced a higher sensibilization to the drug in a dose–response manner. (E) Cytofluorimetric analysis of the HLA-E expression. The panel on left side shows a representative, of three independent experiments, histogram profile of HLA-E staining on U87-MG cells’ surface in the control and TMZ-treated cells with or without rhLAV-BPIFB4 for the last 48 h of the 5 days resting. (F) The right panel is a bar graph of percentage positive cells. The results are representative of 3 independent experiments expressed as the mean ± SD. (G,H) Induction of apoptosis measured by Annexin V and propidium iodide (PI) double-staining through flow cytometry in the U87-MG glioma cell line after 24 h of treatment with TMZ (100 μM) and 5 days resting in the absence or presence of rhLAV-BPIFB4 for the last 48 h. The left panel is a representative density plot of cytofluorometric analysis. Histograms on the right indicate total percentage of early (Annexin V-positive cells/PI-negative cells) and late apoptotic events (Annexin V/PI-double positive cells) as well as necrotic cells (Annexin V-negative cells/PI-positive cells). The results are representative of 3 independent experiments performed in duplicate and expressed as mean ± SD. Statistical analysis by two-way ANOVA with Tukey’s test for multiple comparison was conducted (* p < 0.01, ** p <0.001, *** p <0.0001, **** p < 0.00001).
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Figure 4. Immune senescence profile of PBMCs from GBM patients. (A) Results of the FACS analysis of Spider-β galactosidase in CD3+ T cells and CD3-CD56+ NK cells compartment among total PBMCs from GBM patients (low and high grade) and healthy control, for comparison. (B) Analysis of the effects of 48 h LAV-BPIFB4 treatment (18 ng/mL) on the percentage of Spider-βGal+ CD3+ T cells among total PBMCs from healthy donors, high- and low-grade GBM patients. High-grade GBM patients had more senescent CD3+ T cells then healthy or low-grade patients. The treatment with rhLAV-BPIFB4 could restore the profile of peripheral immune cells. Statistical analysis by two-way ANOVA with Tukey’s test for multiple comparison was conducted. (* p < 0.01, ** p < 0.001, *** p < 0.0001, **** p < 0.00001). (C–F) Secretory profile of PBMC from GBM patients (low and high grade) and healthy control after 48 h treatment with 18 ng/mL of rhLAV-BPIFB4 as detected by multiplex ELISA of the cell medium. Statistical analysis by two-way ANOVA with Tukey’s test for multiple comparison was conducted (* p < 0.01, ** p < 0.001, *** p < 0.0001, **** p < 0.00001). 
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