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Abstract

:

Growing evidence has demonstrated that biomimetic nanovesicles produced from specific cells show bioactive properties such as anti-tumor or anti-inflammatory activities. However, the properties of these nanovesicles are very diverse, depending on their cell sources. In this study, human tonsil-derived mesenchymal stem cells (TMSCs) were used in the production of functional biomimetic nanovesicles with anti-senescence. TMSCs were isolated from human tonsil tissue obtained by tonsillectomy. TMSC-derived nanovesicles (TMSC-NVs) were produced by serial extrusion using a mini-extruder. Western blotting and particle analysis were performed for characterization of TMSC-NVs. They were applied to both replicative and ultraviolet B-induced senescent human dermal fibroblasts in vitro. Following six days of treatment, analysis of the proliferation and senescence level of fibroblasts was performed using cell counting and senescence-associated β-galactosidase assay, respectively. Treatment with TMSC-NVs enhanced the cell proliferation and reduced the activity of senescence-associated β-galactosidase in both replicative and ultraviolet B-induced senescent cells. Treatment with TMSC-NVs resulted in increased expression of extracellular matrix and anti-oxidant genes. Treatment with TMSC-NVs resulted in reduced expression of vinculin in focal adhesion. These results show that TMSC-NVs have an effect on recovering from cellular senescence by oxidative stress and can be applied as useful materials for the development of skin rejuvenation.
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1. Introduction


Aging is characterized by time-dependent loss of function and regenerative properties of organisms. Factors related to skin aging cause damage to cells, delaying skin regeneration and cell proliferation, known as cellular senescence. Cellular senescence is characterized by an irreversible arrest of the cell cycle [1] and alteration of the focal adhesive cytoskeleton [2,3]. Cellular senescence in skin tissues is induced by various factors, such as oxidative stress [4,5], mitochondrial dysfunction [6,7], and ultraviolet irradiation [8,9]. For the past several decades, many researchers have been conducting research to overcome cellular senescence for skin regeneration.



Recently, to overcome cellular senescence, many studies have focused on the tissue regenerative potential of exosomes. Exosomes, which are known as nano-size biomimetic nanovesicles secreted across the plasma membrane from the originated cells by the endocytic pathway [10,11], contain several components, including miRNA, mRNA, and proteins [12,13,14]. In addition, exosomes have been studied for skin rejuvenation and anti-aging approaches. For example, Choi et al. demonstrated that exosomes derived from adipose-derived mesenchymal stem cells promote the proliferation and migration of human dermal fibroblasts (HDFs) [15]. Kim at el. demonstrated that the exosomes secreted from induced pluripotent stem cell-derived mesenchymal stem cells increase the proliferation of HDFs and HaCaT (immortalized human keratinocytes) [16]. Human umbilical cord blood stem cell-derived exosomes were studied for cutaneous wound healing via stimulation of the Wnt signaling pathway [17] and skin rejuvenation [18]. However, despite the potential of exosomes for therapeutic purposes, there are several hurdles, including low efficiency, long procedure time, and high technical expertise [19].



To overcome those hurdles, many researchers have focused on the direct production of exosome-mimetic nanovesicles from somatic cells [20,21,22,23]. These biomimetic nanovesicles can be directly isolated from the desired cells by sonication and/or extrusion and are reported to share similar characteristics with exosomes. Given the similar properties, cell-derived biomimetic nanovesicles could be utilized for drug delivery [24,25], tissue regeneration [26,27], and cancer targeting [28,29]. In particular, it was reported that nanovesicles derived from human tonsil-derived mesenchymal stem cells attenuate liver fibrosis and inflammation [30,31]. However, the anti-aging effects of nanovesicles derived from human tonsil-derived mesenchymal stem cells (TMSCs) have not yet been investigated.



In this study, we examined the question of whether the nanovesicles derived from human tonsil-derived mesenchymal stem cells (TMSC-NVs) have a promising potential to decrease cellular senescence and increase cell proliferation. Both intrinsic replicative senescence and extrinsic ultraviolet B (UV)-irradiated senescence were employed in an in vitro model. TMSC-NVs were applied to these senescence models for assessment of their anti-aging effect.




2. Materials and Methods


2.1. Isolation of Tonsil-Derived Mesenchymal Stem Cells


TMSCs were isolated from human tonsil tissue obtained by tonsillectomy. Human tonsil tissue was washed with phosphate-buffered saline (PBS) (Welgene, Seoul, South Korea) containing 2% antibiotics–antimycotics (Thermo Fisher Scientific, Waltham, MA, USA). Tissue was chopped and digested using 210 U/mL of collagenase type 1 (Gibco, New York, NY, USA) and 4 KU/mL of DNase 1 (Sigma, St. Louis, MO, USA) in Dulbecco’s modified Eagle’s medium (DMEM) in low glucose (Gibco, New York, NY, USA) at 37 °C for 1 h 30 min. The digested product was filtered through a 40 μm strainer and centrifuged at 1300 rpm for 3 min. The pellet was washed twice with fresh DMEM. Cells were cultured in DMEM containing 10% fetal bovine serum (Gibco, New York, NY, USA) and 1% antibiotics–antimycotics at 37 °C and 5% CO2 atmosphere. The media was changed every two days. Flow cytometry with anti-CD90, anti-CD105, and anti-CD73 antibodies (Biolegend, San Diego, CA, USA) was used for characterization of TMSCs.




2.2. Production of Nanovesicles Derived from TMSCs


For the manufacture of the TMSC-derived nanovesicles (TMSC-NVs), TMSCs at passages 2–4 were dissociated with TrypLE express solution (Gibco, New York, NY, USA) at 37 °C for 2 min. TMSCs were suspended with culture media and centrifuged at 1300 rpm for 3 min. The cell pellet was washed twice with PBS and cells were resuspended at a density of 1 × 106 cells/mL in PBS. Cells were sequentially passed through filter papers with pore sizes of 10, 5, and 0.4 um using a mini extruder (Avanti polar lipids, Alabaster, AL, USA) to produce cell-derived nanovesicles. The size and shape of TMSC-NVs were determined by dynamic light scattering (DLS) and transmission electron microscopy (TEM), respectively. The concentration of TMSC-NVs was measured using Micro BCA™ Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA) and the senescent cells were treated with 50 μg/mL of TMSC-NVs only once.




2.3. Western Blot


To determine the protein expression of the nanovesicles, cells and nanovesicles were harvested and lysed in RIPA buffer (Sigma, St. Louis, MO, USA). Lysates were centrifuged at 13,000 rpm for 20 min for removal of cellular debris. The amount of protein in the supernatant was measured using a Micro BCA™ Protein Assay Kit. An amount of 20 μg of total protein was loaded and separated on a 10% SDS-PAGE gel. After loading, separated protein was transferred onto a membrane, which was blocked with 5% BSA solution for 30 min. For immunoblotting, rabbit anti-CD9 (1:2000), anti-CD63 (1:2000), and anti-beta actin (1:5000) primary antibodies (Abcam, Cambridge, UK) were applied at 4 °C overnight. For chemiluminescence detection of proteins, HRP-conjugated goat anti-rabbit IgG (H + L) (1:5000) secondary antibody (Invitrogen, Carlsbad, CA, USA) was applied at room temperature for 2 h and Amersham™ ECL Select™ (Thermo Fisher Scientific, Waltham, MA, USA) was used for detection.




2.4. Cell Culture


HDFs were purchased from American Type Culture Collection (ATCC, Manassas, VA, USA). Cells were cultured in DMEM including 10% fetal bovine serum and 1% antibiotics–antimycotics at 37 °C and 5% CO2 atmosphere. The media was changed every two days. Intrinsic replicative senescent cells were produced by repeated passages. Cells with passage 3 and 15 were identified as ‘young’ and ‘old’ states, respectively. Extrinsic senescent cells were treated by UV irradiation with 200 mJ/cm2 of UV.




2.5. Senescence-Associated β-Galactosidase Assay (SA-β-Galactosidase Assay)


As described by Kurz et al., [32], senescence-associated beta-galactosidase is an enzyme to catalyze the hydrolysis of β-galactosides into monosaccharides. It is detectable in senescent cells and tissues at only pH 6.0, not at pH 4.0. As a biomarker of cellular senescence, its activity can be detected using a chromogenic assay using 5-bromo-4-chloro-3-indoyl β-D-galactopyranoside (X-gal), which converts to an insoluble blue compound. Here, SA-β-galactosidase assay was performed using a cellular senescence staining kit (Cell Biolabs, San Diego, CA, USA). All cells were fixed with 0.25% glutaraldehyde solution at room temperature for 5 min. After discarding the fixation solution, each well was gently washed with fresh PBS three times. Cell staining working solution was added, followed by incubation of the cells overnight at 37 °C as described. After reaction of the working solution, supernatant was discarded and cells were gently washed with PBS two times. Quantitative data were measured by documentation of colorization ratio of the senescent cells.




2.6. Immunocytochemistry


To perform the immunocytochemistry, cells were fixed with 4% paraformaldehyde for 30 min. Cells were permeabilized with 0.05% Triton X-100 (Sigma, St. Louis, MO, USA) for 15 min. After permeabilization, cells were blocked with 1% bovine serum albumin (BSA) (Sigma, St. Louis, MO, USA) at room temperature for 30 min, followed by incubation with anti-vinculin (1:200) at room temperature for 1 h. After washing with PBS, goat anti-rabbit IgG H&L Alexa Fluor 488 secondary antibodies and tetramethylrhodamine-conjugated phalloidin (1:200) were applied for 1 h in the dark. To confirm ECM production, cells were fixed, blocked, and incubated with anti-collagen 1 primary antibody (1:200) for 1 h and goat anti-rabbit IgG H&L Alexa Fluor 488 (1:200). All antibodies used for immunocytochemistry were purchased from Abcam (Cambridge, MA, USA). Immunocytochemistry was counterstained with DAPI nuclear staining and examined under a ZEISS LSM700 confocal microscope (Zeiss, Oberkochen, Germany).




2.7. Quantitative Real-Time Polymerase Chain Reaction (qPCR)


To confirm the RNA expression of the cells, total RNA was extracted using Trizol reagent (Ambion, Waltham, MA, USA). Six days after treatment with TMSC-NV, 500 μL of Trizol reagent was applied to lyse the cells. Reagent was treated with 100 μL of chloroform (Sigma, St. Louis, MO, USA) and incubated on ice for 15 min. After incubation samples were centrifuged at 13,000 rpm for 15 min and transparent supernatant was obtained. The supernatant was treated with the same volume of isopropanol (Sigma, St. Louis, MO, USA), incubated at room temperature for 15 min, and centrifuged at 1300 rpm for 15 min for precipitation of RNA. Concentration of total RNA was measured using NanoDrop 2000 (Thermo Fisher Scientific, Waltham, MA, USA) and 1 μg of total RNA was used for cDNA synthesis with the SuperScript™ III First-Strand Synthesis System (Invitrogen, Carlsbad, CA, USA) according to the described procedure. Power SYBR™ Green PCR Master Mix (Applied Biosystems, San Francisco, CA, USA) was used in performance of qPCR and the reaction was measured using the StepOnePlus real-time PCR system (Applied Biosystems, San Francisco, CA, USA).




2.8. Statistical Analysis


All experiments in this study were repeated at least three times. All graphs in this study were drawn using GraphPad Prism 5 software (GraphPad Software Inc., San Diego, CA, USA) and are presented as mean ± SEM. Significant differences were determined using one-way ANOVA analysis (* p < 0.05, ** p < 0.01, *** p < 0.001).





3. Results


3.1. Production of Nanovesicles Derived from TMSC-NVs


TMSCs were isolated and cultured from human tonsil tissues followed by tonsillectomy. TMSCs have a fibroblastic morphology (Figure 1a). Flow cytometry data showed that TMSCs are positive for typical MSC markers, including CD90, CD105, and CD73 (Figure 1b). After fabrication of TMSC-NVs, Western blot, TEM, and DLS were performed for characterization of TMSC-NVs (Figure 1c,d). TMSC-NVs express exosome markers such as CD9 and CD63. TMSC-NVs have a spherical morphology and the diameters of TMSC-NVs show as two peaks (88.5 and 228.3 nm). These results show that the characteristics of TMSC-NVs are similar to those of exosomes.




3.2. Anti-Aging Effect of TMSC-NVs in the Passage-Associated Senescence Model


To confirm the anti-aging properties, TMSC-NVs were added to the passage-associated senescence model and cell morphology and proliferation was observed (Figure 2a,b). As shown in Figure 2a,b, treatment with TMSC-NVs increased the cell proliferation of old HDFs. We performed a SA-β-galactosidase assay to confirm the anti-aging role of TMSC-NVs (Figure 2c). The results show that treatment with TMSC-NVs decreased β-galactosidase activity of old HDFs. Quantitative data from the SA-β-galactosidase assay showed that the ratio of senescent cells was reduced by treatment with TMSC-NVs, which supported that treatment with TMSC-NVs decreased the senescence level of HDFs (Figure 2d).



Additionally, the protein expression of vinculin in focal adhesion and the morphological change in the actin cytoskeleton followed by treatment with TMSC-NVs was examined (Figure 2e,f). The results of the immunofluorescence analysis show increased commitment of vinculin in focal adhesion in old HDFs, which was decreased by treatment with TMSC-NVs. These results show that TMSC-NVs increase the proliferation of HDFs and decrease the senescence induced by passages.




3.3. Regulation of Extracellular Matrix and Anti-Oxidant Gene by TMSC-NVs in the Passage-Associated Senescence Model


To confirm the anti-aging properties of TMSC-NVs in terms of molecular biology, the gene expression of the extracellular matrix (ECM) production and senescence-related anti-oxidant gene followed by TMSC-NVs treatment was examined (Figure 3a). The mRNA level of collagen type 1 (COL1) and ELASTIN, which is decreased in old HDFs compared to young HDFs, showed that treatment with TMSC-NVs resulted in upregulated ECM production. Similarly, the mRNA expression of SOD2 and HMOX1, the anti-oxidant gene, was increased by treatment with TMSC-NV in old HDFs. In addition, the protein expression of COL1 examined by immunofluorescence showed that treatment with TMSC-NVs resulted in significantly increased ECM production in the passage-associated senescent HDFs (Figure 3b,c). According to these results, treatment with TMSC-NVs resulted in recovery of the ECM production and senescence-reducible anti-oxidant gene in senescent cells.




3.4. Anti-Aging Effect of TMSC-NV in the UV-Induced Senescence Model


Based on the results of the intrinsic senescence model, TMSC-NVs were added to the extrinsic senescence model, the UV-induced senescence model. As a result, proliferation of HDFs was decreased after UV irradiation and increased by treatment with TMSC-NVs, compared with UV-induced senescent HDFs (Figure 4a,b). In addition, the result of the SA-β-galactosidase assay shows that TMSC-NVs decreased the β-galactosidase activity of UV-induced senescent cells (Figure 4c) and the quantitative data from the SA-β-galactosidase assay support that UV-induced senescence was significantly decreased after treatment with TMSC-NVs, similar to the passage-associated senescence model (Figure 4d).



Additionally, vinculin expression in the focal adhesion and arrangement of the cytoskeleton of HDFs was examined through treatment with TMSC-NVs (Figure 4e,f). The results of the immunofluorescence analysis show increased expression of vinculin in the UV-induced senescent HDFs and treatment with TMSC-NVs resulted in decreased expression of vinculin in focal adhesion. These results show that TMSC-NVs increase the proliferation of HDFs and decrease the cellular senescence in the UV-induced senescence model.




3.5. Regulation of Extracellular Matrix and Anti-Oxidant Gene by Treatment with TMSC-NV in the UV-Induced Senescence Model


To confirm the anti-aging properties of TMSC-NVs in a UV-induced senescence model in terms of molecular biology, mRNA expression of senescence-related ECM production and anti-oxidant gene was examined by qPCR. The results of qPCR show that COL1 and ELASTIN were decreased after UV irradiation and treatment with TMSC-NVs resulted in significantly increased COL1; however, ELASTIN was not increased. The anti-oxidant genes, SOD2 and HMOX1, were decreased by UV irradiation and increased by treatment with TMSC-NVs (Figure 5a). In addition, the results of immunofluorescence analysis show decreased expression of collagen type 1 in UV-induced senescent HDFs, which was increased by treatment with TMSC-NVs (Figure 5b,c). These results show that TMSC-NVs increase the ECM production and senescence-reducible anti-oxidant gene.





4. Discussion


In this study, we explored the question of whether the nanovesicles derived from TMSCs can exert anti-aging properties. We isolated and confirmed characteristics of TMSCs and TMSC-NVs. TMSCs were highly proliferative MSC-like cells and TMSC-NVs possessed characteristics similar to those of exosomes. TMSC-NVs accelerated the proliferation and reduced senescence-associated β-galactosidase activities and vinculin expression in focal adhesion of both senescent HDFs. ECM production and the anti-oxidant gene involved in cellular senescence were upregulated in the senescent HDFs by treatment with TMSC-NVs. With these results, we suggest that TMSC-NVs can be utilized for skin rejuvenation and anti-aging purposes.



In the past decade, the poor yield and inefficient separation procedure for exosome production have been challenged [19]. To overcome these issues, we sought to produce exosome-mimetic nanovesicles from human tonsil-derived mesenchymal stem cells using a relatively simple extrusion procedure [33]. In this study, even though the comparative data of characteristics with exosomes are not shown, TMSC-NVs express the exosome-specific markers (CD9 and CD63) and the size of TMSC-NVs is similar to that of exosomes, meaning that the characteristics of TMSC-NVs are similar to those of exosomes, and TMSC-NVs can be utilized as an alternative for exosome therapies.



It has been reported that the mRNA and miRNA profiles of exosomes differ from their originated cells [13]. Here, numerous pieces of research have revealed the specific marker in exosomes to demonstrate the mechanism of tissue regeneration mediated by exosomes. For instance, Ying et al. demonstrated that exosome-mediated delivery of miR-155 regulates insulin sensitivity and glucose homeostasis [34]. Xin et al. reported that mesenchymal stem cell-derived exosomes are transferred to neurons and astrocytes and exosome-mediated miR-133 plays a key role in neurological recovery from stroke [35]. Even though the presented results show that the TMSC-NVs can be utilized as an alternative to exosomes for skin rejuvenation, the mechanism of regulation of cellular senescence via treatment with TMSC-NVs is unclear. Therefore, in further study, we plan to discover the key marker of TMSC-NVs in the regulation of cellular senescence.



Cellular senescence is characterized as an irreversible arrest of cell growth, which occurs through alternation of the focal adhesive cytoskeleton [2,3]. In the present study, cellular senescence was induced by both passage-associated senescent HDFs and UV-induced senescent HDFs, and TMSC-NVs decreased cellular senescence and increased cell proliferation, anti-oxidant gene expression and extracellular matrix production. However, the expression of ELASTIN was increased in the passage-associated senescent HDFs but not in the UV-induced senescent HDFs. Our prediction is a difference in the senescence induction mechanism of both senescence models. It has been reported that senescence can be induced by various factors and the pathway of senescence induction can be different in each stimuli [36]. In particular, Pascal et al. reported different mRNA profiles among representative cellular senescence models, including a replicative senescence model, tert-butyl hydroperoxide-induced senescence model, and EtOH-induced senescence model [37]. Given these reports, we plan to explore the role of senescence in the regulation of extracellular matrix expression in each modeling procedure, which may provide further research for skin rejuvenation.



The next frontier of exosome-mimetic nanovesicles for skin rejuvenation is demonstration of the regenerative potential from ex vivo to clinical trials. In this study, we determined the proangiogenic and anti-inflammatory effects of extracellular vesicles, which will be helpful in regenerative medicine.




5. Conclusions


This study demonstrated that human tonsil-derived mesenchymal stem cell-derived nanovesicles share characteristics with exosomes and increase the proliferation of senescent HDFs. The senescence-associated β-galactosidase activities and vinculin expression in senescent cells were reduced by treatment with TMSC-NVs. The gene expression of the extracellular matrix production and anti-oxidant gene were enhanced by treatment with TMSC-NVs. These findings could contribute to the development of skin rejuvenation tools and desirable cosmetic products, once the clinical examination shows promising effectiveness.
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	UV
	Ultraviolet B







References


	



Herranz, N.; Gil, J. Mechanisms and functions of cellular senescence. J. Clin. Investig. 2018, 128, 1238–1246. [Google Scholar] [CrossRef] [PubMed]

	



Nishio, K.; Inoue, A. Senescence-associated alterations of cytoskeleton: Extraordinary production of vimentin that anchors cytoplasmic p53 in senescent human fibroblasts. Histochem. Cell Biol. 2005, 123, 263–273. [Google Scholar] [CrossRef] [PubMed]

	



Moujaber, O.; Fishbein, F.; Omran, N.; Liang, Y.; Colmegna, I.; Presley, J.F.; Stochaj, U. Cellular senescence is associated with reorganization of the microtubule cytoskeleton. Cell. Mol. Life Sci. 2019, 76, 1169–1183. [Google Scholar] [CrossRef] [PubMed]

	



Bu, H.; Wedel, S.; Cavinato, M.; Jansen-Dürr, P. MicroRNA regulation of oxidative stress-induced cellular senescence. Oxidative Med. Cell. Longev. 2017, 2017. [Google Scholar] [CrossRef]

	



Chen, J.-H.; Ozanne, S.E.; Hales, C.N. Methods of cellular senescence induction using oxidative stress. In Biological Aging; Springer: Berlin/Heidelberg, Germany, 2007; pp. 179–189. [Google Scholar]

	



Lee, S.; Jeong, S.-Y.; Lim, W.-C.; Kim, S.; Park, Y.-Y.; Sun, X.; Youle, R.J.; Cho, H. Mitochondrial fission and fusion mediators, hFis1 and OPA1, modulate cellular senescence. J. Biol. Chem. 2007, 282, 22977–22983. [Google Scholar] [CrossRef] [PubMed]

	



Vasileiou, P.V.; Evangelou, K.; Vlasis, K.; Fildisis, G.; Panayiotidis, M.I.; Chronopoulos, E.; Passias, P.-G.; Kouloukoussa, M.; Gorgoulis, V.G.; Havaki, S. Mitochondrial homeostasis and cellular senescence. Cells 2019, 8, 686. [Google Scholar] [CrossRef]

	



Yang, Y.; Li, S. Dandelion extracts protect human skin fibroblasts from UVB damage and cellular senescence. Oxidative Med. Cell. Longev. 2015, 2015. [Google Scholar] [CrossRef] [PubMed]

	



Helenius, M.; Mäkeläinen, L.; Salminen, A. Attenuation of NF-κB signaling response to UVB light during cellular senescence. Exp. Cell Res. 1999, 248, 194–202. [Google Scholar] [CrossRef]

	



Hessvik, N.P.; Llorente, A. Current knowledge on exosome biogenesis and release. Cell Mol. Life Sci. 2018, 75, 193–208. [Google Scholar] [CrossRef] [PubMed]

	



Lai, R.C.; Yeo, R.W.Y.; Tan, K.H.; Lim, S.K. Exosomes for drug delivery—A novel application for the mesenchymal stem cell. Biotechnol. Adv. 2013, 31, 543–551. [Google Scholar] [CrossRef]

	



Shao, H.; Chung, J.; Lee, K.; Balaj, L.; Min, C.; Carter, B.S.; Hochberg, F.H.; Breakefield, X.O.; Lee, H.; Weissleder, R. Chip-based analysis of exosomal mRNA mediating drug resistance in glioblastoma. Nat. Commun. 2015, 6, 1–9. [Google Scholar] [CrossRef] [PubMed]

	



Valadi, H.; Ekström, K.; Bossios, A.; Sjöstrand, M.; Lee, J.J.; Lötvall, J.O. Exosome-mediated transfer of mRNAs and microRNAs is a novel mechanism of genetic exchange between cells. Nat. Cell Biol. 2007, 9, 654–659. [Google Scholar] [CrossRef]

	



Yuan, D.; Zhao, Y.; Banks, W.A.; Bullock, K.M.; Haney, M.; Batrakova, E.; Kabanov, A.V. Macrophage exosomes as natural nanocarriers for protein delivery to inflamed brain. Biomaterials 2017, 142, 1–12. [Google Scholar] [CrossRef] [PubMed]

	



Choi, E.W.; Seo, M.K.; Woo, E.Y.; Kim, S.H.; Park, E.J.; Kim, S. Exosomes from human adipose-derived stem cells promote proliferation and migration of skin fibroblasts. Exp. Derm. 2018, 27, 1170–1172. [Google Scholar] [CrossRef]

	



Kim, S.; Lee, S.K.; Kim, H.; Kim, T.M. Exosomes Secreted from Induced Pluripotent Stem Cell-Derived Mesenchymal Stem Cells Accelerate Skin Cell Proliferation. Int. J. Mol. Sci. 2018, 19, 3119. [Google Scholar] [CrossRef]

	



Zhang, B.; Wang, M.; Gong, A.; Zhang, X.; Wu, X.; Zhu, Y.; Shi, H.; Wu, L.; Zhu, W.; Qian, H.; et al. HucMSC-Exosome Mediated-Wnt4 Signaling Is Required for Cutaneous Wound Healing. Stem Cells 2015, 33, 2158–2168. [Google Scholar] [CrossRef] [PubMed]

	



Kim, Y.J.; Yoo, S.M.; Park, H.H.; Lim, H.J.; Kim, Y.L.; Lee, S.; Seo, K.W.; Kang, K.S. Exosomes derived from human umbilical cord blood mesenchymal stem cells stimulates rejuvenation of human skin. Biochem. Biophys. Res. Commun. 2017, 493, 1102–1108. [Google Scholar] [CrossRef]

	



Li, X.; Corbett, A.L.; Taatizadeh, E.; Tasnim, N.; Little, J.P.; Garnis, C.; Daugaard, M.; Guns, E.; Hoorfar, M.; Li, I.T.S. Challenges and opportunities in exosome research-Perspectives from biology, engineering, and cancer therapy. APL Bioeng. 2019, 3, 011503. [Google Scholar] [CrossRef] [PubMed]

	



Kaneti, L.; Bronshtein, T.; Malkah Dayan, N.; Kovregina, I.; Letko Khait, N.; Lupu-Haber, Y.; Fliman, M.; Schoen, B.W.; Kaneti, G.; Machluf, M. Nanoghosts as a Novel Natural Nonviral Gene Delivery Platform Safely Targeting Multiple Cancers. Nano Lett. 2016, 16, 1574–1582. [Google Scholar] [CrossRef]

	



Ou, Y.-H.; Zou, S.; Goh, W.J.; Wang, J.-W.; Wacker, M.; Czarny, B.; Pastorin, G. Cell-Derived Nanovesicles as Exosome-Mimetics for Drug Delivery Purposes: Uses and Recommendations. In Bio-Carrier Vectors; Springer: Berlin/Heidelberg, Germany, 2021; pp. 147–170. [Google Scholar]

	



Oieni, J.; Lolli, A.; D’Atri, D.; Kops, N.; Yayon, A.; van Osch, G.J.; Machluf, M. Nano-ghosts: Novel biomimetic nano-vesicles for the delivery of antisense oligonucleotides. J. Control. Release 2021, 333, 28–40. [Google Scholar] [CrossRef]

	



Yang, J.; Zhang, X.; Liu, C.; Wang, Z.; Deng, L.; Feng, C.; Tao, W.; Xu, X.; Cui, W. Biologically modified nanoparticles as theranostic bionanomaterials. Prog. Mater. Sci. 2021, 118, 100768. [Google Scholar] [CrossRef]

	



Kumar, P.; Bose, P.P. Macrophage ghost entrapped amphotericin B: A novel delivery strategy towards experimental visceral leishmaniasis. Drug Deliv. Transl. Res. 2019, 9, 249–259. [Google Scholar] [CrossRef]

	



Bose, R.J.; Lee, S.-H.; Park, H. Biofunctionalized nanoparticles: An emerging drug delivery platform for various disease treatments. Drug Discov. Today 2016, 21, 1303–1312. [Google Scholar] [CrossRef]

	



Hwang, J.; Zheng, M.; Wiraja, C.; Cui, M.; Yang, L.; Xu, C. Reprogramming of macrophages with macrophage cell membrane-derived nanoghosts. Nanoscale Adv. 2020, 2, 5254–5262. [Google Scholar] [CrossRef]

	



Bose, R.J.; Kim, B.J.; Arai, Y.; Han, I.-b.; Moon, J.J.; Paulmurugan, R.; Park, H.; Lee, S.-H. Bioengineered stem cell membrane functionalized nanocarriers for therapeutic targeting of severe hindlimb ischemia. Biomaterials 2018, 185, 360–370. [Google Scholar] [CrossRef] [PubMed]

	



Krishnamurthy, S.; Gnanasammandhan, M.K.; Xie, C.; Huang, K.; Cui, M.Y.; Chan, J.M. Monocyte cell membrane-derived nanoghosts for targeted cancer therapy. Nanoscale 2016, 8, 6981–6985. [Google Scholar] [CrossRef]

	



Toledano Furman, N.E.; Lupu-Haber, Y.; Bronshtein, T.; Kaneti, L.; Letko, N.; Weinstein, E.; Baruch, L.; Machluf, M. Reconstructed Stem Cell Nanoghosts: A Natural Tumor Targeting Platform. Nano Lett. 2013, 13, 3248–3255. [Google Scholar] [CrossRef] [PubMed]

	



Kim, J.; Lee, C.; Shin, Y.; Wang, S.; Han, J.; Kim, M.; Kim, J.M.; Shin, S.C.; Lee, B.J.; Kim, T.J.; et al. sEVs from tonsil-derived mesenchymal stromal cells alleviate activation of hepatic stellate cells and liver fibrosis through miR-486-5p. Mol. Ther. 2021, 29, 1471–1486. [Google Scholar] [CrossRef]

	



Park, D.J.; Park, J.E.; Kong, T.H.; Seo, Y.A.-O. Alteration of payload in extracellular vesicles by crosstalk with mesenchymal stem cells from different origin. J. Nanobiotechnol. 2021, 19, 1–20. [Google Scholar] [CrossRef]

	



Kurz, D.J.; Decary, S.; Hong, Y.; Erusalimsky, J.D. Senescence-associated (beta)-galactosidase reflects an increase in lysosomal mass during replicative ageing of human endothelial cells. J. Cell Sci. 2000. [Google Scholar] [CrossRef]

	



Yoon, J.K.; Kim, D.H.; Kang, M.L.; Jang, H.K.; Park, H.J.; Lee, J.B.; Yi, S.W.; Kim, H.S.; Baek, S.; Park, D.B.; et al. Anti-Atherogenic Effect of Stem Cell Nanovesicles Targeting Disturbed Flow Sites. Small 2020, 16, e2000012. [Google Scholar] [CrossRef] [PubMed]

	



Ying, W.; Riopel, M.; Bandyopadhyay, G.; Dong, Y.; Birmingham, A.; Seo, J.B.; Ofrecio, J.M.; Wollam, J.; Hernandez-Carretero, A.; Fu, W.; et al. Adipose Tissue Macrophage-Derived Exosomal miRNAs Can Modulate In Vivo and In Vitro Insulin Sensitivity. Cell 2017, 171, 372–384.e312. [Google Scholar] [CrossRef] [PubMed]

	



Xin, H.; Li, Y.; Liu, Z.; Wang, X.; Shang, X.; Cui, Y.; Zhang, Z.G.; Chopp, M. MiR-133b Promotes Neural Plasticity and Functional Recovery After Treatment of Stroke with Multipotent Mesenchymal Stromal Cells in Rats Via Transfer of Exosome-Enriched Extracellular Particles. Stem Cells 2013, 31, 2737–2746. [Google Scholar] [CrossRef] [PubMed]

	



Lafferty-Whyte, K.; Cairney, C.J.; Jamieson, N.B.; Oien, K.A.; Keith, W.N. Pathway analysis of senescence-associated miRNA targets reveals common processes to different senescence induction mechanisms. Biochim. Biophys. Acta 2009, 1792, 341–352. [Google Scholar] [CrossRef] [PubMed]

	



Pascal, T.; Debacq-Chainiaux, F.; Chretien, A.; Bastin, C.; Dabee, A.F.; Bertholet, V.; Remacle, J.; Toussaint, O. Comparison of replicative senescence and stress-induced premature senescence combining differential display and low-density DNA arrays. FEBS Lett. 2005, 579, 3651–3659. [Google Scholar] [CrossRef] [PubMed]








[image: Applsci 11 05780 g001 550] 





Figure 1. Production of nanovesicles derived from tonsil-derived mesenchymal stem cells (TMSC-NVs). (a) Morphology of human tonsil-derived mesenchymal stem cells, scale bar = 200 μm. (b) Expression of surface markers of human tonsil-derived mesenchymal stem cells. (c) Protein expression and SEM image of TMSC-NVs. Protein level was normalized by β-actin. (d) Analysis of dynamic light scattering of TMSC-NVs. 
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Figure 2. Regulation of proliferation and senescence by treatment with TMSC-NVs in the passage-associated senescence model. (a) Morphological change in HDFs. Scale bar = 200 μm. (b) Proliferation test of passage-associated senescent HDFs after treatment with TMSC-NVs. (c) Senescence-associated (SA) β-galactosidase assay, scale bar = 200 μm. (d) Quantitative analysis of the SA-β-galactosidase assay. (e) Expression of vinculin in focal adhesion of HDFs. (f) Quantitative data of vinculin expression in focal adhesion. Significant differences among groups were determined by one-way ANOVA (ns > 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001). 
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Figure 3. Regulation of extracellular matrix and anti-oxidant gene by treatment with TMSC-NVs in the passage-associated senescence model. (a) mRNA expression of COL1, ELASTIN, SOD2, and HMOX1 in passage-associated senescent HDFs after treatment with TMSC-NVs. (b) Immunofluorescence analysis of collagen type 1 of passage-associated senescent HDFs after treatment with TMSC-NVs. (c) Quantitative data of immunofluorescence analysis. Significant differences among groups were determined by one-way ANOVA (* p < 0.05, ** p < 0.01, *** p < 0.001). 
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Figure 4. Regulation of proliferation and senescence by treatment with TMSC-NVs in the UV-induced senescence model. (a) Morphological change in HDFs by treatment. Scale bar = 200 μm. (b) Proliferation test of UV-induced senescent HDFs after treatment with TMSC-NVs. (c) SA-β-galactosidase assay of UV-induced senescent HDFs after treatment with TMSC-NVs, scale bar = 200 μm. (d) Quantitative analysis of the SA-β-galactosidase assay. (e) Expression of vinculin in focal adhesion of HDFs. (f) Quantitative data of vinculin expression in focal adhesion. Significant differences among group were determined by one-way ANOVA (ns; not significant, * p < 0.05, ** p < 0.01, *** p < 0.001). 
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Figure 5. Regulation of extracellular matrix and anti-oxidant gene by treatment with TMSC-NVs in the UV-induced senescence model. (a) mRNA expression of COL1, ELASTIN, SOD2, and HMOX1 in UV-induced senescent HDFs after treatment with TMSC-NVs. (b) Immunofluorescence analysis of collagen type 1 of UV-induced senescent HDFs after treatment with TMSC-NVs. (c) Quantitative data of immunofluorescence analysis. Significant differences among groups were determined by one-way ANOVA (* p < 0.05, ** p < 0.01, *** p < 0.001). 






Figure 5. Regulation of extracellular matrix and anti-oxidant gene by treatment with TMSC-NVs in the UV-induced senescence model. (a) mRNA expression of COL1, ELASTIN, SOD2, and HMOX1 in UV-induced senescent HDFs after treatment with TMSC-NVs. (b) Immunofluorescence analysis of collagen type 1 of UV-induced senescent HDFs after treatment with TMSC-NVs. (c) Quantitative data of immunofluorescence analysis. Significant differences among groups were determined by one-way ANOVA (* p < 0.05, ** p < 0.01, *** p < 0.001).



[image: Applsci 11 05780 g005]













	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
(Scale bar = 200 pm)

—:‘,~ s .}q?' = i~ f’ \ ¥ X, =
~ »\,. - v ‘ A 7 2 L -
—— N\ " - - o “ y, . & .H
ﬂ;}-\. L N '5.‘\’ / i Y e
< TS — o '.‘ R 5 Yo ', M ¢
\ ’V N —v""- s '/< ’.ﬂ, ik "'. /2%
) % 6‘; '.'- ‘._, , . }
3 AN x \ - 5 1:4 ":f\‘,_‘"’f - /
«, D= . 2 ! ;4 v e, o on
- V) > H b | Y 7
& 145 5T BNIRRER [ig N s aiai s, o
v 4 ()7 i G
y, oy
2 / - t‘h\ 1 = . .'—;

Old + TMSC-NVs

Old

(o)

Cell number( x1 0’ )

% of B — Gal* cell

50 | === Young

— Old L
40 | = Old + TMSC-NVs
30 | * %k
20 1 o,
o lid
0

100 -

80 -

60 1

40 -

20 1

| .

Old + TMSC-NVs

= YoOUung
Old
" === Old + TMSC-NVs
*
* %%
-
= YOUNY
- Old
] === Old + TMSC-NVs
-
g 15' ns
> _x *
S -
5 T
S
— 5-
7))
[«
_—
Q.
x
(11}





nav.xhtml


  applsci-11-05780


  
    		
      applsci-11-05780
    


  




  





media/file2.png
TMSCs

CD9

CD63

B-actin

Intensity Distribution

Peak

1
2
3
4
5

Diameter Std.
(nm) Dev.
10.3 0.4
88.5 14.5

228.3 374

15210.4 1235.5

0.0 0.0

CD90

CD105

CD73

1 95.6%

95.6

| 96.1%

96.1 100

945

94.5%

Differential Intensity (%)

1000.0
Diameter (nm)

Volume Distribution

Peak

1
2
3
4
5

Diameter
(nm)

10.3
81.9
210.8
14899.1
0.0

Std.
Dev.

0.4
13.1
34.2

1250.4

0.0

Number Distribution
Peak Diameter Std.
(nm) Dev.

1 10.3 0.4
2 76.4 11.3
3 196.6 29.2
4 14584 .1 1234.1
5 0.0 0.0





media/file5.jpg
Old + TMSC-NVs

j—
1
—

old

Young

R ErE R TR bk





media/file3.jpg
Old _Old + THSC-NVs

el number(x10')
[

Young Old + TMSC-NVs — Yoo

S






media/file1.jpg
a L cD105 cor3
Y 956% ™ ["J9ea T ["]eas% [T

Intensity Distribution Volume Distribution Number Distribution
Peak Diameter S Peak Diameter S Peak  Diameter St
(om) Dev. (om) Dev. (om) Dev.
1 103 04 1 103 04 1 103 I
2 85 145 3 819 131 2 764 13
3 2283 74 3 2108 2 3 1966 202
4 152104 12355 4 148991 12504 4 145841 12341
5 00 00 5 00 00 5 00 00





media/file7.jpg
Cell number(

oay
c d
w
Control uv UV + TMSC-NVs a6
159 i
S 2 40
£t :
—o # 20
e f
Control uv UV + TMSC-NVs = Guntel
. =

Exprossion of vinculin






media/file10.png
Expression of COL1

Expression of SOD2

044

024

00 4

b Control

Collagen type 1 expression level (ROI)

‘ -
OIUI

12
10
08
06

04 4

Expression of ELASTIN

02

00

18,

14 4
12 4

Expression of HMOX1

.
L ¥
- -
I —_— I

- Control
uv
w— UV + TMSC-NVs

.
e

10 4 |

08 4

06 4 1
044

02 1

00 4

UV + TMSC-NVs

= Control
uv
s UV + TMSC-NVs





media/file9.jpg
Foox
3 . ' H

—
|
_—






media/file0.png





media/file8.png
Q

o
IS
<)

Control
“S 30 | wmmm= UV + TMSC-NVs
: * %%k _——
5 20 -
£
g 10 ] |
/ S o
(Scale bar =200 pym)
0 1 3 6
Day
C d
1001 == Control
Control uv UV + TMSC-NVs ok uv
., " f' ' :’; *\\‘\ {\\ . ») ' »_‘7'\"‘-_.- Y_; \‘\’\}\ § 80 - - % e UV + TMSC-NVs
! .vc%\'-‘ [ A ! ‘. 'k.»_..'_’ - I e ———————
M S N 1
i, NS — N (St i “ ’
' :‘s l\':.: A.. U\Za .‘\/ . -. f},%’,!"f | 40
. I O v: \ i ; \ £ t‘ )‘. («= 1
‘;\‘f’ N~ Y //\“* X 201
1 —— ,
e f
Control uv UV + TMSC-NVs — gsntrol
= == UV + TMSC-NVs
3 15- ns
§ *kk *%
5 10 -
5
.a 5-
o
@
—
o
>
L





media/file6.png
= YOUNg
Old

* %k

*

| weees Old + TMSC-NVs

2 -

1

%k

0

@ (o] -
- o o o o

NILS V3 Jo uoissaidx3

2
0.0

1.2 ;

o (e o] © - o~N o
- o o o o o
170D Jo uoissaudx3

%%k

% ¥k ¥k

%* % %

14 ,

N © ® © w
- - O O O O

LXOWH Jo uolssaidx3

T
-

N O ® © w
- - ©O © o o

Zaos jo0 uoissaidx3y

Old Old + TMSC-NVs

Young

O

Old
we= Old + TMSC-NVs

= YOUNY

42086420
- - -

(10¥) 19A9] uoissaidxa | adA) uabejon





