Supplement Information
Supplemental Materials and Methods
Isolation and culture of hpMSCs (human placenta derived mesenchymal stem cells)
Human term placentas (≥37 gestational weeks) were prepared as described by Kim et al. (2013) (Kim et al., 2013). In brief, each human term placenta was obtained by cesarean section and carefully dissected. After several washes in phosphate-buffered saline (PBS), the placental tissues were minced with scissors and then digested for 30 min at 37 °C in Hank’s balanced salt solution (HBSS; Gibco, USA) containing 2 mg/ml trypsin (Sigma, St. Louis, MO, USA), 20 μg/ml DNase I (Sigma), 1.2 U/ml dispase (Gibco), and 1 mg/ml collagenase IV (Sigma). Harvested cells were cultured in T25 flasks (2  105 cells/mm3; Nunc) in alpha-MEM medium (Gibco) with 10% fetal bovine serum (FBS; Gibco), penicillin/streptomycin (Gibco), 25 ng/mL FGF4 (R&D Systems, Minneapolis, MN, USA), and 1 μg/mL heparin (Sigma). On the third day of the culture, hpMSCs were trypsinized and counted using a hemocytometer. Isolated hpMSCs were cultured in a humidified hypoxic incubator at 37 °C in an atmosphere containing 5% CO2, 92% N2, and 3% O2 (monitored using an O2-sensitive electrode system).

Culture of hfNPCs (Human Fetal Neural Progenitor Cells)
Human fetal neural progenitor cells (hfNPCs) used in this study were derived from spontaneously aborted human fetal brain tissues, specifically within the gestational age range of 8 to 14 weeks, and were cultured according to the protocol established by Moon et al. (Moon et al., 2017). Briefly, hfNPCs were maintained in Dulbecco’s Modified Eagle's Medium-F12 (DMEM-F12; Gibco, USA), which was supplemented with 2 mM L-glutamine (Glutamax; Gibco/BRL), 50 μg/ml gentamicin, 2% B-27, 20 ng/ml human basic fibroblast growth factor (Peprotech, USA), and 20 ng/ml human epithelial growth factor (Peprotech). Additionally, the medium was fortified with 1 μg/ml each of tocopherol and tocopherol acetate. hfNPCs were cultured as an adherent monolayer by seeding onto poly-L-ornithine/fibronectin-coated dishes, and the medium was refreshed every two days. The cells were maintained at 37 °C in a humidified atmosphere containing 5% CO2, 92% N2, and 3% O2 (monitored using an O2-sensitive electrode system).

[bookmark: _Hlk117157978]Quantitative PCR Analysis of Hippocampal Tissues and Cells
Total RNA was isolated from either cells or hippocampal tissues using TRIzol (Invitrogen, Waltham, MA, USA) following the manufacturer's guidelines. From this, 1–2 μg of RNA underwent reverse transcription in a 20-μl reaction using the Superscript III cDNA synthesis kit (Invitrogen) or the Maxime RT premix kit (Intron, Korea), adhering to provided protocols. cDNA was diluted in nuclease-free distilled water and employed in either semi-PCR or quantitative PCR (qPCR). The qPCR mixture incorporated 2X SYBR Green Premix, 1 μl of cDNA, 10 nM of primer, and sterile water, as directed by the TOPreal qPCR 2X premix (Enzynomics, Korea) instructions. All qPCR reactions were executed using the Bioneer Exicycler 96 system with the following parameters: an initial denaturation at 95 °C for 10 minutes, followed by 35–45 cycles of 10 seconds at 95 °C for denaturation, 15 seconds at 58 °C for annealing, and 30 seconds at 72 °C for extension. For normalization purposes, gene expression was set against GAPDH or beta-actin levels. The relative mRNA abundance in each sample was deduced employing the comparative CT (2-CT) technique. 

Labeling EVs with PKH26 Lipophilic Membrane Dye and Detection in FMD-NPCs.
PKH26, a red fluorescent cell linker for general cell membrane labeling, was used for labelling EVs with PKH26 dye solution mix kit (Sigma, St. Louis, MO, USA) according to the manufacturer’s instructions. Briefly, EVs were initially diluted in diluent C, achieving a concentration of 200 µg/ml. Concurrently, PKH26 dye was combined with diluent C in a 0.4% vol/vol ratio, equating to 0.4 μl per 100 μl. Equal volumes of the prepared EV and dye solutions were then combined, ensuring a final EV concentration of 100 µg/ml. This combined solution was allowed to incubate at RT for 5 minutes. Subsequently, 200 µl of the EV-PKH26 mixture was amalgamated with 200 µl of 1% BSA in DPBS, which had been pre-filtered through a 0.2-µm filter. This solution was then loaded onto a 7K Zeba spin column (sourced from Thermo Fisher Scientific) to effectively eliminate surplus dye. After a centrifugation at 1,500× g for 1 minute, the storage solution was meticulously removed. A subsequent addition of 400 μl of DPBS was made, and the sample was once again centrifuged at 1,500× g for 1 minute. This washing procedure was reiterated thrice for thorough cleansing. An aliquot, ranging between 30 to 130 μl of the sample, was then placed onto the center of a resin bed and centrifuged at 1,500× g for 2 minutes, ensuring the retrieval of the desalted sample. Post this, the exhausted column was responsibly discarded. Finally, the prepared EV-rich medium was introduced to a 24-well plate, maintaining a cell density of 1 × 105 cells per well, and was allowed to incubate for 24 hours.
For immunocytochemistry, the cells were fixed with 4% paraformaldehyde for 20 min at room temperature and then washed with DPBS for 5 min three times. Fixed cells were permeabilized with 0.3% Triton X-100 in DPBS for 20 min at room temperature followed by washing three times with DPBS for 5 min. For FMD-NPC staining, the cells were blocked with 5% normal goat serum (NGS) in DPBS containing 0.1% Triton X-100 for 1 hour at room temperature. A primary mouse antibody against Nestin (Santa Cruz, Dallas, TX, USA; 1:1000) was incubated in 2.5% NGS in DPBS containing 0.1% Triton X-100 for 2 hours at room temperature. After washing three times with DPBS for 5 min, a secondary goat antibody Ms-488 (Santa Cruz; 1:500 in DPBS) was added and incubated for 1 hour at room temperature. After washing three times with DPBS for 5 min, the cells were stained with DAPI solution (1:400) for 5 min at room temperature. After washing three times with DPBS for 5 min, the cells were mounted on a glass slide and imaged.


Supplemental Tables
Supplemental Table 1. Gene Ontology (GO) Analysis Comparing 'Old' and 'Young' Groups
	[bookmark: _Hlk129081563]GO Term
	Count
	P Value

	Immune response
	25
	8.97E-10

	Defense response
	16
	0.0002

	Cytokine–cytokine receptor interaction
	11
	0.001

	Defense response to gram-positive bacterium
	4
	0.002

	Positive regulation of phagocytosis
	4
	0.002

	Regulation of phagocytosis
	4
	0.002

	Response to extracellular stimulus
	7
	0.004

	Inflammatory response
	9
	0.004

	Regulation of B cell proliferation
	4
	0.005

	Immunoglobulin mediated immune response
	5
	0.006

	B cell mediated immunity
	5
	0.006

	Detection of biotic stimulus
	3
	0.006

	Positive regulation of endocytosis
	4
	0.007

	Response to wounding
	11
	0.007

	Positive regulation of immune system process
	8
	0.01

	Lymphocyte mediated immunity
	5
	0.01

	Immune effector process
	6
	0.01

	Response to fungus
	3
	0.01

	Adaptive immune response
	5
	0.0162


Note: Analyses were conducted using DAVID. Criteria for significance were a p-value < 0.05 and a fold change > 1.5.


Supplemental Table 2. Inhibition or Activation of Neuronal Function-Related Genes in Old Mice
	[bookmark: _Hlk129082624]Functions
	Status (old)

	Glutamatergic synapse
	Inhibited

	Retrograde endocannabinoid signaling
	Inhibited

	Axon guidance
	Inhibited

	ECM-receptor interaction
	Inhibited

	Cholinergic synapse
	Inhibited

	GABAergic synapse
	Inhibited

	Focal adhesion
	Inhibited

	Gastric acid secretion
	Inhibited

	Melanogenesis
	Inhibited

	Salivary secretion
	Inhibited

	Chemokine signaling pathway
	Activated

	Legionellosis
	Activated

	Tuberculosis
	Activated

	Pertussis
	Activated

	Cytokine–cytokine receptor interaction
	Activated

	Alzheimer's disease
	Activated

	Fc gamma R-mediated phagocytosis
	Activated

	Renal cell carcinoma
	Activated

	Amoebiasis
	Activated





Supplemental Table 3. Gene Ontology (GO) Analysis of aged Old control vs. hpMSC-Treated Old mice	
	Term
	Count
	P Value

	Positive regulation of growth
	4
	0.004

	Positive regulation of cell proliferation
	7
	0.005

	Endocrine system development
	4
	0.007

	Amine biosynthetic process
	4
	0.007

	Neural tube patterning
	3
	0.008

	Cell fate commitment
	5
	0.008

	Glucose transport
	3
	0.01

	Neural tube development
	4
	0.01

	Biogenic amine biosynthetic process
	3
	0.01

	Pituitary gland development
	3
	0.01

	Hexose transport
	3
	0.01

	Monosaccharide transport
	3
	0.01

	Neuroactive ligand–receptor interaction
	6
	0.01

	Diencephalon development
	3
	0.01

	Regulation of T cell activation
	4
	0.02

	Regulation of cell proliferation
	8
	0.02

	Midbrain–hindbrain boundary development
	2
	0.02

	Embryonic development ending in birth or egg hatching
	7
	0.02

	Cellular amino acid derivative biosynthetic process
	3
	0.02


Note: Analyses were conducted using DAVID. Criteria for significance were a p-value < 0.05 and a fold change > 1.5.


Supplemental Table 4. RNA-Seq Analysis: Differentially Expressed Genes in the Hippocampi of hpMSC-Treated Old Mice
	Category
	Upregulated genes
	Downregulated genes

	Aging
	ATP8A2
	PAX5, SLC18A2, KL

	Learning
	HRH3, SLC8A2, SLC12A5, RELN, GRM4, PRKAR2B, HTT, GRIN1, GRIN2A, GRIN2B, SYNJ1, NTSR1, RGS14
	TH, BCHE, STRA6

	Learning and memory
	GRIN1, GRIN2A, GRIN2B, PRKAR1B, HTT
	S100B, DBI

	Cognition
	HRH3, CHRM1, CHRNA4, CUX2
	STRA6

	Neuron–Neuron synaptic transmission
	CACNA1A, CAMK4, DLGAP2
	-

	Modulation of synaptic transmission
	RELN, NLGN2, TNR, GRIN2A
	-

	Neurotransmitter transporter
	STX1A, SLC6A7, SLC6A17, SLC17A7, RIMS1, SYNJ1
	SLC6A3, SLC6A4, SLC6A5, SLC18A2, STX4A

	Regulation of neurons Projection development
	TBR1
	KLK6

	Regulation of neurotransmitter levels
	HRH3
	-

	Regulation of synaptic
plasticity
	MEF2C, SYNGAP1, LZTS1, ATP2B2, PLK2, BAIAP2, CRHR1, HTT, RAPGEF2, GRIN1, GRIN2A, GRIN2B
	-

	Positive regulation of synaptic transmission
	CLSTN1, CLSTN2, CCKBR, SYT1, GRIN2B
	S100B

	Calcium signaling pathway
	ATP2B2, ATP2B4, CAMK2D, CAMK4, CACNA1A, CACNA1B, CACNA1E, CACNA1I, SLC8A2, CHRM1, HTR2A, PLCZ1, CCKBR, PLCB1, PHKA2, P2RX6, PRKCB, GRIN1, GRIN2A, HTR5A, NOS1, ADCY3, ADRB1, NTSR1
	ITPKB, EDNRB, CD38, PDE1C, ATP2A3

	Neuroactive ligand–receptor interaction
	HRH3, GRIK3, MC4R, CHRM1, HTR2A, GLP2R, CCKBR, GRM7, CRHR1, GRM4, ADRA2A, GRM2, MC5R, GRIN1, GABBR2, ADRB1, GABRD, GPR83P2RX6, CHRNA4, HTA5A, THRB, OPRD1, GRIN2B, SSTR2, HTR1B, GRIN2A, NTSR1
	PRL, LEPR, CALCR, LPAR1, PRLR. GH, EDNRB, GABRQ, GABRA6, P2RY1, BRS3, GPR50

	Oxidative phosphorylation
	ATP6V0A1
	NDUFB11, TCIRG1, UQCRH

	Salivary secretion
	ATP1A1, ATP2B2, ATP2B4, GUCY1A2, GUCY1A3, PLCB1, PRKCB, KCNMA1, ADRB1, ADCY3, NOS1, PRKG2
	SLC4A2, CD38, AQP5

	Neuron differentiation
	TBR1, MEF2C, CHRDL1, BTG2, ATP2B2, WNT9A, WNT10A, CDK5R1, DDIT4, GAS7, PCSK9, NR4A2
	EN1, EN2, LMX1B, OTX2





Supplemental Table 5. Comparative Analysis of RNA-Seq Results from hpMSC-Treated (hpMSC-T) and protein analysis from human umbilical cord blood plasma-Treated (hUCBP-T) Old mice (Castellano et al., 2017) 
	[bookmark: _Hlk129082687]Genes
	Name
	hpMSC-T
	hUCBP-T

	CD46
	CD46 antigen, complement regulatory protein
	↑
	↑

	GRN
	granulin
	↑
	↑

	TIMP2
	tissue inhibitor of metalloproteinase 2
	↑
	↑

	CSF2Rb
	colony stimulating factor 2 receptor, beta, low-affinity (granulocyte-macrophage)
	↑
	↑

	FGF12
	fibroblast growth factor 12
	↑
	↑

	TNFRsf21
	tumor necrosis factor receptor superfamily, member 21
	↑
	↑

	CSF2Ra
	colony stimulating factor 2 receptor, alpha, low-affinity
	↑
	↑

	EPGN
	epithelial mitogen
	↑
	↑

	NCAM1
	neural cell adhesion molecule 1
	↑
	↑

	IL20Ra
	interleukin 20 receptor, alpha
	↓
	↓

	CSF2Rb2
	colony stimulating factor 2 receptor, beta 2, low-affinity (granulocyte-macrophage)
	↓
	↓

	CCL27a
	chemokine (C-C motif) ligand 27A
	↓
	↓

	A2M
	alpha-2-macroglobulin
	↓
	↓

	IL16
	interleukin 16
	↓
	↓

	GAS6
	growth arrest specific 6
	↓
	↓

	NRG1
	neuregulin 1
	↓
	↓

	IL20Rb
	interleukin 20 receptor beta
	↓
	↓


hpMSC-T: gene expression analysis with total mRNA from hippocampi of hpMSC treated old mice 
hUCBP-T: protein analysis from human umbilical cord blood plasma and expression analysis with hippocampi from treated old mice.


[bookmark: _Hlk119599845]Supplemental Table 6. List of Primers Used in the Study
	Human
	Forward Primers
	Reverse Primers

	PCNA
	gaa att cca gaa cag gag tac agc
	ctg caa cag gag aag aac gc

	P16
	gga agg tcc ctc aga cat cc
	gga cat tta cgg tag tgg gg

	P19
	gct gca ggt cat gat gtt tgg
	gct cca cta gga cct tca ggg

	Catalase
	tgc tga gaa gcc taa gaa tgc g
	gga tga acg cta agc ttc gct

	SOD1
	agg cat gtt gga gac ttg gg
	cca caa gcc aaa cga ctt cc

	SOD2
	gag aac cca aag ggg agt tgc
	cct tat tga aac caa gcc aac cc

	P53
	aac tca agg atg ccc agg c
	gtg ggg aac aag tgg ag

	P21
	gac agc aga gga aga cca tg
	gat tag ggc ttc ctc ttg aga

	OCT4
	agt gag agg caa cct gga ga
	gcc ggt tac aga acc aca ct

	c-Myc
	tca aga ggc gaa cac aca ac
	ggc ctt ttc att gtt ttc ca

	KLF4
	ccc aca cag gtg aga aac ct
	atg tgt aag gcg agg tgg tc

	SOX2
	cag gag aac ccc aag atgc
	gca gcc gct tag cct cg

	TLR4
	ccc tga ggc att tag gca gct
	agg tag aga ggt ggc tta ggc

	RBBP5
	gca aag gat ggg cag aaa ag
	gca atg aga gga aaa caa ggg

	hNRF-2
	Cac atc cag tca gaa acc agt
	Gga atg tct gcg cca aaa gct g

	Mouse
	
	

	GFAP
	acg tgg aga tgg atg tgg c
	tct agg gac tcg ttc gtg cc

	P16
	agg acc cca cta cct tct ccc
	tcg cac gat gtc ttg atg tc

	HMGA2
	aga ccc aga gga aga ccc aaa g
	ttc agt ctc ctg agc agg ctt c

	SOD1
	gtg cag gga acc atc cat t
	cat tgc cca ggt ctc caa c

	Catalase
	tca ctg acg aga tgg cac ac
	atc gaa cgg caa tag ggg tc





Supplemental Figures
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Supplemental Figure 1. Senescence Assessment of Human Fetal Neural Progenitor Cells. (A) Change in the proliferation rates of hfNPCs was monitored from passage 15 (p15) to passage 30 (p30). The proliferation of hfNPCs began to decrease around passages 22-23 and came to a halt between p27-28, accompanied by cell death. (B) Expression levels of proliferation marker, PCNA diminished over successive passages and conversely, senescence associated p16INK4a expression increased over successive passages. (C) The morphological features of hfNPCs underwent noticeable changes as the passage number increased. (D) The spontaneous differentiation capacity in mid-aged and old-aged hfNPCs was evaluated. The expression of TUJ-1 at p25 decreased compared to p17. Scale bar: 100 
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자동 생성된 설명]
Supplemental Figure 2. Image of plam-tdTomato infected hpMSCs and cell injected mouse. (A) Representative confocal image of hpMSCs infected with plam-tdTomato. The infection of hpMSCs with plam-tdTomato is demonstrated by the detected tdTomato (Red). The scale bar represents 20 μm. (B) Representative confocal image of a mouse brain treated with plam-tdTomato-hpMSCs. This image shows the migration of EVs released from intravenously injected hpMSCs into the brain. This is evidenced by the detected tdTomato (Red) and human CD63 (Green) in the brain. The scale bar represents 100 μm)
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Supplemental Figure 3. Existence of pluripotent transcription factors, OCT4 and C-MYC in the extracellular vesicles from various sources. OCT4 and C-MYC mRNAs were detected in the total RNAs inside extracellular vesicles from various human sources. Abbreviations: hfNPC-EVs — human fetal neural progenitor cells derived EVs; hpMSCs-EVs —EVs isolated from culture media of human placenta derived mesenchymal stem cells; hPEVs —human placenta tissue derived EVs; hCEVs —human cord tissue derived EVs
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