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ABSTRACT

Extracellular vesicles (EVs), including exosomes and microvesicles, mediate intercellular commu-

nications and exert various biological activities via delivering unique cargos of functional mole-

cules such as RNAs and proteins to recipient cells. Previous studies showed that EVs produced

and secreted by human mesenchymal stem cells (MSCs) can substitute intact MSCs for tissue

repair and regeneration. In this study, we examined properties and functions of EVs from human

induced pluripotent stem cells (iPSCs) that can be cultured infinitely under a chemically defined

medium free of any exogenous EVs. We collected and purified EVs secreted by human iPSCs and

MSCs. Purified EVs produced by both stem cell types have similar sizes (�150 nm in diameter),

but human iPSCs produced 16-fold more EVs than MSCs. When highly purified iPSC-EVs were

applied in culture to senescent MSCs that have elevated reactive oxygen species (ROS), human

iPSC-EVs reduced cellular ROS levels and alleviated aging phenotypes of senescent MSCs. Our

discovery reveals that EVs from human stem cells can alleviate cellular aging in culture, at least

in part by delivering intracellular peroxiredoxin antioxidant enzymes. STEM CELLS 2019;00:1–12

SIGNIFICANCE STATEMENT

Recently increasing evidence has supported the idea that MSC-derived EVs opened a new avenue

for treating tissue injury. However, a major bottleneck in using MSC-derived EV-based applications

in clinics is the inefficient production and purification of clinical-grade EVs. Surprisingly, our recent

results demonstrate that human iPSCs produce great numbers of EVs under a defined culture con-

dition, and the concentration is much higher than by MSCs. Furthermore, this study investigated

the activities of iPSC-EVs and found that purified EVs from both stem cell types alleviate aging

phenotypes of senescent MSCs. These EVs also alleviate progerin-induced senescence in prema-

ture aging cell model. Overall, the delivery of human iPSC-EVs attenuated cell aging and pro-

moted cell proliferation, suggesting that highly purified EVs from human iPSCs may represent a

cell-free approach for treating aging and degenerative diseases.

INTRODUCTION

Extracellular vesicles (EVs), including exosomes

and microvesicles, are heterogeneous popula-

tions of naturally occurring nanosized vesicles

released by almost all cell types [1]. They are

enclosed by a lipid bilayer and range in size from a

diameter from roughly 30 to 150 nm for endosomal

system-derived exosomes and �100–1,000 nm

for cell surface-shed microvesicles [2]. EVs have

emerged as novel and important players in inter-

cellular communication, mainly through their ability

to transfer biological content, consisting of proteins,

lipids, and nucleic acids, to recipient cells [3, 4].

Recent research efforts have focused on leverag-

ing EVs as a powerful therapeutic tool in tissue

repair and regeneration [5–7]. Mesenchymal

stem/stromal cells (MSCs) are one of the most

commonly used cell types for classic cell therapy,

as well as for potential EV-mediated therapies

without using intact donor cells [8]. MSC-derived

EVs have opened a new avenue for treating tissue

injury in cardiovascular diseases [9], radiation dam-

age to bonemarrow hematopoietic cells [10], frac-

ture healing [11], and neurodegeneration [12].

Despite these advances, a major bottleneck of

MSC-derived EV (MSC-EV)-based applications in

clinics is the inefficient production and purifica-

tion of clinical-grade EVs. Cultured MSCs, espe-

cially those derived from adult tissues, have a

limited cell proliferation capacity even under rich

culture conditions, that is, supplemented by fetal
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bovine serum (FBS) or human platelet lysates. However, FBS and

platelet lysates also contain abundant EVs. Ongoing studies are

evaluating the yields, functions, and EV production capacity of

MSCs that are expanded with various defined media and other

culture conditions [13, 14].

Unlike postnatal somatic cells, including MSCs, human induced

pluripotent stem cells (iPSCs) can be expanded in culture indefi-

nitely while maintaining full developmental potential. In the past

several years, completely defined culture medium was developed

to expand human iPSCs on standard cell culture vessels coated

with recombinant human vitronectin proteins [15]. We and others

have shown evidence that the Essential 8 (E8) media system

maintains the pluripotency and genomic stability of human iPSCs

after extensive culture [15, 16]. With this recent breakthrough, it

is no longer a major hurdle to expand human iPSCs efficiently

under clinically compliant culture conditions. This highly defined

and efficient iPSC culture system also makes it much easier to

analyze numbers and functions of EVs made by human iPSCs [17].

However, very few studies describe the properties and functions

of human iPSC-derived EVs [13, 18, 19], as compared with dozens

of papers on MSC-EVs [8]. Additionally, most published applica-

tions of EVs used EVs from iPSC-derived committed cell types

such as MSCs and cardiomyocytes instead of EVs from iPSCs

[20–23]. However, the EV preparations (mainly by concentration

using ultracentrifugation and polymer-mediated precipitation) in

these previous studies were relatively impure, containing unde-

fined soluble and aggregated proteins [24, 25].

In this study, we examined physical properties and biological

functions of iPSC-EVs in comparison with MSC-EVs. Following

international standards for EV characterization and purification

[24, 25], we obtained highly purified EVs from both cell types,

although many more were produced by human iPSCs. Using two

different cellular senescence models, we observed that highly

purified iPSC-EVs and MSC-EVs alleviated cellular senescence and

promoted cell growth. Our results suggest that purified EVs from

human stem cells may represent a cell-free approach for attenuat-

ing aging and treating degenerative diseases.

MATERIALS AND METHODS

Cell Culture and EV Collection

Human iPSCs were maintained in Essential 8 medium on a vitronec-

tin coated dish (all from Gibco, Carlsbad, USA) [26]. The medium

was changed daily and cells were passaged at 80%–90% confluence

using TrypLE Express Enzyme (Gibco) supplemented with 10 μM

Y-27632 (Stem Cell Technologies, Vancouver, Canda). Cells used

for EV collection were between passages 30 and 50 for EV collec-

tion. We presented the data of EV production using six different

iPSC lines derived from diverse types of somatic cells of both gen-

ders (Supporting Information Table S1). Two iPSC lines were used

extensively throughout the whole study including analyzing their

biological functions: (a) BC1 reprogrammed from blood cells of a

healthy male donor [27]; and (b) WT4 reprogrammed from fibro-

blasts of a healthy female donor [28]. We also used four different

MSC preparations derived from three genetically distinct donors

(Supporting Information Table S1). All MSCs were expanded with

a standard MSC culture medium [29]: 90% Dulbecco’s modified

Eagle’s medium with low glucose (Gibco), 10% FBS and other sup-

plements. Two sources of adult MSCs were used throughout the

whole study including analyzing biological functions of EVs derived

from them: (a) MSCs derived from adult marrow of the same

donor as for the established BC1 iPSCs; and (b) established MSCs

from marrow of another adult healthy donor, obtained from Lonza

(Cat #PT-2501 and Lot #0000654251). After MSCs reached �70%

confluence under the standard culture condition, we washed the

cells with phosphate-buffered saline (PBS) and cultured them in

E8 medium. We collected MSC-EVs daily in the next 3–5 days.

Established human umbilical vascular endothelial cells (HUVECs)

were bought from Lonza and cultured in the recommended EGM2

medium. Cultured cells were regularly tested to ensure they lack

mycoplasma contamination.

EV Purification

Conditioned media were centrifuged at 300g for 10 minutes fol-

lowed by 2,000g for 10 minutes at 4�C to remove cells and cellu-

lar debris. Amicon Ultra-15 Centrifugal Filters (Ultracel—100 K;

Merck Millipore, Billerica, USA) were then used to concentrate

EVs and filter out small proteins. Size exclusion chromatography

(SEC) using qEV columns (Izon Science, Cambridge, USA) was

performed with the filtration retentate for further purification of

EVs. Briefly, after rinsing the qEV columns with PBS, 0.5 ml of

concentrated EVs were applied to the top of the columns. Eluate

was collected in sequential fractions of 0.5 ml according to the

manufacturer’s instructions. Eluted fractions enriched with EVs

(8–10) were pooled and either analyzed directly or used for cell-

based assays.

EV Measurement

Size distribution and concentration measurement were conducted

on a second generation nanoparticle tracking analysis (NTA) instru-

ment, the ZetaView (Particle Metrix, Germany) with a 488-nm laser

and software ZetaView 8.04.02. Temperature was controlled at

24�C. The data acquisition parameters were set as follows: posi-

tions (11), cycles number (1), sensitivity (85), frame rate (30),

shutter (70), minimum brightness (20), max size (1,000), and min

size (5). All parameters were recommended by the manufacturer

for EV analysis. After initial wash and calibration, samples were

diluted to 3 × 107 � 1 × 108 particles per milliliter in PBS.

Transmission Electron Microscopy

Purified EVs were covered with Formvar-carbon-coated EM

grids to promote the absorption of EVs onto membranes over

20 minutes in a dry environment at room temperature. The

grids were then placed directly on a drop of 1% glutaraldehyde

and incubated for 5 minutes to remove the negative back-

ground. The grids were washed seven times with distilled

water for 2 minutes each and examined using a Philips/FEI

BioTwin CM120 Transmission Electron Microscope at an accel-

eration voltage of 120 kV using a Gatan Orius high-resolution

cooled digital camera.

EV Labeling and Uptake by Cells

Purified EVs were stained with 10−6 M PKH26 or PKH67 Cell

Membrane Labeling Dye (Sigma–Aldrich, St. Louis, USA) accord-

ing to the manufacturer’s instructions. Excess dye was removed

using exosome spin columns (MW 3000; ThermoFisher Scientific,

Carlsbad, USA) per the manufacturer’s instructions. Labeled EVs

were added to the recipient cells (105 EVs per cells) and incu-

bated for 24 hours. After treatment, cells were washed twice

with PBS and changed to fresh medium. Fluorescence intensity

was measured with Celigo High Throughput Micro-Well Image
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Cytometer (Nexcelom Bioscience, Lawrence, USA) using its analy-

sis program. The parameters of data acquisition and analysis were

set as follows: intensity threshold (4), precision (high), cell diame-

ter (20), dilation radius (0 pixel), cell intensity range (0–255), and

cell area (10–10,000 in setting).

Cell Growth Assays Using AlamarBlue Florescent Dye

After treatment of cells with EVs, 10 μl of AlamarBlue Reagent

(ThermoFisher Scientific) was added to each well. Cells were

incubated for 1 hour in an incubator at 37�C, 5% CO2. Fluores-

cence intensity was measured with excitation at 550 nm and

emission at 590 nm on a Celigo High Throughput Micro-Well

Image Cytometer (Nexcelom Bioscience).

Establishment of a Progerin-Induced Senescence Model

To establish a progerin-induced senescence cell model, pro-

gerin vector (Addgene plasmid 22662, Cambridge, USA) was

used to produce lentivirus then transduce normal human MSCs

(at early-passages and proliferating). Briefly, the progerin con-

struct (pCDH-CMV-progerin-EF1a-balstcidin vector) or green fluo-

rescent protein (GFP)-expressing control construct pCDH-CMV-

GFP (modified from Addgene plasmid 72265) was co-transfected

with two packaging plasmids pMD2.G (Addgene plasmid 12259)

and psPAX2 (Addgene plasmid 12260) on 293 T cells using

Lipofectamine 2000 (ThermoFisher Scientific). Lentiviral particles

were concentrated using an Amicon concentration column (with

a membrane of 100 kDa cutoff, Sigma-Millipore). We did not fur-

ther enrich progerin transduced MSCs because the transduction

efficiency is estimated to be >95% (either by flow cytometry

analysis or immunostaining of individual cells).

WST-1 Colorimetric Assay for Measuring Cell Growth

Proliferation was measured with water-soluble tetrazolium salt

(WST-1) reagent according to manufacturer instructions (Merck

Millipore). Briefly, cells were cultured in a 96-well plate in a final vol-

ume of 100 μl per well culture medium in the absence or presence

of purified EVs. After treatment, 10 μl per well WST-1 solution was

added to each well, and cells were incubated for 4 hours in stan-

dard culture conditions. Absorbance at 450 nm was measured in

triplicate wells using amicroplate reader (Bio-Rad, Hercules, USA).

EdU Assay to Measure DNA Synthesis

A cell proliferation assay based on DNA synthesis was performed

with Click-iT Plus EdU Alexa FluorTM 488 Imaging Kits (Thermo-

Fisher Scientific) according to the manufacturer’s instruction.

Briefly, cells were incubated with 10 μM EdU solution for

4 hours at 37�C. Cells were fixed in 3.7% formaldehyde in PBS

for 15 minutes and permeabilized with 0.5% Triton X-100 for

20 minutes. Afterward, freshly prepared reaction cocktail was

added, and cells were incubated at room temperature away

from light for 30 minutes. Lastly, cellular DNA was stained with

5 μg/ml Hoechst 33342 or DAPI (40,6-diamidino-2-phenylindole,

dihydrochloride) solution and incubated for 30 minutes at RT in

the dark. Washing steps were performed with PBS except during

fixation and permeabilization steps, when 3% bovine serum albu-

min (BSA) in PBS was used. Proliferation index was then deter-

mined by quantifying the fraction of EdU-labeled cells/DNA-dye-

labeled cells using a Celigo High Throughput Micro-Well Image

Cytometer (Nexcelom Bioscience).

SA-β-Gal Staining for Senescent Cells

SA-β-Gal staining was performed as described previously [17]

using a Senescence β-Galactosidase Staining Kit (Cell Signaling

Technology, Danvers, USA). Briefly, cultured cells were washed

in PBS and fixed at room temperature for 15 minutes with 4%

formaldehyde in PBS. Fixed cells were stained with the SA-β-Gal

staining solution and then incubated overnight at 37�C. Percent-

ages of SA-β-Gal positive cells were then calculated.

Apoptosis Analysis

For cell apoptosis analysis, cells were collected and stained with

Dead Cell Apoptosis Kit with Annexin V conjugated with the Alexa

Fluor 488 dye and propidium iodide (both are from ThermoFisher

Scientific). Apoptotic cells were analyzed using a BD FACSCalibur

fluorescence assisted cell sorting (FACS) machine (BD Biosciences,

San Diego, USA). Data analysis was performed with FlowJo soft-

ware (FlowJo, Ashland, USA).

Enzyme-Linked Immunosorbent Assay for Detecting

Secreted Cytokines

Enzyme-linked immunosorbent assay MEH-004A Multi-Analyte

ELISArray Kit (Qiagen, Hilden, Germany) was used to measure the

levels of cytokines and chemokines according to the manufac-

turer’s instructions. Briefly, after preparing the reagents, assay

buffer and samples were added continuously into each well of the

provided plate. For positive and negative controls, antigen stan-

dards and sample dilution buffer were used, respectively. The plate

was incubated for 2 hours at room temperature before washing

and adding detection antibody. Another incubation for 1 hour at

room temperature allowed the antibody to bind its specific

proteins. After incubation, the unbound proteins were washed

and biotinylated detection antibody Advin-HRP was added for

30 minutes in the dark. Substrate development solution was

added after quadruple washing. After 15 minutes of incubation,

the solution expressed blue color in proportion to the amount of

protein analyte in the initial sample. Finally, stop solution was

added to halt the development, enabling absorbance reading of

the plate. The plate was processed by iMark Microplate Absor-

bance Reader (Bio-Rad). The corrected absorbance values were

obtained by subtracting the absorbance at 570 nm from the

absorbance at 450 nm. Protein levels were determined using the

corresponding standard curve.

Quantitative PCR for Detecting mRNA Expression

Levels

Total RNA was extracted using Quick-RNA MiniPrep Kit (Zymo

Research, Orange, USA) according to the manufacturer’s instruc-

tions. Reverse transcription was accomplished with 0.45 μg of

total RNA using random primers and SuperScript III First-Strand

Synthesis Kit for reverse transcription polymerase chain reaction

(RT-PCR) (ThermoFisher Scientific). qPCR assays were performed

in duplicate on a StepOnePlus PCR machine (Applied Biosystems)

using SYBR Green PCR Master Mix (Applied Biosystems). Primers

were synthesized by Sigma–Aldrich. For each sample, differences

in threshold cycle values (ΔCt) were calculated by adjusting the

Ct of the gene of interest to the Ct of the reference gene GAPDH.

Primers used were as follows: p21 F (50-GACACCACTGGAGGG

TGACT-30) and p21 R (50-CAGGTCCACATGGTCTTCCT-30), p53 F

(50-GCCCAACAACACCAGCTCCT-30) and p53 R (50-CCTGGGCATCCTT
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GAGTTCC-30), GAPDH F (50-CAATGACCCCTTCATTGACC-30) and

GAPDH R (50-GACAAGCTTCCCGTTCTCAG-30).

Western Blotting

Human iPSCs, MSCs and purified EVs were lysed in RIPA Buffer

(ThermoFisher Scientific) supplemented with protease and phos-

phatase inhibitor cocktails (Roche, Nutley, USA), followed by

centrifugation at 16,000 g for 20 minutes at 4�C. Protein quan-

tification of cell and EV lysates was conducted using a Pierce

BCA Protein Assay Kit (ThermoFisher Scientific). Lysates were

resolved using a 4%–12% NuPage Gel, then transferred onto

nitrocellulose membrane (GE Healthcare, California, USA). Blots

were probed using primary antibodies in 1× TBST (Tris-buffered

Saline containing 0.1% Tween-20% and 5% Blotting grade blocker)

purchased from Bio-Rad. Primary antibodies used included anti-

CD81 (Santa Cruz, Cat #SC166029, Dallas, USA), anti-Calnexin

(Abcam, Cat #ab22595, Cambridge, USA), anti-TSG101 (Abcam, Cat

#ab125011), anti-Syntenin (Abcam, Cat #ab133267), anti-PRDX1

(ThermoFisher Scientific, Cat #LF-MA0073), anti-PRDX2 (Thermo-

Fisher Scientific, Cat #LF-MA0144), and anti-GAPDH (Cell Signaling

Technology, Cat #5174). Secondary antibodies used included goat

anti-mouse IgG (H + L; LI-COR Biosciences, Cat #P/N 925–32,210,

Lincoln, USA) and goat anti-rabbit IgG (H + L; LI-COR Biosciences,

Cat #P/N 925–32,211).

Reactive Oxygen Species Detection

To measure oxidative stress levels, CellROX Green reagent

(ThermoFisher Scientific) was added into human MSCs at a

final concentration of 500 nM in complete growth medium

and incubated for 60 minutes at 37�C, protected from light.

Stained samples were collected and analyzed using a BD FACS-

Calibur FACS machine (BD Biosciences). Data analyses were

performed with FlowJo software (FlowJo).

γ-H2AX Staining to Measure DNA Damage Levels

The levels of γ-H2AX in chromosomal DNA, as a hallmark of

DNA damages in senescent cells, were performed according to

manufacturer instructions (Merck Millipore). Briefly, cells with

or without treatment or senescence were fixed in 4% formal-

dehyde for 10 minutes, permeabilized with 0.2% Triton X-100

in PBS for 10 minutes, and blocked with 5% FBS for 2 hours.

Then the treated cells were incubated overnight at 4�C with

γ-H2AX primary antibody (Merck Millipore Cat #05-636), diluted

1:250 in blocking buffer. On the next day, cells were washed

with PBS twice and incubated for 1 hour with secondary anti-

bodies (Alexa Fluor goat-anti-mouse 488, ThermoFisher Scien-

tific, Cat #A11029, 1:500 dilution) together with 5 μg/ml DAPI.

Fluorescence intensities of γ-H2AX and DNA staining were mea-

sured with Celigo High Throughput Micro-Well Image Cytometer

(Nexcelom Bioscience).

Proteomics and Gene Ontology Analysis

Protein samples were solubilized in urea and Tris, reduced with

DTT, and alkylated with iodoacetamide at room temperature,

protected from light. Then proteolysis with trypsin was performed

for 3 hours, and the resulting peptides were desalted. Liquid chro-

matography–mass spectrometry (LC-MS)/MS analysis of digested

peptides was performed on an Orbitrap Q Exactive Plus mass

spectrometer. Data were managed using MaxQuant against a

human database. Quantification of the identified proteins was per-

formed using the Intensity Based Absolute Quantification (iBAQ)

algorithm in MaxQuant. Protein IDs in samples that were either

not associated with a protein name or showed 0 by iBAQ analysis

were excluded from analysis. Common proteins were compiled

with MATLAB R2018a. Gene ontology on common genes was

performed with FunRich 3.1.3 (http://www.funrich.org/). Fun-

Rich database was used for Bonferroni correction to p-values.

Venn diagram is drawn by Venn Diagram Plotter.

Statistical Analysis

Statistical testing was performed with GraphPad Prism 7.0 software.

A two-tailed Student’s t test was performed for two-group

comparisons, or one-way analysis of variance for comparisons

involving three or more groups. p values <.05 were considered

significant, as indicated by * or otherwise indicated per figure leg-

ends. All cell culture data shown in the article are representative

of experiments conducted at least three times.

RESULTS

Production of Biological Nanoparticles from Human

iPSCs and MSCs Collected in Cell Culture Supernatants

under a Chemically Defined Culture Condition

Human iPSCs were expanded using recombinant human vitro-

nectin as an adherent substrate and the chemically defined E8

medium, refreshed daily. After cells reached �70% confluence,

conditioned medium was collected daily for 3–5 days. We used

a second generation NTA instrument, ZetaView, to measure

the concentration of EVs produced by multiple human iPSC

lines, which were reprogrammed from different donors and

from human peripheral blood mononuclear cells or MSCs/

fibroblasts [27, 28, 30]. The mean hydrodynamic diameter of

these nanoparticles as a single peak was �150 nm (Fig. 1A, 1B).

We extensively analyzed the EV production from six iPSC lines

derived from diverse somatic cell types and genetic back-

ground (Supporting Information Fig. S1A, S1B). On average of

16 unique biological samples measured, nanoparticle concen-

trations were on average 7.5 × 109 per milliliter from multiple

human iPSCs lines (Fig. 1C).

We also attempted to measure EVs produced by human

MSCs in culture. To overcome the hurdle that FBS also con-

tains abundant exogenous EVs, we collected MSC-produced

EVs in the same E8 medium used for iPSC culture, which is

free of exogenous EVs (Supporting Information Fig. S1C). After

MSCs reached �70% confluence under the standard culture

condition, we washed the cells with PBS and cultured them in

E8 medium. We collected MSC-EVs daily in the next 3–5 days.

MSCs cultured in E8 medium remained viable for at least 7 days,

with minimal numbers of apoptotic cells examined on day 5

(Supporting Information Fig. S1D). EVs produced by MSCs had a

mean diameter of �150 nm (different from �100 nm EVs in FBS

or exosome-depleted FBS; Supporting Information Fig. S1E, S1F).

Using multiple MSC cultures at early passages (p2–p6), we

observed that the concentration of adult MSC-derived nanoparti-

cles was approximately 4.5 × 108 per milliliter (Fig. 1C; Supporting

Information Fig. S1G). This is >16-fold lower than iPSC-EVs col-

lected in the same medium. We also examined the concentra-

tion of EVs produced by other two types of human MSCs:

umbilical cord-derived MSCs and MSCs differentiated from BC1

iPSCs (BC1-MSCs; Supporting Information Fig. S1A, S1B). Com-

bining these data, we conclude that human iPSCs produced
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EVs �16-fold more efficiently than various types of MSCs in

culture by using a chemically defined medium.

Purification and Characterization of EVs Produced by

Human iPSCs and MSCs

To purify EVs from protein aggregates and other contaminants, the

conditioned medium of iPSC and MSC cultures was concentrated

using a filter with 100 kDa molecular weight cutoff, followed by

SEC (qEV columns) of the retentate. EVs were eluted from SEC

columns mainly in three peak fractions, whereas the majority of

proteins were eluted thereafter. We estimated purity by com-

paring particle counts and total protein concentration across dif-

ferent fractions. Shown in Figure 1D, EVs were highly enriched

and separated from other proteins in the conditioned medium

of cultured iPSCs. We also applied the same purification scheme

to MSC-EVs, although the EV concentration after purification

from MSC samples was also �16-fold lower than that from

iPSC-EVs (data not shown). NTA measurements of purified iPSC-

EVs and MSC-EVs showed a tighter peak of comparable size

(�150 nm), confirmed by transmission electron microscopy that

also displays typical EV morphology (Fig. 1E). Expression of spe-

cific proteins was assessed in purified EVs and cell lysates by

Western Blot (Fig. 1F), confirming the presence of EV-associated

proteins like CD81, TSG101, and syntenin, but the absence of

calnexin, a calcium-binding, ER-associated protein.

Highly Purified iPSC-EVs Enter Target Cells more

Efficiently than MSC-EVs

We next examined the uptake of iPSC-EVs by human MSCs

and endothelial cells such as HUVECs. Purified EVs from iPSCs

and MSCs in equal numbers were labeled with either PKH67

or PKH26 dyes, which emit green or red fluorescence, respec-

tively, and integrate into lipid bilayer membranes. After removal

of free dyes, we confirmed that membrane-labeling efficiencies

were similar (Supporting Information Fig. S2E). After 24 hours

of incubation with equal numbers of EVs, labeled EVs were read-

ily found inside cells (mainly in perinuclear regions) as examined

by fluorescence microscopy or scanner cytometry (Fig. 2). EVs

labeled with either PKH67 or PKH26 could efficiently enter MSCs

as well as HUVECs. Internalization efficiency of iPSC-EVs was

higher than that of MSC-EVs. A time course analysis (Fig. 2G;

Supporting Information Fig. S2A) further confirmed that EVs

produced by iPSCs were more efficiently uptaken than those

produced by MSCs. In addition, the results of EV internalization

Figure 1. Production and purification of extracellular vesicles (EVs) secreted by human induced pluripotent stem cells (iPSCs) and mesen-
chymal stem cells (MSCs) cultured with a chemically defined medium. (A): Nanoparticle tracking analysis measurements of sizes and con-
centrations of EVs produced by human iPSCs and MSCs after an optimal dilution of 1:200 and 1:20 in volume, respectively. (B): Sizes of
iPSC-EVs and MSC-EVs of multiple cultures (n = 16). (C): Concentrations of undiluted iPSC-EVs and MSC-EVs of multiple cell lines or cul-
tures (n = 16). (D): Purification of concentrated iPSC-EVs by qEV size exclusion chromatography. (E): Representative images of iPSC-EVs
and MSC-EVs by transmission electron microscopy. Scale bar: 100 nm. (F): Western blots to examine the presence or absence of indicated
proteins in lysates of EVs or their producing cells. All data reflect mean � SD from ≥3 independent experiments. Abbreviation: Ns, not sig-
nificant; ***, p < .001. Also see Supporting Information Figure S1.
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from BC1 iPSCs and the isogenic iPSC-derived MSCs further

support our conclusion (Supporting Information Fig. S2B–S2D).

Human Stem Cell-Derived EVs Improve the Growth of

Replicatively Aged MSCs

We next explored if highly purified EVs could alter biological

functions of target cells in culture. We first incubated either

iPSC-EVs or MSC-EVs with recipient cells that were actively prolif-

erating at early passages (Supporting Information Fig. S2F, S2G).

At a dose of 10,000 EVs per cell, we saw little effect on the

growth of these proliferative MSCs and HUVECs compared with

a PBS control. However, when senescent, serially passaged MSCs

(>p10) were used [30], we observed that purified EVs from both

cell types stimulated the growth of the otherwise senescent

MSCs as measured by AlamarBlue-based assay (Fig. 3A). Similar

growth enhancement was observed in a different cell-based assay

using the WST-1 dye (Supporting Information Fig. S3A, S3B).

We next examined the effects of EVs on cell proliferation

or apoptosis of senescent MSCs. After EV treatment for 4 days,

the nucleotide analog EdU was added to the medium (Fig. 3B).

Figure 2. Highly purified extracellular vesicles (EVs) from human induced pluripotent stem cells (iPSCs) enter target cells efficiently.
(A): Representative images of iPSC-EV and mesenchymal stem cell (MSC)-EV uptake by MSCs (upper) and human umbilical vascular endo-
thelial cells (HUVECs; lower) after PKH67 green fluorescent dye labeling. Scale bar: 50 μm. (B, C): Quantification of PKH67 staining intensity
in MSCs (B) and HUVECs (C). (D): Representative images of iPSC-EV and MSC-EV uptake by MSCs after PKH26 red fluorescent dye labeling.
Scale bar: 50 μm. (E, F): Quantification of PKH26 staining (E) and DAPI (40,6-diamidino-2-phenylindole,dihydrochloride) staining
(F) intensity in MSCs. (G): Time-course analysis of iPSC-EV and MSC-EV uptake by MSCs after PKH26 red fluorescent dye labeling of EVs.
All data reflect mean � SD from three independent experiments. Abbreviation: Ns, not significant; *, p < .05; ***, p < .001. Also see
Supporting Information Figure S2.
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The numbers of treated cells that incorporated EdU into nuclei

significantly increased after EV treatments (Fig. 3C). However,

there was little difference in the percentage of apoptotic cells

(Supporting Information Fig. S3E, S3F). We also measured

aging phenotypes of senescent MSCs after EV treatment, using

well established assays [31]. We observed alleviation of aging

phenotypes after EV treatment, such as reduction of cells expres-

sing senescence-associated β-gal enzymatic activity (Fig. 3D, 3E),

reduced expression of genes such as p21 and p53 (Fig. 3F),

and reduced production of cytokines such as IL-1a and IL-6

(Fig. 3G, 3H). The increased production and secretion of cyto-

kines such as IL-6 is a hallmark of the senescence-associated

secretory phenotype (SASP). We also performed staining of

senescent MSCs to examine the level of the γ-H2AX protein,

another hallmark of cellular senescence and increased DNA

damage. We found human stem cell-derived EVs also reduced

the level of the γ-H2AX protein (Supporting Information Fig. S3C,

S3D). Although EVs from both types of human stem cells could

alleviate the senescent phenotypes of replicatively aged MSCs,

iPSC-EVs consistently showed a modest improvement over

MSC-EVs in enhancing cell growth (Fig. 3A; Supporting Information

Fig. S3B), in addition to the fact that they are more abundantly

produced by iPSCs in culture.

Human Stem Cell-Derived EVs Also Alleviate Cellular

Aging in a Genetically Induced Senescence Model

In addition to the senescent MSCs after serial and exhausting

passaging as a replicative aging model, we also used a premature

aging model of cellular senescence. Replicative, early-passage

MSCs (p3–p6) were transduced with progerin, a mutant form of

the nuclear architectural protein lamin A [32]. Production of pro-

gerin in connective tissues causes Hutchinson–Gilford Progeria

Figure 3. Human stem cell-derived extracellular vesicles (EVs) improve the growth of replicatively senescent mesenchymal stem cells
(MSCs). (A): AlamarBlue assay to assess the cell growth of culture-aged MSCs (in passages of 10–14) incubated with induced pluripotent
stem cell (iPSC)-EVs or MSC-EVs. (B): Representative images of iPSC-EV- or MSC-EV-treated MSCs incubated with EdU nucleotide analog.
Scale bar: 100 μm. (C): Percentages of EdU positive cells after EV treatment of replicatively aged MSCs. (D): Representative images of SA
β-gal staining for aged MSCs in the presence or absence of EVs. Scale bar: 50 μm. (E): Percentage of SA-β-gal positive aged MSCs after EV
treatment. (F): Real-time qPCR to detect p21 and p53 gene expression after iPSC-EV and MSC-EV treatment. Human GAPDH was used as
internal control. (G): Levels of senescence-associated secretory proteins interleukin (IL)-1a, measured by enzyme-linked immunosorbent
assay (ELISA). (H): Levels of senescence-associated secretory proteins IL-6, measured by ELISA. All data reflect mean � SD from four
independent experiments. *, p < .05; **, p < .01; ***, p < .001; #, p < .05; ##, p < .01; ###, p < .001. Also see Supporting Information
Figure S3.
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Syndrome (HGPS), an early onset lethal premature aging disor-

der [33, 34]. As reported by previous studies using human fibro-

blasts and MSCs [35], the constitutive expression of progerin in

MSCs resulted in senescence and other characteristic pheno-

types of HGPS cells in culture (Supporting Information Fig. S4).

However, when progerin-transduced MSCs were treated with

highly purified EVs from iPSCs and MSCs, we observed enhanced

cell growth as well as alleviation of aging cellular phenotypes

(Fig. 4), as with the replicatively senescent MSCs shown in Figure 3.

EVs Produced by Human Stem Cells Contain a High

Concentration of Intracellular Antioxidant Proteins

Peroxiredoxins and Reduce Oxidative Stress in the

Induced Senescent Cells

To investigate why EVs from human stem cells alleviate aging

phenotypes of senescent cells, we analyzed the proteome of

highly purified EVs from both types of stem cells as well as from

human blood plasma. In total, we were able to detect 2,107 and

1,743 unique proteins in iPSC-EVs and MSC-EVs, respectively

(Supporting Information Fig. S5A). We focused on the 1,135

unique proteins common to both types of EVs (Supporting Infor-

mation Table S2). A gene ontology analysis showed that most of

them are exosome- or lysosome-related proteins, such as CD9,

CD63, and CD81 (Supporting Information Fig. S5B, Supporting

Information Table S2). Among those 1,135 exosome-associated

proteins, we noticed that several members of the peroxiredoxin

(PRDX) family were highly abundant in iPSC-EVs and MSC-EVs,

but much lower in plasma EVs (Fig. 5A; Supporting Information

Fig. S5C). PRDXs, a class of antioxidant enzymes that are mainly

located intracellularly with redox functions, have been reported

to regulate longevity and stress resistance [36–38]. Because the

PRDX1 and PRDX2 proteins have been reported to reduce cellu-

lar oxidative stress and senescence, which are often associated

with aged or aging cells [39–42], we orthogonally verified the

levels of these two antioxidant enzymes in purified EVs by Western

blotting using specific antibodies (Fig. 5B). We confirmed that

Figure 4. Human stem cell-derived extracellular vesicles (EVs) alleviate cellular aging in a genetically induced senescence model. (A): Ala-
marBlue assay to assess the cell growth of progerin-induced senescent mesenchymal stem cells (MSCs) incubated with induced pluripo-
tent stem cell (iPSC)-EVs or MSC-EVs. (B): Results of the WST-1 assay for EV-treated MSCs. (C): Representative images of iPSC-EV- or
MSC-EV-treated MSCs incubated with EdU. Scale bar: 100 μm. (D): Percentages of EdU positive cells after EV treatment of senescent
MSCs. (E): Representative images of SA β-gal staining for senescent MSCs in the presence or absence of EVs. Scale bar: 50 μm. (F): Per-
centage of SA-β-gal-positive cells in senescent MSCs after EV treatment. (G): Real-time qPCR to detect p21 and p53 gene expression after
iPSC-EV and MSC-EV treatment. Human GAPDH was used as the internal reference. All data reflect mean � SD from three independent
experiments. **, p < .01; ***, p < .001; ##, p < .01; ###, p < .001. Also see Supporting Information Figure S4.
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PRDX1 and PRDX2 are present in high levels in EVs derived from

the two stem cell types but could not be detected in purified

EVs from human plasma, consistent with the proteomic data

(Fig. 5A). We also examined the levels of PRDX1 and PRDX2 pro-

teins in young MSCs (passage 3) before and after progerin-

mediated induction of senescence (Fig. 5C). The levels of PRDX1

and PRDX2 antioxidant proteins inversely correlated with the

levels of cellular reactive oxygen species (ROS) measured with a

previously established method [35]. Consistent with the previ-

ous observation [35], progerin-induced senescent MSCs showed

a significantly higher level of cellular ROS compared with early-

passage MSCs without progerin-induced senescence (Fig. 5D).

We next examined the cytoprotective or growth stimulatory

effects of human iPSC-EVs and plasma-EVs on progerin-senescent

MSCs. After treatment with the same numbers of EVs for 4 days

(Fig. 5E), purified iPSC-EVs stimulated the growth of senescent

MSCs as we observed before (Fig. 4A). However, the purified EVs

from human blood plasma lacking PRDX1 and PRDX2 antioxidant

proteins had little effect. Senescent MSCs treated with iPSC-EVs

also showed elevated levels of PRDX1 and PRDX2 (Fig. 5F) and a

Figure 5. Stem cell-derived extracellular vesicles (EVs) contain high levels of peroxiredoxins and reduce cellular reactive oxygen species
(ROS) in senescent cells. (A): Peroxiredoxin abundance in induced pluripotent stem cell (iPSC)-EVs and mesenchymal stem cell (MSC)-EVs by
proteomics, rank by iBAQ intensities in iPSC-EVs. iBAQ, intensity based absolute quantification. (B): Western blotting to examine the protein
level of PRDX1 and PRDX2 in plasma-EVs, iPSC-EVs and MSC-EVs. (C): Western blotting analysis of PRDX1 and PRDX2 proteins in young MSCs
(passage 3) and senescent MSCs (progerin-induced). (D): Detection of cellular ROS by CellROX green in young MSCs (passage 3) and senes-
cent MSCs (progerin-induced). (E): AlamarBlue fluorometric assay to assess the cell growth of progerin-induced senescent MSCs (control)
compared with those treated with plasma-EVs or iPSC-EVs for 4 days. (F): Quantitation of PRDX1 and PRDX2 protein levels measured by
Western blotting in cells cultured for 4 days with or without treatment with plasma-EVs or iPSC-EVs. (G): Detection of reduced cellular ROS
level after treatment with iPSC-EVs (red) versus untreated senescent MSCs (black). All data reflect mean � SD from four independent exper-
iments. *, p < .05; **, p < .01; ***, p < .001. Also see Supporting Information Figure S5 and Supporting Information Table S2.
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reduced level of cellular ROS (Fig. 5G). These data strongly sug-

gest that PRDXs delivered by stem cell-derived EVs are responsi-

ble at least in part for the observed alleviation of oxidative stress

and associated cellular aging.

DISCUSSION

Until recently, most studies of EV-mediated tissue regeneration or

repair used culture-expanded MSCs and showed medicinal bene-

fits, at least transiently, after being introduced in vivo. Ongoing

research efforts seek to achieve more efficient proliferation of cul-

tured MSCs under chemically defined conditions and improved EV

production. In this study, we compared production and function

of EVs of human MSCs and iPSCs cultured under the same chemi-

cally defined culture condition. We showed that human iPSCs pro-

duced EVs >16-fold more efficiently than early-passage MSCs,

from an aspect of producing high-concentrations of EVs released

in medium by cultured cells. In addition, iPSC-EVs showed supe-

rior internalization by recipient cells and alleviation of aging

phenotypes when applied to two aging models of human MSCs.

The more abundant EV production from human iPSCs (that can

be cultured infinitely using a chemically defined medium) also

makes it more feasible for both laboratory research and future

clinical applications that require a large number of purified EVs.

Other methods such as anion exchange chromatography may

help independently validate our EV purification scheme or fur-

ther improve EV purification.

Recently, EVs produced from cultured MSCs were used to

rejuvenate aged hematopoietic stem cells or MSCs [43, 44]. It

was reported that young (p2–p6) MSCs produced EVs that

could rejuvenate aged murine hematopoietic stem cells in a

mouse model [43], similar to a previous report using MSC-EVs

and an irradiation injury mouse model [10]. These studies have

provoked great interest in examining the roles of EVs in cellular

senescence and aging [45]. During the preparation of this article,

Park et al. published a paper showing that human iPSC-EVs ame-

liorated aging of skin fibroblasts in vitro using an irradiation

model [46]. Together, these studies firmly demonstrate that iPSC-

EVs and MSC-EVs can alleviate senescence of human cells in vitro.

However, early studies did not shed light on how EVs from human

stem cells alleviate the aging phenotypes on senescent cells. Our

current studies provide a new mechanism and strong evidence

for the first time that stem cell-derived EVs carry a high level of

PRDX antioxidant enzymes, which are at least in part responsible

for the amelioration of aging phenotypes in progerin-induced

senescent cells by reducing cellular ROS in these cells. Considering

the many shared molecular and cellular mechanisms between

premature aging and replicative senescence [34], we expect that

PRDX antioxidant enzymes that can be delivered by EVs also play

roles in replicative senescence and aging related diseases.

Although iPSC-derived EVs offer advantages in being pro-

duced in greater numbers and in stimulating cell metabolism,

EVs from MSCs or other cell types that carry distinct cargos

may be better suited for other medicinal applications. Recently,

a proteomics study illustrated significant differences between

human EVs produced by undifferentiated iPSCs and ones pro-

duced by iPSC-derived isogenic MSCs [47]. The former contains

more cellular components of active cellular metabolism (consis-

tent with our findings), whereas the latter acquires more stromal

cell-associated modulatory activities [47]. One can envision that

iPSC-derived EVs may be more efficient in medicinal applications

to overcome cellular senescence, whereas EVs produced by vari-

ous types of MSCs may be better suited to treat stromal disorders

of collective tissues.

It remains to be determined if stem cell-derived EVs may also

influence other pathways, such as the NRF2-mediated antioxida-

tive regulation reported in a recent study using the same type of

cellular model [35]. This regulation could occur in cooperation with

or independent of intracellular PRDX antioxidant enzymes deliv-

ered by EVs. Despite our novel finding of EV-delivered PRDXs, it

remains unclear whether additional bioactive molecules (proteins,

RNAs, lipids, etc.) are involved in the alleviation of senescence.

For example, mouse exosomal RNAs from hypothalamic stem/

progenitor cells declined during aging, whereas treatment with

healthy hypothalamic stem/progenitor cell-secreted exosomes led

to the slowing of aging [48]. More studies are needed to extrapo-

late these findings to other species and other tissues.

Our defined in vitro cell culture systems using two aging

models will likely help us elucidate shared mechanisms of aging

and aging-associated diseases. The systems may also allow us to

explore how stem cell derivatives can attenuate, ameliorate or

reverse aging or disease phenotypes. As compared with potent

human iPSCs, EVs that lack nuclei and cell proliferation potential

offer an attractive, safer alternative for cellular therapy and regen-

erative medicine [17, 49]. A deeper understanding of how stem

cell-derived EVs and their cargos alleviate aging phenotypes may

help us achieve in vivo amelioration of aging-associated pheno-

types, as reported recently in a small animal model [50].

CONCLUSION

We demonstrate that human iPSCs produce great numbers of

EVs under a defined culture condition, and the concentration is

16-fold higher than by MSCs. Highly purified EVs secreted from

both iPSCs and young MSCs alleviated senescence associated cel-

lular phenotypes of aged MSCs through reducing intracellular

ROS level via exosomal transfer of PRDXs. Our findings suggest

that EVs from human stem cells offer an attractive, safer alter-

native for regenerative medicine and cellular therapy.
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