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A B S T R A C T

Neural stem/progenitor cells (NPCs) are known to have potent therapeutic effects in neurological disorders
through the secretion of extracellular vesicles (EVs). Despite the therapeutic potentials, the numbers of NPCs are
limited in the brain, curbing the further use of EVs in the disease treatment. To overcome the limitation of NPC
numbers, we used a three transcription factor (Brn2, Sox2, and Foxg1) somatic reprogramming approach to
generate induced NPCs (iNPCs) from mouse fibroblasts and astrocytes. The resulting iNPCs released significantly
higher numbers of EVs compared with wild-type NPCs (WT-NPCs). Furthermore, iNPCs-derived EVs (iNPC-EVs)
promoted NPC function by increasing the proliferative potentials of WT-NPCs. Characterizations of EV contents
through proteomics analysis revealed that iNPC-EVs contained higher levels of growth factor-associated proteins
that were predicted to activate the down-stream extracellular signal-regulated kinase (ERK) pathways. As ex-
pected, the proliferative effects of iNPC-derived EVs on WT-NPCs can be blocked by an ERK pathway inhibitor.
Our data suggest potent therapeutic effects of iNPC-derived EVs through the promotion of NPC proliferation,
release of growth factors, and activation of ERK pathways. These studies will help develop highly efficient cell-
free therapeutic strategies for the treatment of neurological diseases.

1. Introduction

Due to the limited number of endogenous neural stem/progenitor
cells (NPCs) in adults, transplantation with exogenous NPCs has been
proposed as a promising therapeutic strategy in treating neurodegen-
erative diseases (Ager et al., 2015; Goldberg et al., 2017; Zhang et al.,
2014) and traumatic brain injury (Hou et al., 2017; Tang et al., 2014).
Transplanted NPCs were originally shown to replace damaged neuronal
and glial cells. However, recent studies revealed that transplanted NPCs
might achieve therapeutic effects through modulation of micro-
environment for the endogenous NPCs (Lee et al., 2013; Yarygin et al.,
2009). Extracellular vesicles (EVs), which are released from virtually all
cell types in the brain, are a key component of the central nervous
system microenvironment (Zappulli et al., 2016). EVs are

heterogeneous nanoscale membranous vesicles that include exosomes
(EXOs), microvesicles (MVs), and apoptotic bodies. EV contain proteins
such as enzymes, cytokines, nucleic acids, and other bioactive mole-
cules (Hessvik and Llorente, 2018; Raposo and Stoorvogel, 2013; Tetta
et al., 2013). EVs are known to modulate neuronal functions in both
nervous system development and adults (Feliciano et al., 2014; Schiera
et al., 2015). In addition, EVs may also regulate other components of
neurogenic niches and help maintain the balance between proliferation
and differentiation of NPCs (Batiz et al., 2015). Mesenchymal stem cell-
derived EVs (MSC-EVs) are able to promote long-term neuroprotection,
post-stroke regeneration, and other functions of NPCs (Doeppner et al.,
2015; Otero-Ortega et al., 2017). Compared to MSC-EVs, human neural
stem cell-derived EVs (hNSCs-EVs) may be more effective in improving
cellular, tissue, and functional outcomes in a murine thromboembolic
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stroke model (Webb et al., 2017). Therefore, administration of EVs may
be able to achieve similar favorable therapeutic outcome while having a
lower risk of adverse effects compared with direct cell transplantation
(Bobis-Wozowicz et al., 2015).

EVs assert effects on target cells through active molecules in their
cargoes. For example, neuron-derived EVs contain synaptic plasticity-
associated microtubule-associated protein 1B (MAP1B) and miRNAs,
which participate in the activity-dependent synaptic plasticity, den-
dritic arborization, and formation of long-term memory (Goldie et al.,
2014). NPCs-derived EVs contain asparaginase-like protein 1 (Asrgl1)
that functions as an independent metabolic unit to regulate critical
nutrients in the microenvironment (Iraci et al., 2017). In addition, NPC-
derived EVs are also able to transfer mRNAs that are of regenerative
potentials and help maintain the essential functions of NPCs
(Yoshimura et al., 2018). Therefore, NPC-derived EVs have great
therapeutic potentials in regenerative medicine. Understanding the
functional impact of EVs and the EV contents is critical to the further
use of NPCs-derived EVs in the disease treatment.

The development of cellular reprogramming technology has enabled
the generation of induced NPCs (iNPCs) that provide adequate amounts
of EVs for therapeutic purposes (Lai et al., 2015; Lujan et al., 2012;
Shahbazi et al., 2016). In the current studies, we used iNPCs-derived
EVs and found that these EVs promoted significantly higher levels of
proliferative potentials of wild type (WT)-NPCs, compared with EVs
derived from wild type NPCs (WT-EVs). We further analyzed the con-
tents of the EVs and identified a specific increase of growth factors
compared with those from WT-EVs. Furthermore, we determined that
iNPC-EVs regulate the proliferation of WT-NPCs through activating the
extracellular signal–regulated kinase pathways. These results suggest
potent effects of iNPC-EVs on NPC functions, which can be harnessed to
design novel cell-free therapeutic strategies for neurological disorders.

2. Materials and methods

2.1. Animals and reagents

C57BL/6 J and Nestin-EGFP mice were housed and maintained in
the Comparative Medicine Facility of the Tongji University School of
Medicine (Shanghai, China). All procedures were conducted in ac-
cordance with the protocols approved by the Institutional Animal Care
and Use Committee at the Tongji University School of Medicine.

U0126(#S1102) was obtained from Selleck chemical. PKH26
(Sigma, #PKH26GL) was obtained from Sigma-Aldrich. Fluorescein
Phalloidin (# F432) was obtained from Life technologies.

2.2. Mouse fibroblast isolation and enrichment

Mouse fibroblasts were derived from Nestin-EGFP transgenic mice
embryos at 13.5–14.5 d post coitum as previously described (Tian et al.,
2012). All internal organs, head, and spinal cord were removed. The
remaining skin tissues were washed twice with PBS, and dissociated
with 0.25% trypsin-EDTA solution. Mouse fibroblasts were cultured in
DMEM supplemented with 10% FBS, 1% non-essential amino acid (non-
AA), 100 U/ml penicillin, 100 μg/ml streptomycin at 37 °C in a 5% CO2

humidified atmosphere.

2.3. Mouse astrocyte isolation and enrichment

Astrocytes were isolated from cortices at postnatal day 7 as pre-
viously described (Wang et al., 2017). Briefly, cortices from Nestin-
EGFP transgenic mice were dissected and mechanically dissociated to
remove the membranes and large blood vessels. After washed twice
with HBSS, cortices were digested at 37 °C for 20min by Trypsin-EDTA
(Thermo Scientific). Digestion was stopped by FBS (Thermo Scientific).
After trituration, cells were plated on T75 flask in DMEM/F12 with 10%
FBS, 100 U/ml penicillin, 100 μg/ml streptomycin at 37 °C in a 5% CO2

humidified atmosphere. The culture medium was replaced every three
days. After three passages, astrocytes were harvested by trypsinization.

2.4. Mouse NPCs isolation and enrichment

Mouse cortical NPCs were isolated from mouse fetal brain tissue, as
previously described (Chen et al., 2015). Briefly, NPCs were cultured in
substrate-free tissue culture flasks for the formation of neurospheres in
NPC proliferation medium, containing NeuroCult® NSC Basal Medium
(Stem Cell Technologies), NeuroCult® NSC Proliferation Supplements
(Stem Cell Technologies), 20 ng/ml FGF2 (BioWalkersville), 20 ng/ml
EGF (BioWalkersville) and 2 μg/ml heparin (Sigma), N2 supplement,
2 mM L-glutamine, 100 U/ml penicillin, 100 μg/ml streptomycin. Pri-
mary neurospheres were collected, dissociated, and re-suspended into
single cells for a second round of neurosphere formation. Enriched
NPCs were harvested after three rounds of neurosphere formation.

2.5. Retroviral preparation

Plasmid encoding mouse Sox2 was purchased from Addgene. Mouse
FoxG1 (restriction enzymes: BamHI and XhoI), Brn2 (restriction en-
zymes: BamHI and XhoI) were amplified from mouse NPCs cDNA li-
brary. Each gene was individually cloned into pMXs-retroviral vectors
(Cell Biolabs). For the preparation of retroviruses, Plat-E cells were
seeded at 3.6× 106 cells per 100-mm dish. 24 h after plating, pMXs-
based retroviral vectors encoding Sox2, Brn2, FoxG1 and empty vector
control were introduced into Plat-E cells using Lipofectamine™ LTX
transfection reagent (Thermo Scientific) according to the protocol from
the manufacturer. The medium was replaced with DMEM/F12 con-
taining 10% FBS 24 h after transfection. At 48 h and 72 h post-trans-
fection, virus-containing supernatants were collected and filtered
through a 0.45-μm cellulose acetate filter.

2.6. Reprogramming of mouse astrocytes and fibroblasts

Fibroblasts and astrocytes were transduced with retroviruses in
polybrene-containing (10 μg/ml) supernatants overnight. The second
round of infection was carried out 3 days post-transfection. Infected
astrocytes were changed to NPC proliferation medium contain mouse
NeuroCult Basal Medium (Stem Cell Technologies) supplemented with
10% NeuroCult Proliferation Supplement, epidermal growth factor
(EGF, 10 ng/ml, Sigma Aldrich) and basic fibroblast growth factor
(FGF2, 20 ng/ml, Sigma Aldrich) 1 day after the second infection. NPC
proliferation medium was changed every two days. 30 days after ret-
roviral transduction, bulged colonies were manually picked, dissociated
and re-suspended into single cells in Petri dishes. After the formation of
primary neurospheres after culturing for 4–6 days, neurospheres were
collected, dissociated and re-plated into Poly-D-Lysine/Fibronectin
coated 6 well plates. Cells were collected at 80% confluency and re-
suspended into single cells for a second round neurosphere formation.
After 3 rounds of neurosphere formation, cells were collected for the
validation of reprogramming.

2.7. Differentiation of NPCs

The differentiation of NPCs and iNPCs was as previously described
(Tian et al., 2015). Briefly, 5000 NPCs were planted on Poly-L-Or-
nithine/laminin-coated coverslips in 24-well plate with DMEM/F12
supplemented with 1×N2, 1×B27, 1.0mM Glutamax, 0.11mM β-
mercaptoethanol, 1.0 mM dibutyrylcAMP (Sigma), 0.2 mM ascorbic
acid (Sigma), 10 ng/ml brain-derived neurotrophic factor (BDNF) (Pe-
protech), and 10 ng/ml glial cell line-derived neurotrophic factor
(GDNF) (Peprotech) for 4 weeks. The medium was changed every
3–4 days.
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2.8. Isolation of EVs

EVs were isolated from the serum-free culture of NPCs as previously
described (Wu et al., 2018). Briefly, 6×106 NPC/iNPC were planted
on poly-L-Ornithine/laminin-coated 10 cm dish and cultured in NPC
proliferation medium for 12 h. The supernatants were first centrifuged
at 300×g for 10min to remove free cells, at 3000×g for 20min to
remove cellular debris, and then 10,000×g for 30min to remove in-
tracellular organelles. EVs were collected by ultracentrifugation at
100,000×g for 2 h. All centrifugation steps were performed at 4 °C.

2.9. Dynamic light scattering

Isolate EVs were re-suspended in 150 μl PBS, diluted at 1:100 in
PBS. 8 μl samples were loaded into a microcuvette (ZEN0118, Malvern
Instruments, UK) for measurement. Three determinations per sample
were taken at 25 °C using Nano ZS90 (Malvern Instruments, UK) for
each independent experiment. The size of EVs was measured by the
fluctuations of scattered light intensity at a fixed angle using 633 nm
wavelength laser. Data acquisition and analysis were performed using
Malvern Zetasizer Software (Malvern Instruments, v7.03). The average
particle diameter was calculated by the peak of intensity fitting to the
particle distribution.

2.10. Nanoparticle tracking analysis (NTA)

The size and number of extracellular vesicles were carried out as
previously described (Wu et al., 2018). Briefly, 8× 106 WT-NPCs,
FiNPCs, AiNPCs were planted on poly-L-Ornithine/laminin-coated 10-
cm dish and cultured with 10ml NPC proliferation medium, respec-
tively. The culture supernatants were collected at 12 h, isolated EVs
were resuspended in 150 μl PBS and diluted at 1:100 in PBS. 1ml so-
lution was used for NanoSight analysis. NTA was assessed on NanoSight
NS300 system (Malvern Instruments, UK) with a sCMOS camera. The
conditions of the measurements were set at 25 °C, 1 cP viscosity, 25 s
per capture frame and 60 s measurement time. Three individual mea-
surements were applied for the measurement of EVS sizes and con-
centration.

2.11. Scanning electron microscopy (SEM)

NPCs were grown on a glass coverslip, fixed with 2.5% glutar-
aldehyde, and washed three times with PBS. The cells were then de-
hydrated in a series of increasing ethanol concentrations and trans-
ferred for critical drying. After coating with platinum/palladium using
a sputter coater, the sample was imaged with a scanning electron mi-
croscope (S-3400, Hitachi).

2.12. Transmission electron microscopy (TEM)

TEM of EVs: Purified EVs were negatively stained and then spread
on the copper grids. The droplets of EVs were removed with filter paper
and air-dried at room temperature.

TEM of NPCs: Collected NPCs pellet was fixed using 2.5% glutar-
aldehyde overnight at 4 °C and then washed twice with PBS. NPCs were
fixed using 1% osmic acid for 1.5 h at room temperature. Followed by
washing twice with PBS, NPCs were dehydrated in alcohol, embedded
in epoxy resin, ultrasectioned, transferred to 300-mesh Formvar coated
nickel grids (Electron Microscopy Sciences) and stained using 2% ur-
anyl acetate and lead citrate.

Images were obtained using transmission electron microscopy
(JEM-1230, JEOL Ltd.).

2.13. Western blot

EVs or cells were lysed in RIPA lysis and extraction buffer (Thermo

Scientific). Protein concentration was determined using the BCA (bi-
cinchoninic acid) Protein Assay Kit (Pierce). After electrophoretic
transfer to polyvinyldifluoridene (PVDF) membranes (Millipore), pro-
teins were treated with purified primary antibodies for Akt (1:1000;
Cell Signaling Technologies), phospho-Akt (Ser473) (1:1000; Cell
Signaling Technologies), MEK1/2 (1:1000; Cell Signaling
Technologies), phospho-MEK1/2 (1:1000; Cell Signaling Technologies),
ERK1/2(1:1000; Cell Signaling Technologies), phospho-ERK1/
2(1:1000; Cell Signaling Technologies), β-actin (1:5000; Sigma
Aldrich), flotillin-1 (1:1000;BD biosciences), flotillin-2 (1:5000;BD
Biosciences), and HSP70 (1:1000; Cell Signaling Technologies) over-
night at 4 °C. The density of the immunoblots was determined by image
lab software and analyzed using Image J program.

2.14. Immunocytochemistry

The cultured cells were plated on coverslips and fixed in 4% for-
maldehyde for 20min at room temperature and then washed with PBS
for three times. The fixed cells were permeabilized with 0.2% Triton X-
100 in PBS for 10min, then blocked with 2% BSA in PBS for 1 h at room
temperature. Subsequently, they were incubated overnight at 4 °C with
primary antibodies including rabbit anti-Sox2 (1:1000; Cell Signaling
Technologies), rabbit anti-MAP2 (1:1000; Millipore), rabbit anti-GABA
(1:5000; Sigma), rabbit anti-VGLUT1/2 (1:100; synaptic systems),
chicken anti-nestin (1:5000; Novus), mouse anti-βIII-Tubulin (Tuj1)
(1:500; Sigma). Coverslips were washed and incubated for 1 h at room
temperature with secondary antibodies including anti-rabbit IgG (cou-
pled with Alexa Fluor 568, Life Technologies), anti-rabbit IgG (coupled
with Alexa Fluor 488, Life Technologies) and anti-chicken IgG (coupled
with Alexa Fluor 488, Life Technologies), anti-mouse IgG (coupled with
Alexa Fluor 488, Life Technologies). Nuclear DNA was stained with
DAPI. Then the coverslips were mounted on glass slides with mounting
buffer (Sigma-Aldrich). Immunostaining was examined by a Zeiss 710
confocal laser scanning microscope.

2.15. EdU incorporation assay

DNA synthesis was performed by a Click-iT® EdU Imaging Kits
(Thermo Scientific, #C10338) according to the manufacturer's in-
structions. 2.5× 105 WT-NPCs were treated with 15 μg/ml EVs on
35mm Coverglass-Bottom Dish (Cellvis, #161115) for 24 h, then
changed NPC proliferation medium without EVs and cultured for an-
other 24 h, EdU was added 2 h prior to fixation. Then the cells were
fixed with 4% cold formaldehyde for 30min at room temperature. After
permeabilization with 1% Triton X-100, the cells were reacted with
Click-iT® reaction cocktails (Thermo Scientific) for 30min.
Subsequently, the DNA contents of the cells were stained with DAPI.
Images were taken using Zeiss AX10 fluorescence microscope and
AxioVision Rel. 4.8 software. Image pro plus 6.0 was used for cell
counting and EdU-labeled cells were normalized to the total number of
DAPI-stained cells for statistical analysis.

2.16. Cell proliferation assay

Briefly, 15 μg/ml EVs were co-cultured with 5000 cells/well WT-
NPCs on 96-well plates for 24 h, then changed with NPC proliferation
medium without EVs and cultured for 48 h. Cell viability was measured
by MTS (Promega, #G3582) and CCK-8 (Yeasen, #40203ES80) assays.
Experiments were handled according to the manufacturer's instructions.
Absorbance was measured at 570 nm and 450 nm and analyzed using
SpectraMax M5 microplate readers (Molecular Devices).

2.17. Sample preparation and LC-MS/MS analysis

EVs or cells were lysed in RIPA lysis and extraction buffer (Thermo
Scientific). The remaining debris was removed by centrifugation at
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12,000 g at 4 °C for 10min. The supernatant was collected and the
protein concentration was determined with BCA kit (Thermo Scientific)
according to the manufacturer's instructions. For trypsin digestion, the
protein solution was reduced with 5mM dithiothreitol for 30min at
56 °C and alkylated with 11mM iodoacetamide for 15min at room
temperature in darkness. The protein sample was then diluted by
adding 100mM TEAB to urea concentration< 2M. Finally, trypsin was
added at 1:50 trypsin-to-protein mass ratio for the first digestion
overnight and 1:100 trypsin-to-protein mass ratio for a second digestion
for 4 h. The tryptic peptides were dissolved in 0.1% formic acid (solvent
A), directly loaded onto a home-made reversed-phase analytical column
(15-cm length, 75 μm i.d.). The gradient was comprised of an increase
from 6% to 23% solvent B (0.1% formic acid in 98% acetonitrile) over
26min, 23% to 35% in 8min and climbing to 80% in 3min then
holding at 80% for the last 3 min, all at a constant flow rate of 400 nL/
min on an EASY-nLC 1000 UPLC system. The peptides were subjected to
NSI source followed by tandem mass spectrometry (MS/MS) in Q
ExactiveTM Plus (Thermo Scientific) coupled online to the UPLC. The
electrospray voltage applied was 2.0 kV. The m/z scan range was 350 to
1800 for full scan, and intact peptides were detected in the Orbitrap at a
resolution of 70,000. Peptides were then selected for MS/MS using NCE
setting as 28 and the fragments were detected in the Orbitrap at a re-
solution of 17,500. A data dependent procedure that alternated be-
tween one MS scan followed by 20 MS/MS scans with 15.0 s dynamic
exclusion. Automatic gain control (AGC) was set at 5E4. Fixed first mass
was set as 100m/z.

2.18. Protein identification and bioinformatics analysis

Tandem mass spectra were searched against UniProt database
concatenated with reverse decoy database. Trypsin/P was specified as
cleavage enzyme allowing up to 2 missing cleavages. The mass toler-
ance for precursor ions was set as 20 ppm in First search and 5 ppm in
Main search, and the mass tolerance for fragment ions was set as
0.02 Da. Carbamidomethyl on Cys was specified as fixed modification
and oxidation on Met was specified as variable modifications. FDR was
adjusted to< 1% and minimum score for peptides was set> 40. After
normalization, target features showing> 1.5-fold intensity differences
were selected and denoted as differentially expressed proteins. For the
identification of enriched protein domains, InterPro database was used
and a two-tailed Fisher's exact test was employed to verify the enrich-
ment of the differentially expressed protein against all identified pro-
teins. Protein domains with a p-value< .05 were considered sig-
nificant.

2.19. Statistical analyses

All results are the means of at least three independent
experiments± SD. Data were evaluated statistically by the analysis of
variance (ANOVA), followed by Tukey's test for multiple comparisons.
The Two-tailed Student's t test was used to compare two groups.
Significance was considered when p < .05.

3. Results

3.1. iNPCs released more EVs than WT-NPCs

To characterize EVs derived from iNPCs, we first generated fibro-
blasts- and astrocytes-derived iNPCs (FiNPCs & AiNPCs) by ectopic
expression of transcription factors Sox2, Brn2 and Foxg1 (Fig. S1A). The
reprogramming was performed in the primary fibroblast and astrocyte
cultures isolated from Nestin-EGFP mice following published protocols
from our laboratory and others (Corti et al., 2012; Lujan et al., 2012;
Ma et al., 2018; Tian et al., 2012). The immunocytochemical analysis
demonstrated that both FiNPCs and AiNPCs expressed NPC markers
SOX2 and Nestin (Fig. S1B) in proliferation medium, markers MAP2,

vesicular transporter proteins for glutamate (VGLUT), and γ-aminobu-
tyric acid (GABA) in differentiation medium (Fig. S1C), suggesting the
NPC phenotype of the two iNPC lines. Interestingly, both iNPC lines had
a higher proportion of proliferating cells in NPC proliferation medium,
as determined by EdU staining, compared to WT-NPCs and NPCs iso-
lated from Nestin-EGFP mice (Nestin-EGFP-NPCs) (Fig. S2A-F). The
number of cells increased significantly in iNPCs groups at 24 h but not
at 12 h, compared with those of WT-NPCs and Nestin-EGFP-NPCs, as
determined by the quantification of DAPI-positive cells and CCK-8 assay
(Fig. S2B, E, G-I). Therefore, this time point study suggests that the
iNPCs have a higher proliferative capacities compared to those of WT-
NPCs and Nestin-EGFP-NPCs. Since WT-NPCs and Nestin-EGFP-NPCs
exhibited similar capacities in cell viability and proliferation, we used
WT-NPCs as controls in the subsequent studies.

The proliferation of NPCs could be regulated by cell intrinsic and
extrinsic factors (Huang et al., 2018; Wang et al., 2014). Our recent
findings suggested that CNS cells could convey inter-cellular signaling
through EVs secretion (Wang et al., 2017; Wu et al., 2015). To char-
acterize the EVs, we used scanning electron microscopy (SEM) and
found that EV-like polarized membranous structures were being re-
leased from the plasma membrane. Surprisingly, we found that these
EV-like structures were quite abundant on the plasma membrane of
FiNPCs and AiNPCs (Fig. 1A). In comparison, EV-like structures were
less frequent on the plasma membrane of WT-NPC. The EV-like struc-
tures can be further visualized under transmission electron microscopy
(TEM). The TEM data revealed individual EV-like structures with a
circular shape that were being released from plasma membrane of the
three types of NPCs (Fig. 1B). The SEM and TEM data of EVs were
qualitative. To more definitively quantify EVs derived from the three
types of NPCs, we isolated EVs from the serum-free culture through
differential centrifugations to remove cell bodies, debris, and other EV
contaminants. The resuspended EVs showed distinct cup-shaped EV
morphology under negative staining in TEM, confirming that those
vesicles released from the iNPCs/NPCs were indeed EVs (Fig. 1C). Next,
we used the dynamic light scattering (DLS) and Nanoparticle tracking
(NTA) analyses to more quantitatively measure EV size and con-
centration. Both DLS and NTA analyses demonstrated similar peaks for
EVs released from FiNPCs (F-EVs), AiNPCs (A-EVs), and WT-NPCs (WT-
EVs), suggesting there was no significant difference in size distributions
of different types of EVs (Fig. 2A-C). Notably, DLS analysis revealed EVs
two-fold larger in size compared to NTA analysis. This difference could
be largely due to the physiological feature of DLS that favors the de-
tection of larger particles over small particles.

To test whether more EVs are released from iNPCs than from WT-
NPCs, we cultured the same number of each type of cells and collected
EVs released from cells after 12 h, a time point when no significant
difference in cell numbers was observed among all treatment groups
(Fig. S2). NTA analysis showed significantly higher concentrations of
EVs in F-EVs and A-EVs groups, compared with those from WT-EVs
controls (Fig. 2C, D). We also observed no significant difference in the
concentration of EVs released by either WT-NPCs or Nestin-EGFP-NPCs,
suggesting that the higher capacity of EVs generation in iNPCs was not
due to the transgene modification (Fig. S3). To validate the increased
release of EVs in iNPCs, proteins were isolated from different types of
EVs and then subjected to Western Blot for EVs specific markers, in-
cluding Flotillin-1, Flotillin-2, and HSP70 (Fig. 2E). Consistent with
NTA data, significantly higher levels of Flotillin-1, Flotillin-2, HSP70
were found in F-EVs and A-EVs groups, compared with those in WT-EVs
group (Fig. 2F). Together, our data suggested that both FiNPCs and
AiNPCs produced and released significantly higher levels of EVs, com-
pared with WT-NPCs.

3.2. iNPC-derived EVs promote the proliferation of WT-NPCs

Because the strong association between high levels of EVs and the
high proliferation rates, we hypothesized that iNPCs-mediated EVs
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Fig. 1. Characterization of EVs released
from WT-NPCs, FiNPCs, and AiNPCs. (A)
Scanning electron microscope (SEM) image
showing EVs adhered to cell's surface. The
red boxes in the first raw were magnified in
the second raw. The red boxes in the second
raw were magnified in the third raw. (B)
Transmission electron microscopy (TEM)
shows the generation of EVs (red arrows).
(C) EVs were isolated from normalized vo-
lumes of supernatants from WT-NPCs,
FiNPCs, and AiNPCs after cultured for 12 h,
respectively. Purified EVs from three types
of NPCs were observed under TEM using
negative staining. The figure below shows a
partial enlargement of the EVs. (For inter-
pretation of the references to colour in this
figure legend, the reader is referred to the
web version of this article.)
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secretion might be a possible mechanism for the higher proliferative
capacities of iNPCs. To test our premise, we investigated the impacts of
the three types of EVs on the proliferation of WT-NPCs. 15 μg/ml of EVs
were added to WT-NPCs for 24 h, and these EVs were then washed off
before the cultures were supplied with the NPC proliferation medium
for another 24 h. The NPC proliferation was determined through EdU
incorporation assay, which showed a significantly higher proportion of
EdU+ cells in the F-EVs and A-EVs treated groups, compared to the WT-
EVs treated controls (Fig. 3A, B). These observations were corroborated
by MTS and CCK-8 assays, in which WT-NPCs were first incubated with
15 μg/ml of EVs for 24 h and then cultured with EVs-free conditions for
another 48 h in NPC proliferation medium. Both MTS and CCK-8 assays
demonstrated higher NPCs viability after the F-EVs and A-EVs treat-
ment compared to the WT-EVs treated controls (Fig. 3C, D). To de-
termine whether the increase of proliferation of WT-NPCs by EVs was
dose-dependent, WT-NPCs were cultured with different concentrations
(0, 2.5, 5, 10, 15, 20 μg/ml) of EVs (Fig. 3E). Both F-EVs and A-EVs
began to promote the proliferation of WT-NPCs at 10 μg/ml con-
centration. In contrast, WT-EVs had no effect in promoting proliferation
at any EVs concentration. We also examined whether the effects of EVs
on the proliferation of WT-NPCs was time-dependent. We cultured WT-
NPCs with EVs and determined the proliferation of WT-NPCs at several
time points (6, 12, 24, 48, 72 h) following EV treatment (Fig. 3F). The
proliferation of WT-NPCs significantly increased after treatment with F-
EVs and A-EVs for 48 h, compared with those treated with WT-EVs
controls. To exclude the effects of EGF and FGF2 in the NPC pro-
liferation medium, we treated WT-NPCs with EVs in growth factor-free
NPC basal medium (NeuroCult® NSC Basal Medium) (Fig. S4). Treat-
ment of WT-NPCs with either F-EVs or A-EVs significantly increased the
proportions of EdU positive cells, compared with those treated with PBS
controls or WT-EVs, indicating a positive effect of F-EVs and A-EVs on
NPC proliferation in the absence of EGF and FGF2 growth factors.
Therefore, our results suggested that F-EVs and A-EVs induce sig-
nificantly higher levels of proliferation than those by WT-EVs controls.

3.3. The proteomics analysis of F-EVs, A-EVs and WT-EVs

To identify the molecular contents that may be responsible for the
biological activity and regenerative capacity of EVs, we next performed
proteomic profiling on these three types of cells and the EVs they se-
creted. The proteomics analysis revealed that EVs inherit most of the
proteins from their parent cells (Fig.4A). Moreover, the expression of
growth factor-related domains, such as growth factor receptor cysteine-
rich domain, EGF-like domain, and EGF-like calcium-binding domain in
EVs, were significantly higher than that in the cells, suggesting growth
factor-related proteins are selectively packaged into EVs (Fig. 4B). In-
terestingly, levels of growth factor-related domains were significantly
higher in F-EVs and A-EVs, compared to that in WT-EVs, implying those
domains might be the putative factors for the EVs-mediated induction
of the WT-NPCs' proliferation (Fig. 4C). The protein domain enrichment
analysis was confirmed with KEGG analysis. As expected, KEGG ana-
lysis identified multiple growth factor-related signaling pathways that
were specifically activated in F-EVs and A-EVs, such as focal adhesion,
ECM-receptor interaction and PI3K-AKT signaling pathways
(Chaudhary and Hruska, 2001; Kim et al., 2011; Su and Besner, 2014)
(Fig. 4D).

3.4. F-EVs/A-EVs activate MEK/ERK pathway

Based on our proteomics analysis, we hypothesized that the growth
factor enriched F-EVs and A-EVs might accelerate the proliferation of
WT-NPCs through the activation of the downstream pathways of
growth factors, MEK/ERK, and PI3K/Akt/mTOR pathway. To test our
premise, we first examined whether MEK/ERK pathway and PI3K/Akt/
mTOR pathway were activated in WT-NPCs after F-EVs and A-EVs
treatment. Due to the presence of EGF and FGF2 in the NPC prolifera-
tion medium, which could activate growth factor-related signaling
pathways, we treated WT-NPCs with EVs in growth factor-free NPC
basal medium (Fig. S5). Since NPC basal medium induces severe cell

Fig. 2. FiNPCs and AiNPCs secret more EVs
than WT-NPCs. (A, B) Particle-size dis-
tribution of EVs was determined by
Dynamic Light Scattering (DLS). (C, D)
Particle-size distribution (C) and con-
centration (D) of EVs were determined
NanoSight analysis (NTA) technologies. (E)
Protein lysates were prepared from EV pel-
lets in WT-NPCs, FiNPCs, and AiNPCs. The
levels of EVs markers Flotillin-1, Flotillin-2,
and HSP70 in EVs were determined by
Western blots. (F) Densitometric quantifi-
cations of Flotillin-1, Flotillin-2, and HSP70
protein levels were presented as fold change
relative to the WT-EVs. Data were re-
presented as mean ± SD from three in-
dependent experiments. Statistical differ-
ences were measured with one-way ANOVA
and t-test comparing to WT-EVs. *, **, and
*** denote p < .05, p < .01, and
p < .001, respectively. ns denotes no sig-
nificance. Scale bar 500 nm (B).
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death, we cultured WT-NPCs in NPC basal medium for 1 h (Wang et al.,
2016). We found that F-EVs and A-EVs treatment raised the P-MEK
(Fig. 5A, C) and P-ERK (Fig. 5A, D) levels significantly, compared to the
WT-EVs treated and control groups. However, no significant elevation
of the P-Akt levels was observed, suggesting F-EVs/A-EVs might reg-
ulate the proliferation capacity of WT-NPCs through MEK/ERK
pathway only (Fig. 5A, B). This observation was confirmed by co-cul-
turing EVs with WT-NPCs in NPC proliferation medium for 1 h, in
which P-MEK/P-ERK protein levels were higher in F-EVs and A-EVs
treated groups, compared to the WT-EVs treated and control group (Fig.
S6). Next, we determined the time course of the phosphorylation of
MEK and ERK by Western blots. We found that the levels of P-MEK and

P-ERK started to show significant increase when WT-NPCs had been
treated with F-EVs or A-EVs for 30min, suggesting a time-dependent
activation of the MEK/ERK pathway after F-EVs and A-EVs treatment
(Fig. 5E-J). Together, these data indicated that the F-EVs/A-EVs could
activate the MEK/ERK pathway, but not the PI3K/Akt/mTOR pathway,
in WT-NPCs, while no significant effects of WT-EVs could be observed
on both pathways.

3.5. MEK/ERK signaling pathway mediates the F-EVs/A-EVs-induced
proliferation of WT-NPCs

To examine whether the F-EVs/A-EVs-induced proliferation of WT-

Fig. 3. iNPC-derived EVs facilitate the proliferation of WT-NPCs. (A) WT-NPCs were treated with 15 μg/ml EVs for 24 h, then cultured for 24 h after removal of EVs.
EdU was added 2 h prior to fixation. Representative images of EdU (red) and DAPI (blue) staning were shown. (B) Quantification of EdU+ cells (as a percentage of
total cells) in the culture. (C, D) WT-NPCs were treated with 15 μg/ml EVs for 24 h, then cultured for 48 h after removal of EVs. The cell viability of WT-NPCs after
EVs treatment was determined by MTS (C) and CCK-8 (D) assays. (E) WT-NPCs were treated with 0, 2.5, 5, 10, 20 μg/ml EVs for 24 h, then cultured for 48 h after
removal of EVs. The cell viability of WT-NPCs after the treatment of different concentration of EVs was determined by CCK-8 assay. (F) WT-NPCs were treated with
15 μg/ml EVs for 24 h, then cultured for 48 h after removal of EVs. The cell viability of WT-NPCs at different time windows (6, 12, 24, 48, 72 h) was determined by
and CCK-8 assay. Scale bars represent 100 μm (A). Data were represented as mean ± SD from three independent experiments. *, **, and *** denote p < .05,
p < .01, and p < .001 in comparison to control, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 4. Proteomics analysis of EVs secreted from WT-NPCs, FiNPCs, AiNPCs. (A) The number of proteins in EVs and NPCs were shown by the Venn diagram. (B) The
heat map shown the enrichment of protein domain compared between EVs and their original cells. (C) The heat map shown the enrichment of protein domain
compared between F-EVs/A-EVs and WT-EVs. (D) KEGG analysis for the F-EVs and A-EVs enriched protein domains.
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NPCs was mediated by MEK/ERK signaling pathway, we used 10 μM of
U0126, which is an ERK1/2 phosphorylation inhibitor (Duncia et al.,
1998; Wang et al., 2004), in the treatment of WT-NPCs with different
types of EVs in NPC basal medium. The effects of U0126 were validated
by Western blots, where the F-EVs- and A-EVs-induced phosphorylation
of ERK1/2 in WT-NPCs was blocked (Fig. 6A). The CCK-8 and EdU
positive cell quantification further demonstrated that the positive ef-
fects of F-EVs and A-EVs on the proliferation of WT-NPCs were blocked
by U0126, suggesting that F-EVs and A-EVs might promote the pro-
liferation of WT-NPCs by activating MEK/ERK signaling pathway
(Fig. 6B-D).

4. Discussion

Previous studies have shown that transplantation of exogenous
neural stem cells could alleviate the symptoms of neurological disorders
(Blaya et al., 2015; Lee et al., 2007; Li et al., 2016). However, ob-
servations from multiple independent groups have showed that only
few exogenous neural stem cells can differentiate into mature neurons
and integrate into the neural circuit to replace dead cells after trans-
plantation (Hofstetter et al., 2005; Okada et al., 2005; Skardelly et al.,
2011). Therefore, it is likely that exogenous neural stem cells may exert
therapeutic effects after transplantation through their capacities in

improving the brain microenvironment (Andres et al., 2011; Lu et al.,
2003; Minnerup et al., 2011). With the development of reprogramming
technology, the therapeutic applications of reprogramming cells have
received growing interest within the scientific community (Han et al.,
2015; Salewski et al., 2015; Yuan et al., 2013). Although somatic re-
programming provides sufficient sources for NPCs, the effects of those
reprogrammed NPCs on the microenvironment are still poorly in-
vestigated. Therefore, we reprogrammed mouse fibroblasts and astro-
cytes into FiNPCs and AiNPCs, respectively, using a defined transcrip-
tional factor set (Sox2, Brn2, Foxg1) (Fig. 7). This is the first time to
demonstrate that astrocytes could be reprogrammed into iNPCs, using
the same TFs set for fibroblast reprogramming. Due to the same tissue
origin and epigenetic memory, AiNPCs may possess more tendencies for
neuronal differentiation (Tian et al., 2011). Thus, the reprogramming of
various types of patient somatic cells into iNPCs provide promising
sources for cell and cell-free therapeutic strategies in treating neuro-
logical disorders. Our reprogrammed iNPCs exhibite similar phenotypes
of NPCs, except the higher proliferation rate, compared to the WT-
NPCs. It might be largely due to the ectopic expression of Sox2 in
iNPCs, which was significantly higher than that of WT-NPCs (data not
shown). Sox2 functions as a master regulator gene for NPC identity and
maintenance (Ellis et al., 2004; Graham et al., 2003), as shown by the
fact that knocking down Sox2 expression leads to immediate cell cycle

Fig. 5. iNPC-EVs activate the MEK/ERK pathway of WT-NPCs. (A) The representative western blots showing the expression of P-Akt, P-MEK, and P-ERK after three
types of EVs treated WT-NPCs for 1 h in NPC basal medium. (B-D) Densitometric quantifications of the P-Akt (B), P-MEK (C) and P-ERK (D) protein levels were
presented as fold change relative to the control. (E-G) Time course of P-MEK and P-ERK phosphorylation were examined after F-EVs treated WT-NPCs for 0, 15, 30,
60, 180min in NPC basal medium by Western blot. (H-J) Time course of P-MEK and P-ERK phosphorylation were examined after A-EVs treated WT-NPCs for 0, 15,
30, 60, 180min in NPC basal medium by Western blot. Data were represented as mean ± SD from three independent experiments. *, **, ***, and **** denote
p < .05, p < .01, p < .001, and p < .0001 in comparison to control, respectively.
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exit and terminal differentiation of NPCs (Andreu-Agullo et al., 2011;
Ferri et al., 2004; Takanaga et al., 2009).

EVs, an important mediator in the communication among cells, are
a group of heterogeneous nano-meter-sized membrane vesicles secreted
by almost all types of cells, containing enzymes, cytokines, nucleic
acids, and bioactive compounds (Colombo et al., 2014). After being
released by cells, EVs can alter the local microenvironment, as well as
go through the blood-brain barrier and follow the blood and body fluid
circulation to other parts of the body to exert its physiological functions
(Guay and Regazzi, 2017; Matsumoto et al., 2017; Yanez-Mo et al.,
2015). Comparing to iNPCs transplantation, EVs-based therapeutic
strategies have unparalleled advantages including high safety without
immune response and tumorigenicity (Adamiak et al., 2018; Bobis-

Wozowicz et al., 2015; Hu et al., 2015; Wang et al., 2015), simplicity in
the collection, storage, and administration. Interestingly, both FiNPCs
and AiNPCs produced more EVs than WT-NPCs, suggesting the differ-
ence of EV secretion capacity between iNPCs and NPCs is not due to the
specific type of reprogrammed cells. Our observation also suggested
that iNPCs secreted EVs significantly promoted the proliferation of
NPCs. It is highly possible that iNPC-secreted EVs could activate en-
dogenous neural stem cells to proliferate and repair the damaged brain,
which will be examined in our future work. In addition, it is also im-
portant to explore the effects of iNPC-EVs on other neural cells such as
matured neurons and glia.

The proteomics analysis of EVs suggested that the expression levels
of growth factor-related proteins such as EGF-like domain, FGF2, IGF1/

Fig. 6. ERK inhibitor U0126 compromises the positive effects of iNPC-EVs on the proliferation of WT-NPCs. (A) WT-NPCs were cultured with NPC basal medium
containing 15 μg/ml F-EVs/A-EVs and 10 μMU0126 for 1 h. The phosphorylation of ERK in different culture conditions was determined by western blot. (B) WT-NPCs
were cultured with NPC basal medium containing 15 μg/ml EVs and 10 μMU0126. EVs were removed 24 h after culturing, and the culture was terminated at 48 h
after removal of EVs. Cell viability of WT-NPCs was determined by CCK-8 assay. (C) WT-NPCs were cultured with NPC basal medium containing 15 μg/ml EVs and
10 μMU0126. EVs were removed 24 h after culturing, and the culture was terminated at 24 h after removal of EVs. EdU was added 2 h prior to fixation.
Representative images of EdU (red) and DAPI (blue) staining were shown. (D) Quantification of EdU+ cells (as a percentage of total cells) was determined by Image
pro plus 6.0. Scale bars represent 100 μm (C). Data were represented as mean ± SD from three independent experiments. ***, **** denote p < .001, p < .0001 in
comparison to control, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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2r, and IGF2BP2/3 were much higher in iNPC-EVs than in WT-EVs. It
has been demonstrated that growth factors are able to enhance the
proliferation of NPCs and induce neurogenesis in physiological and
pathological conditions (Ohori et al., 2006; Zhao et al., 2007a; Zhao
et al., 2007b). Though different growth factors may interact with their
specific receptors, they achieve their cellular functions through two
down-stream axes, MEK/ERK and PI3K/Akt/mTOR pathways (Fournier
et al., 2012; Kalluri et al., 2007; Kim et al., 2006). Many reports have
shown that growth factors exert their ability to promote the prolifera-
tion of NPCs through the activation of the MEK/ERK pathway. For
example, FGF2 and IGF are required to maintain mouse cortical NPCs in
a proliferative state through the MEK/ERK pathway (Cheng et al., 2004;
Supeno et al., 2013). Moreover, growth factor-enhanced proliferative
capacity of NPCs could be suppressed by MEK/ERK pathway inhibitor
(Xiao et al., 2007). Our observations revealed that the co-culture of WT-
NPCs with iNPC-EVs activated the MEK/ERK pathway and increased
the proliferation rate of the former, which could be blocked by a pERK
inhibitor. Herein, our data are consistent with the observations reported
by other groups.

Another essential down-stream axis of growth factor-related path-
ways is the PI3K/Akt/mTOR pathway, which is also involved in the
regulation of NPC functions (Sato et al., 2010). For example, Zhao et al.
have reported that transplanted NPCs could promote the neuror-
egeneration after brain damage through activation of the PI3K/Akt

pathway (Suzuki et al., 2014). However, we did not observe the ele-
vation of phosphorylated PI3K/Akt after EVs treatment, suggesting the
inactive status of PI3K/Akt pathway. In cancer cells, multiple reports
revealed that there might be a balance of MEK/ERK and PI3K/Akt/
mTOR pathways in regulating proliferation and other biological pro-
cesses (Dai et al., 2009; Hernandez et al., 2013; Jang et al., 2011). It is
possible that the combination of growth factors, together with other
contents of iNPC-EVs, shift the balance towards the MEK/ERK pathway,
which need to be further identified.

In summary, our study identified EVs as a key component of iNPCs-
mediated modification of microenvironment, providing a possible me-
chanism for the therapeutic effect of iNPC transplantation. The pro-
teomics analysis and perturbation of function assay further suggested
that the growth factor-enriched EVs regulate NPCs proliferation
through the MEK/ERK pathway. We are the first to demonstrate that
iNPCs may exhibit distinct influence in modifying the microenviron-
ment in favor of the proliferation of NPCs, compared to WT-NPCs,
through secretion of growth factors enriched EVs. Thus, iNPCs-EVs may
serve as a promising source in the restoration of the neuronal loss in
neurological disorders through expending the endogenous NPCs po-
pulation and activating neurogenesis in vivo, which are currently being
investigated.
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