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ABSTRACT
Grafting of neural stem cells (NSCs) derived from human induced pluripotent stem cells (hiPSCs) 
has shown promise for brain repair after injury or disease, but safety issues have hindered their 
clinical application. Employing nano-sized extracellular vesicles (EVs) derived from hiPSC-NSCs 
appears to be a safer alternative because they likely have similar neuroreparative properties as 
NSCs and are amenable for non-invasive administration as an autologous or allogeneic off-the- 
shelf product. However, reliable methods for isolation, characterization and testing the biological 
properties of EVs are critically needed for translation. We investigated signatures of miRNAs and 
proteins and the biological activity of EVs, isolated from hiPSC-NSCs through a combination of 
anion-exchange chromatography (AEC) and size-exclusion chromatography (SEC). AEC and SEC 
facilitated the isolation of EVs with intact ultrastructure and expressing CD9, CD63, CD81, ALIX 
and TSG 101. Small RNA sequencing, proteomic analysis, pathway analysis and validation of select 
miRNAs and proteins revealed that EVs were enriched with miRNAs and proteins involved in 
neuroprotective, anti-apoptotic, antioxidant, anti-inflammatory, blood-brain barrier repairing, 
neurogenic and Aβ reducing activities. Besides, EVs comprised miRNAs and/or proteins capable 
of promoting synaptogenesis, synaptic plasticity and better cognitive function. Investigations 
using an in vitro macrophage assay and a mouse model of status epilepticus confirmed the anti- 
inflammatory activity of EVs. Furthermore, the intranasal administration of EVs resulted in the 
incorporation of EVs by neurons, microglia and astrocytes in virtually all adult rat and mouse 
brain regions, and enhancement of hippocampal neurogenesis. Thus, biologically active EVs 
containing miRNAs and proteins relevant to brain repair could be isolated from hiPSC-NSC 
cultures, making them a suitable biologic for treating neurodegenerative disorders.
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Introduction

Grafting of neural stem cells (NSCs) derived from 
multiple sources, including the human induced plur-
ipotent stem cells (hiPSCs), has shown promise for 
brain repair after injury or disease [1–6]. Although 
the transplanted NSCs differentiate into neurons, 
astrocytes and oligodendrocytes, the functional recov-
ery mediated by NSCs has been attributed mostly to 
the trophic support provided by the graft-derived cells. 
Such bystander effects are efficient for reducing the loss 
of neurons and glia, creating a permissive substrate for 
axon growth and plasticity resulting in reconstruction 

of the local circuitry, and increased host hippocampal 
neurogenesis in several models of neurological diseases 
[1,2,7–9]. While grafting of NSCs derived from hiPSCs 
is devoid of ethical concerns and also beneficial for 
improving brain function after injury or disease, their 
translation to the clinic has been hampered by safety 
issues, which include immunogenic risks, and the pos-
sible genetic instability leading to incomplete differen-
tiation or teratoma formation [10–13].

Although several approaches to circumvent the 
safety issues associated with the clinical use of NSCs 
derived from hiPSCs are in development [8], employ-
ing nano-sized extracellular vesicles (EVs) derived 
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from hiPSC-NSCs appears to be a much safer alterna-
tive because of several reasons. Several studies have 
implied that the therapeutic outcome of stem cells, 
including NSCs, was due to the paracrine actions of 
their secretome [9,14]. A vital component of this para-
crine secretion has been identified as EVs as they 
facilitate the transfer of genetic information and pro-
teins from stem cells into injured cells in the host 
[9,14]. Because of the ability of EVs to mimic stem 
cell properties, stem-derived EVs have been increas-
ingly considered as apt therapeutic alternatives to 
stem cells in regenerative medicine [15,16]. Indeed, 
several studies have reported the therapeutic efficacy 
of EVs derived from various stem cells in CNS repair 
and regeneration after injury or disease [17–21]. 
Moreover, EVs are amenable for repeated, non- 
invasive dispensation as an autologous or allogeneic 
off-the-shelf product for treating neurological diseases 
because they can quickly permeate the entire brain 
following an intranasal administration [22].

The mechanisms underlying the beneficial effects of 
exogenously administered EVs in the CNS likely involves 
the release and transfer of their molecular constituents 
into the target neurons and glia in a paracrine fashion 
[9]. Therefore, a rigorous characterization of EVs derived 
from different cell sources, particularly for their purity, 
miRNA and protein composition, biological activity and 
neuroreparative properties will be necessary before their 
application for treating CNS disorders. Such character-
ization would require the development of reliable meth-
ods that are efficient for isolating and analysing the 
molecular composition as well as investigating the bio-
logical properties of EVs. Therefore, in this study, we 
generated EVs from hiPSC-derived NSCs using 
a combination of anion-exchange chromatography 
(AEC) and size-exclusion chromatography (SEC) and 
investigated their composition through small RNA 
sequencing and proteomics. We also performed experi-
ments to determine their ability to incorporate into 
neural cells as well as mediate anti-inflammatory and 
neurogenic effects in the host brain following intranasal 
administration. Our results demonstrate that biologically 
active EVs containing many miRNAs and proteins rele-
vant to brain repair after injury or disease, and exhibiting 
anti-inflammatory and neurogenic properties could be 
isolated from hiPSC-NSCs.

Materials and methods

A schematic displaying the various experiments and 
analyses performed to characterize the properties and 
biological effects of EVs isolated from hiPSC-derived 
NSC cultures is illustrated in Figure 1.

Generation of NSCs from hiPSCs

The generation of NSCs from hiPSCs was done as 
described elsewhere [23]. Briefly, hiPSC colonies 
(IMR90-4; Wisconsin International Stem Cell Bank, 
Madison, WI, USA) were grown as cell clumps at 
a density of 2–2.5 × 104 cells/cm2 in six-well plates 
coated with matrigel (Corning, Tewksbury, MA, USA) 
using TeSR™-E8™ medium (STEMCELL Technologies, 
Vancouver, Canada). Twenty-four hours later, the cul-
ture medium was replaced with neural induction med-
ium containing neurobasal (Gibco, Grand Island, 
New York, USA) and neural induction (Gibco) supple-
ment. The medium was swapped every other day for 
seven days. Then primitive NSCs were dissociated with 
accutase (Gibco) and plated on matrigel-coated dishes 
with a density of 0.5–1.0 × 105 cells per cm2 in an NSC 
expansion medium containing 50% neurobasal, 50% 
advanced DMEM/F12, and 1X neural induction sup-
plement. The culture medium was exchanged every 
other day until NSCs reached confluency on day 5 of 
plating. The NSC cultures were passaged every seven 
days, and NSCs from different passages were cryopro-
tected and stored in liquid nitrogen. The NSC status at 
different passages was confirmed through immuno-
fluorescence staining for nestin (anti-nestin, 1:1000; 
EMD Millipore, Burlington, MA, USA) and Sox-2 
(anti-Sox-2, 1:300; Santacruz Biotechnology, Dallas, 
TX, USA).

Collection of hiPSC-NSC culture media for 
harvesting EVs

For the isolation of NSC-derived EVs, frozen vials 
containing passage 11 NSCs were thawed at 37°C and 
plated on to a T-75 culture flask (Corning) and grown 
at 37°C in a CO2 incubator. Following 70% confluency, 
the cells were dislodged using 1 U/ml of dispase 
(Gibco), washed with NSC media (Gibco), and seeded 
at ~500 cells per cm2 into 150 × 20 mm diameter tissue 
culture plates (Corning) in NSC expansion medium. 
Once NSCs reached 90% confluency, the media was 
harvested and used for isolating EVs or stored at −80°C 
for further use.

EV isolation by Ion exchange and size exclusion 
chromatography

The conditioned media containing EVs were subjected 
to low-speed centrifugation at 1811 g for 10 minutes, 
which was followed by filtration through a 0.22 µm 
filter to remove the cell debris and larger suspending 
particles. The large volume of filtered media was then 
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subjected to a 5–7 fold concentration using Amicon 10 
kDa cut-off ultra-filtration device (EMD Millipore). 
Using a 1.5 × 12 cm chromatography column (Bio- 
Rad, Hercules, CA, USA), 10 ml of Q-Sepharose fast 
flow (GE Healthcare, Chicago, Illinois, USA) was equi-
librated with 100 ml of equilibration buffer, and the 
chromatography was performed by adding the concen-
trated conditioned media. The EVs were selectively 

eluted using elution buffer containing 50 mM Tris 
and 1000 mM NaCl of pH 8.0. Fractions were collected 
at a flow rate of 1 ml/minute, and elution of EVs was 
continuously monitored by Nanoparticle tracking ana-
lysis (NanoSight LM10, Malvern Panalytical, Malvern, 
UK). After AEC, the fractions containing EVs were 
pooled and concentrated using an ultrafiltration device 
of 10 kDa cut-off and subjected to an SEC on a column 

Figure 1. A schematic to show the various experiments and analyses performed to characterize the properties and biological effects 
of extracellular vesicles (EVs) derived from human induced pluripotent stem cells (hiPSCs). Human neural stem cells (hNSCs) were 
generated through the expansion of the hiPSCs in a chemically defined medium and expanded through serial passaging using an 
NSC proliferation medium (top panel). The various cartoons on the left illustrate the methods employed for the isolation and 
characterization of extracellular vesicles (EVs) from the spent media of passage 11 (P11) hNSC cultures. The methods include anion- 
exchange chromatography (AEC) and size exclusion chromatography (SEC) for EV isolation, ELISA and Western blotting (WB) studies 
on EV markers such as CD63, CD9 and ALIX and the deep cellular marker GM130, transmission electron microscopy (TEM) studies on 
EV morphology, evaluation of the size of EVs using NanoSight, and identification of small miRNAs and proteins using small RNA 
sequencing and proteomic analyses. The panels on the right show different experiments that examined the biological properties of 
EVs. First, the anti-inflammatory activity of EVs was measured through a macrophage assay in vitro with lipopolysaccharide 
exposure and quantification of interleukin-6 (IL-6) release. Next, the proficiency of EVs to target neurons, microglia and astrocytes 
in various regions of the brain in both rats and mice were examined 6 hours after an intranasal (IN) administration of PKH26- 
labelled EVs. Then, the anti-inflammatory activities of EVs in vivo was determined through quantification of various cytokine/ 
chemokine in a mouse model of status epilepticus (SE). SE was induced through an intraperitoneal injection of pilocarpine. Finally, 
the neurogenic effects of IN administered EVs were evaluated via quantification of hippocampal neurogenesis in 6 months old rats. 
BrdU, 5ʹ-bromodeoxyuridine; DCX, doublecortin; GCL, granule cell layer.
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made up of 25 ml of Sephacryl S-500 High Resolution 
(GE Healthcare). Using the mobile phase containing 
50 mM phosphate buffer and 200 mM NaCl of pH 7.0, 
EVs were size-fractionated, and fractions were collected 
at a flow rate of 1 ml/minute. The elution of EVs was 
continuously monitored by quantifying the total pro-
tein content by BCA method and tracked by nanopar-
ticle tracking analysis. Fractions containing a high 
number of EVs with less protein content were pooled, 
concentrated and stored at −20°C for further use.

Characterization of the number, size and markers 
of EVs

The final concentration and size distribution of parti-
cles was measured by nanoparticle tracking analysis, as 
described in our previous report [24].The expression of 
CD63 was investigated using ELISA [17]. The expres-
sion of other EV markers such as CD9 and ALIX were 
examined through Western blotting. For this, an ali-
quot of EVs in 100 µl volume was mixed with 300 µl of 
mammalian protein extractor reagent (Thermo Fischer 
Scientific, Waltham, MA, USA) and lysed, as detailed 
in our recent study [24]. The total protein in the lysate 
was quantified by the Pierce BCA protein assay kit 
(Thermo Fisher Scientific), and 40 µg of protein was 
loaded and separated by 4–12% NuPAGE Bis-Tris Gels 
(Thermo Fisher Scientific). Following the transfer of 
proteins onto a nitrocellulose membrane using the 
iBlot2 gel transfer device (Thermo Fisher scientific), 
the membrane was processed for protein detection 
using antibodies against CD9 (1:500; BD Biosciences, 
San Jose, CA, USA), or ALIX (1:500; Santa Cruz). 
Then, the signal was detected using the ECL detection 
kit (ThermoFisher) and visualized using a Versadoc 
Imaging System (Bio-Rad). In order to rule out the 
contamination of EV lysate with deep cellular proteins, 
the protein separated membrane was identified for 
GM130 (1:500; BD Biosciences) and compared with 
the NSC lysate [25,26].

Measurement of total protein, and protein-lipid 
ratio in EVs

We measured the amount of total protein in aliquots of EVs 
containing 5, 10, 20 and 50 × 109 EVs using the BCA 
protein assay kit (Thermo Fisher Scientific) and determined 
EV numbers per microgram of protein. The total lipid 
content in EV preparations was measured by the modified 
sulpho-phospho vanillin (SPV) method, as described else-
where [27]. Briefly, both standard (1,2-Dioleoyl-sn-glycero 
-3-phosphocholine, DOPC; Sigma, St. Louis, MO, USA) and 

hiPSC-NSC-EV samples in SEC buffer (40 μl each) were 
sonicated at 35 amplitude (20 kHz) for 10 minutes, intensely 
vortexed for 2 minutes and mixed with 200 μl of 96% 
sulphuric acid. Following brief vortexing, the tubes were 
incubated at 90°C for 20 minutes, moved to 4°C for 5 min-
utes and mixed with 120 μl of phospho-vanillin reagent and 
vortexed. Next, 280 μl of each sample was transferred to a 96 
well plate, and the colour reaction was allowed to progress 
for 10 minutes at room temperature. Absorbance at 540 nm 
was determined with a plate reader. The total lipid content 
in EV samples was calculated using the standard graph, and 
these values were used to determine the protein-lipid ratio in 
different samples.

Visualization of hiPSC-NSC EVs through 
transmission electron microscopy (TEM)

A suspension of EVs (~50 × 109/ml) was diluted in 
phosphate-buffered saline (1:10), and 1.5 μl of the 
suspension was placed on 300 mesh carbon-coated 
copper grids (Electron Microscopy Science, 
Hatfield, PA, USA) at room temperature. Five min-
utes later, excess liquid in grids was blotted with 
a filter paper, rinsed twice with drops of distilled 
water and the grids were stained by continuously 
dripping 150 μl of 0.5% uranyl acetate onto them 
while tilted at a 45° angle. The excess liquid was 
blotted, and the grids were air-dried at room tem-
perature for 10 minutes. The images were collected 
using an FEI Morgagni 268 transmission electron 
microscope equipped with a MegaView III CCD 
camera. hiPSC NSC-EV diameters were determined 
using the “Analyze” tool in the ImageJ software as 
an average of the measured diameters along four 
different axes (x, y, x + 45°, y + 45°).

Small RNA-seq of hiPSC-NSC EVs and data analysis

System Biosciences (Palo Alto, CA, USA) performed 
small RNA-sequencing of hiPSC-NSC derived EVs 
(n = 3). The RNA was isolated using the mirVana 
miRNA Isolation kit (Thermo Fischer Scientific). 
Quantification of RNA comprised the use of 1:2 diluted 
RNA in a 20 µl RiboGreen Assay. The amount of 
small-RNA obtained (125.3–729.1 pg/µl) was sufficient 
for library preparation and sequencing. Small RNA 
libraries were created with the CleanTag Small RNA 
Library Preparation Kit (TriLink, San Diego, CA, USA) 
according to the manufacturer’s protocol. The final 
purified library was quantified with high sensitivity 
DNA reagents (Agilent Technologies, Santa Clara, 
CA, USA) and high sensitivity DNA chips (Agilent 
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Technologies). The libraries were pooled, and the 140 
to 300 bp region was size selected on an 8% TBE gel 
(Invitrogen, Carlsbad, CA, USA). The size selected 
library is quantified with high sensitivity DNA 1000 
screen tape (Agilent Technologies), high sensitivity 
D1000 reagents (Agilent Technologies) and the 
TailorMix HT1 qPCR assay (SeqMatic, Fremont, CA, 
USA) followed by a NextSeq high output single-end 
sequencing run at SR75 using NextSeq 500/550 High 
Output v2 kit (Illumina, San Diego, CA, USA) accord-
ing to the manufacturer’s instructions. The small RNA- 
sequencing data analysis is performed using the 
Banana Slug analytics platform. In this sequencing 
platform, sequencing data are analysed for quality and 
contamination. The raw reads were trimmed to remove 
adapters, then trimmed and filtered based on quality 
scores. The sequence reads were mapped to the gen-
ome, and mapping statistics were generated. Next, the 
abundance levels for ncRNAs (miRNAs, tRNAs, 
rRNAs, lincRNAs, piRNAs, snoRNAs), antisense tran-
scripts, coding genes and repeat elements (LTR, LINE, 
SINE and tandem repeats) were determined. 
Differences in expression of ncRNA, antisense tran-
scripts and repeat elements between replicates were 
then calculated.

Validation of selected miRNA using quantitative 
real-time PCR

Among the most abundant 40 miRNAs from RNA-Seq 
data, eight miRNAs that are known to contribute to 
various aspects of brain function were chosen and vali-
dated through quantitative real-time PCR. The total 
RNA was isolated from two biological replicates of 
hiPSC-NSC-EVs (~25 × 109 each) using the SeraMir 
Exosome RNA amplification kit (System biosciences). 
miRCURY LNA RT Kit (Qiagen, Germantown, MD, 
USA) was employed for converting 5 ng/μl of total 
RNA into cDNA. miRCURY LNA miRNA SYBR 
Green PCR kit (Qiagen) and miRCURY LNA miRNA 
PCR assay primer mix (Qiagen) were used to measure 
the comparative expression of 8 different miRNAs 
(miRNAs- 320a, 103a-3p, 21–5p, 26a-5p, 320b, 30a-3p, 
181a-5p, 191–5p).

miRNA pathway analysis

The enrichment pathway analysis was performed by 
using DIANA-279 miRPath v.3, a web tool that identifies 
enriched pathways targeted by selected miRNAs [28]. 
Since many predicted targets are false-positives, we 

have included only experimentally validated human tar-
get genes by using the Tarbase v7.0 database. The miR- 
ID was based on Mirbase version 21. For miRs with 
ambiguous IDs, we used both 3p and 5p arms (miRNA 
stem-loop). The functional annotation was performed 
according to the “Kyoto Encyclopedia” of Genes and 
Genomes (KEGG) databases. We used the “Pathways/ 
Categories Union” algorithm to assess the combined 
action of selected miRNAs. Fisher´s exact test was cho-
sen for enrichment analysis, with a microTthreshold of 
0.8, false discovery rate (FDR) correction and p value 
threshold at ≤ 0.05. The heat map of microRNAs versus 
pathways was based on significance values, where darker 
colours represent lower p values.

Proteomic analysis of hiPSC-NSC EVs and pathway 
analysis using reactome

Extracellular vesicles were lysed in buffer containing 5% 
SDS/50 mM triethylammonium bicarbonate (TEAB) in 
the presence of protease and phosphatase inhibitors 
(Thermo Fisher Scientific) and nuclease (Thermo 
Fisher Scientific). Aliquots corresponding to 90 µg pro-
tein (EZQ™ Protein Quantitation Kit; Thermo Fisher 
Scientific) were reduced with tris(2-carboxyethyl) phos-
phine hydrochloride (TCEP), alkylated in the dark with 
iodoacetamide and applied to S-Traps mini columns 
(Protifi, Farmingdale, NY, USA) for tryptic digestion 
(Promega, Fitchburg, WI, USA) in 50 mM TEAB. 
Peptides were eluted from the S-Traps with 0.2% formic 
acid in 50% aqueous acetonitrile and quantified using 
Pierce Quantitative Fluorometric Peptide Assay (Thermo 
Fisher Scientific). Data-independent acquisition mass 
spectrometry was conducted on an Orbitrap Fusion 
Lumos mass spectrometer (Thermo Fisher Scientific). 
On-line HPLC separation was accomplished with an 
RSLC NANO HPLC system (Thermo Fisher Scientific/ 
Dyonex): column, PicoFrit™ (New Objective, Woburn, 
MA, USA), 75 µm i.d, packed to 15 cm with C18 adsor-
bent (218MSB5 Vydac, Columbia, MD, USA); mobile 
phase A, 0.5% acetic acid (HAc)/0.005% trifluoroacetic 
acid in water; mobile phase B, 90% acetonitrile/0.5% 
HAc/0.005% TFA/9.5% water; gradient 3 to 42% B in 
120 minutes; flow rate, 0.4 μl/minute. A pool was made 
of all of the samples, and 2-µg peptide aliquots were 
analysed using gas-phase fractionation and 4-m/z win-
dows (120 k resolution for precursor scans, 30 k for 
product ion scans, all in the orbitrap) to create a data 
independent acquisition (DIA) chromatogram library 
[29], by searching against a panhuman spectral library 
[30]. Experimental samples were blocked by replicate 
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and randomized within each replicate. Injections of 2 µg 
of peptides were employed. MS data for experimental 
samples were acquired in the orbitrap using 12-m/z 
windows (staggered; 120 k resolution for precursor 
scans, 30 k for product ion scans) and searched against 
the chromatogram library. Scaffold DIA (v1.3.1; 
Proteome Software; Portland, OR, USA) was used for 
all DIA data processing. Only peptides that were exclu-
sively assigned to a protein were used for quantitative 
analysis. The total proteins found in the two different 
preparations of EVs were first subjected to pathway 
analysis using Reactome version 71 (https://reactome. 
org/) [31,32]. The proteins were compared against the 
Vesiclepedia database (http://microvesicles.org/) and 
were mapped to Gene Ontology (GO) terms by using 
the Functional Enrichment analysis tool (FunRich 
3.1.3) [33].

Validation of selected proteins using ELISA

Among the most abundant 100 proteins from proteo-
mics data, we validated five proteins that are known to 
contribute to various brain functions and also per-
ceived to be useful for treating neurodegenerative dis-
orders, using ELISA. These include agrin, pentraxin 3 
(PTX3), hemopexin, galectin-3 binding protein (Gal- 
3BP) and nidogen-1. Briefly, three biological replicates 
of hiPSC-NSC-EVs (~50 × 109 each) were lysed, and 
agrin (Abcam, Cambridge, UK), PTX3 (Aviscera 
Biosciences, Sunnyvale, CA, USA), hemopexin 
(Aviscera Biosciences), Gal-3BP (R&D systems, 
Minneapolis, MN, USA) and nidogen-1 (R&D systems) 
were measured using commercially available ELISA 
kits. The concentrations of these proteins were normal-
ized with the total protein content in the EV lysate.

Analysis of the anti-inflammatory activity of EVs 
using lipopolysaccharide (LPS) stimulated mouse 
macrophages

The ability of the EVs generated from hiPSC-NSCs to 
suppress the expression of a pro-inflammatory cytokine 
was assayed using macrophages, as detailed in a previous 
report [34]. The assay used a line of transformed murine 
monocytes/macrophages (RAW 264.7; ATCC, Manassas, 
VA, USA) to measure the anti-inflammatory activity of 
EVs. Briefly, after an overnight culture of mouse macro-
phages, ~100,000 cells were seeded per well in 48 well 
plates, and the cultures were maintained overnight. The 
non-adhered cells were removed the following day, and 
the adhered cells were stimulated with a 10 ng/ml LPS 
alone, (Sigma), in combination with 1 µg/ml 

dexamethasone (DEX) (Sigma) or LPS in combination 
with various concentrations of hiPSC-NSC derived EVs 
for 4 hours. Then, the conditioned media were harvested, 
and the IL-6 in the medium was quantified via ELISA 
(R&D Systems).

In vivo studies using mice and rats

Two-month-old male mice (C57BL/6 J; Jackson Labs, 
Bar Harbor, ME, USA) and six-months-old male rats 
(F344; Harlan Sprague-Dawley, Indianapolis, IN, USA) 
were used for in vivo studies. All animal studies done 
were approved by the Animal Care and Use Committee 
(IACUC) of the Texas A&M University College of 
Medicine, and complied with all federal and state reg-
ulations for the purchase, transportation, housing and 
ethical use of animals for research. The euthanasia 
procedures were consistent with the recommendations 
of the Panel on Euthanasia of the American Veterinary 
Medical Association.

Tracking of hiPSC-NSC EVs in the adult rat and 
mouse brain following intranasal administration

The EVs were labelled with PKH26 (Sigma) as per man-
ufacturer’s instructions, and the free dye was separated 
from the bound dye by ultrafiltration using 10 kDa 
MWCO filter columns (Sartorius, Gottingen, Germany). 
The rats and mice (n = 2/species) were moderately 
anesthetized with a cocktail of ketamine, xylazine and 
acepromazine, and their nostrils were treated with 10 µl 
of hyaluronidase (Sigma-Aldrich, St. Louis, MO, USA) to 
enhance the permeability of the nasal mucous membrane. 
Thirty minutes later, labelled EVs were administered (150 
× 109 [~75 µg]/rat and 25 × 109 [~12.5 µg]/mouse), as 
detailed in our recent report [22]. Six hours later, the 
animals were perfused, the brain tissues were processed 
for cryostat sectioning, and thirty-micrometre-thick cor-
onal sections through the entire forebrain, midbrain and 
hindbrain, were collected serially. Serial sections through 
the entire brain were selected and processed for immuno-
fluorescent staining using appropriate primary antibodies 
against NeuN (1:1000; Millipore), IBA-1 (1:1000; 
Abcam), GFAP (1:3000; Dako, Glostrup, Denmark), 
S-100β (1:1000; Sigma) and calbindin (1:500; Sigma), as 
described in our previous report [22]. The sections were 
examined using Z-section analysis in a confocal micro-
scope for the distribution of EVs in different cell types 
(neurons, microglia and astrocytes) in multiple regions of 
the brain.
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Analysis of anti-inflammatory activity of EVs in 
a mouse model of status epilepticus(SE)

Male C57BL/6J mice were randomly designated to 
three groups: naïve (n = 6), status epilepticus plus 
vehicle (SE + VEH, n = 10), and SE + EVs (n = 10). 
SE was induced using a protocol described in our 
previous report [18]. Briefly, the animals received 
a subcutaneous injection of scopolamine methyl nitrate 
(1 mg/kg; Sigma-Aldrich), which was followed 30 min-
utes later with an intraperitoneal injection of pilocar-
pine hydrochloride (Sigma-Aldrich) at a dose of 
380 mg/kg [35], which induced SE. Animals were 
observed for the severity and duration of behavioural 
convulsions for two hours after SE onset [36],and the 
behavioural convulsions were then terminated with 
a subcutaneous injection of diazepam (10 mg/Kg). 
Only animals that displayed consistent stage 4 (i.e., 
bilateral forelimb myoclonus and rearing) or stage 5 
(i.e., bilateral forelimb and hindlimb myoclonus and 
transient falling) convulsions were chosen for further 
experimentation. At 2 hours post-SE, animals in the SE 
+EVs group received IN administration of 50 × 109 

EVs, whereas animals in the SE+VEH group received 
IN administration of the SEC buffer (50 mM phosphate 
buffer pH 7.0 containing 200 mM NaCl). Twenty-four 
hours later, animals were deeply anesthetized, the 
brains were removed, snap-frozen in dry ice and stored 
at −80°C. The hippocampi from both hemispheres 
were micro-dissected, and the samples were processed 
for measuring various cytokines using a cytokine array 
(Signosis, Santa Clara, CA, USA) [18]. The values for 
each cytokine/chemokine were compared between SE + 
VEH and SE + EVs groups (n = 6–7/group). The 
changes in TNF-α and IL-1β were also confirmed 
with individual ELISAs, as described in our previous 
report [18].

Characterization of neurogenic effects of 
hiPSC-NSC EVs in adult rats

Six-month-old male F344 rats acquired from Harlan 
Sprague-Dawley were employed for this experiment. Each 
animal received IN administration of either 100 × 109 EVs 
(EVs group, n = 6) or SEC buffer (VEH group, n = 6), as 
described in the previous section. Thirteen days later, the 
animals received three injections of 5ʹ-bromodeoxyuridine 
(BrdU, once every 8 hours at 75 mg/Kg). Eight hours later, 
the animals were euthanized through intracardiac perfusions 
with 4% paraformaldehyde, and the brain tissues were pro-
cessed for cryostat sectioning as described in our previous 
reports [36,37]. Thirty-micrometre-thick serial sections 
(every 15th) through the entire septotemporal axis of the 

hippocampus were immunohistochemically processed for 
identifying BrdU (1:100; Sigma), doublecortin (DCX, 1:500; 
Santa Cruz) and Ki-67 (1:500; Millipore) [1,38]. The number 
of newly born cells (BrdU+ cells), newly born neurons 
(DCX+ cells) and proliferating cells (Ki-67+ cells) in the 
entire subgranular zone-granule cell layer (SGZ-GCL) were 
quantified using stereology [39,40]. Additional serial sections 
were also processed for BrdU-DCX dual immunofluores-
cence and Z-section analysis in a confocal microscope to 
measure the extent of neuronal differentiation of newly born 
cells and to calculate net hippocampal neurogenesis [38].

Statistical analyses

Statistical analyses were performed using Prism soft-
ware 8.0. When comparisons involving three or more 
groups, statistical analyses were performed using one- 
way analyses of variance (one-way ANOVA) with 
Newman-Keuls multiple comparison post hoc tests. 
When comparisons involved only two groups, 
unpaired, two-tailed Student’s t test was employed. 
However, when standard deviations between the two 
groups were significantly different (p < 0.05), we 
employed the non-parametric Mann-Whitney U-test. 
Data were expressed as means ± SEM and a p value less 
than 0.05 was considered as statistically significant.

Results

All cells derived from P11-NSCs expressed nestin 
and Sox-2

Passaging and culturing of primitive NSCs with the 
NSC differentiation medium resulted in the transfor-
mation of virtually all hiPSC-derived cells into NSCs at 
passage 6. Such directed differentiation was evident 
from the expression of two NSC markers nestin and 
Sox-2. NSCs generated from passage 7–11 also showed 
consistent expression of nestin and Sox-2. EVs were 
collected from cultures of banked P11 NSCs in all 
studies. Dual immunofluorescence assays on P11-NSC 
sister cultures confirmed that all cells in these cultures 
expressed both nestin and Sox-2 (Figure 2(a1-a4)), and 
none of the cells in these cultures expressed the PSC 
marker Oct-4.

hiPSC-NSC-EVs exhibited CD63, CD9 and ALIX 
expression and characteristic ultrastructure, and 
lacked GM130

The EVs collected from AEC were subjected to SEC. The 
elutes obtained from SEC showed a different range of 
protein concentrations and the number of EV particles 
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(Figure 2(b)). Fractions 5–9 contained considerably 
higher numbers of EV particles with a negligible amount 
of co-eluting proteins, implying that EVs in these frac-
tions are highly concentrated with minimal protein con-
tamination (Figure 2(b)). Therefore, only the fractions 
5–9 were pooled and used for further analysis. 
Nanoparticle tracking analysis showed that the size of 
EVs ranged from 100 to 200 nm with a mean value of 
145.3 ± 49.0 (Figure 2(c)). Measurement of the amount 
of total protein in different aliquots of EVs containing 0, 
5, 10, 20 and 50 × 109 EVs (Figure 2(d)) revealed that the 
average amount of protein per 1 × 109 EVs was 
2.14 ± 0.18 µg (Mean ± S.E.M), which amounted to 
~0.5 × 109 EVs per 1 µg protein. Furthermore, the 
protein-lipid ratio measured from three different EV 
preparations showed comparable values (0.94 ± 0.009, 
Figure 2(e)) confirming the reproducibility of the EV 
isolation methods. Moreover, ELISA revealed the 

expression of CD63 in two different preparations of 
EVs isolated from SEC (Figure 2(f)). Also, Western 
blot analysis showed that EVs expressed several other 
EV markers, including CD9 and ALIX (Figure 2(g)). We 
also performed Western blotting of lysate from NSC- 
derived EVs and the lysate from NSCs for the expression 
of GM130, a cytoplasmic protein found to be tightly 
associated with Golgi membranes but not found in 
EVs. This analysis revealed robust expression of 
GM130 in NSCs but not in NSC-derived EVs (Figure 2 
(g)). Imaging with a TEM following negative staining 
demonstrated vesicles that are round or oval and ranged 
in diameter from 50 to 130 nm. Examples of individual 
EVs exhibiting different sizes and shapes found in our 
hiPSC-NSC-EV preparations are illustrated in Figure 2 
(h)). In some EVs, the lipid bilayer membrane could be 
observed. Thus, EV preparations made from the hiPSC- 
NSC culture medium through sequential AEC and SEC 

Figure 2. Human neural stem cells (hNSCs) express specific markers, and extracellular vesicles (EVs) isolated from hNSC cultures 
express multiple EV markers. (a1-a4) illustrate that all cells in the passage 11 hNSCs derived from human induced pluripotent stem 
cells (hiPSCs) express NSC markers nestin and Sox-2. Scale bar: 100 μm. (b) compares protein concentrations (the left Y-axis), and 
the concentration of EVs (the right Y-axis) in different EV fractions (X-axis) collected from size-exclusion chromatography (SEC). Note 
that fractions 5–9 contain most EVs with minimal protein content. (c). Representative graph from NanoSight analysis showing the 
size of EVs. (d, e and f) Illustrate a linear relationship between the number of EVs and the total protein (D), the protein-lipid ratio in 
EVs (E) and CD 63 protein content measured through ELISA (F). (g) shows the presence of ALIX and CD9 in EVs evaluated through 
Western blotting. The figure also indicates the absence of a deep cellular marker GM130 in hNSC-derived EVs, in contrast to its 
robust presence in the NSC lysate. Figure H shows the EVs of different size and shape visualized through transmission electron 
microscopy. Scale bar, 50 nm.
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contained EVs displaying CD63, CD9 and ALIX expres-
sion, and characteristic morphology, but lacked deep 
cellular proteins.

Small RNA-seq revealed most abundant miRNAs 
having roles in different signalling pathways

We analysed three different preparations (biological 
replicates) of hiPSC-NSC derived EVs with small RNA 
sequencing to determine the consistency of our protocol 
in producing EVs with similar RNA composition. All 3 
preparations contained similar fractions of miRNA 
(1%), piRNA (1.2%), tRNA (0.8%), rRNA (1.1%) and 
the other ncRNAs (4.5%) (Figure 3(a)). Differential 
expression data analysis also confirmed the negligible 
amount differentially expressed small RNAs among the 
three different EV preparations (Figure 3(b)). The num-
ber and types of small RNAs found in hiPSC-NSC-EVs 
are detailed in Supplementary Table 1. Furthermore, 
miRNAs showing ≥10 reads in all three preparations 
of hiPSC-NSC-EVs are detailed in Supplementary 

Table 2. From this list, eight miRNAs that are known 
to contribute to various aspects of brain function were 
chosen and evaluated through qPCR. All chosen 
miRNAs (miRNAs- 320a, 103a-3p, 21–5p, 26a-5p, 
320b, 30a-3p, 181a-5p, 191–5p) showed comparable Ct 
values in two biological replicates (Figure 3(c)). Thus, 
miRNAs identified in hiPSC-NSC-EVs through RNA- 
seq could be validated through qPCR in additional EV 
samples. We next performed pathway analysis for the 
top 40 miRNAs using DIANA-mirPath v.3, followed by 
functional annotation based on KEGG databases. 
hiPSC-NSC derived EVs were enriched with miRNAs 
that are involved in different signalling pathways and 
diverse metabolic functions. These results are congruous 
with the role of EVs as mediators of cell-cell commu-
nication (Table 1). The hiPSC-NSC derived EVs also 
contained miRNAs that are involved in regulatory path-
ways in conditions such as cancers and prion diseases 
(Table 1). Notably, heatmaps on miRNAs versus func-
tional categories showed that fatty acid metabolism, 
fatty acid biosynthesis, the extracellular matrix–receptor 

Figure 3. Small RNA-Sequencing showed a comparable composition of small RNAs in three different preparations of human neural 
stem cell-derived extracellular vesicles (hNSC-EVs). The pie charts in figure (a) depict fractions of various small RNAs in three 
different preparations of hNSC-EVs (P1-P3). The Volcano plots in (b) compare the composition of small RNAs between different EV 
preparations. Note that the composition of small RNAs is mostly similar in three different preparations of hNSC-EVs. The bar chart (c) 
shows Ct values of miRNAs (miRs- 320a, 103a-3p, 21–5p, 26a-5p, 320b, 30a-3p, 181a-5p, 191–5p) validated through real-time 
quantitative PCR.
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(ECM-receptor) interaction pathway, are targeted with 
higher significance (red squares) by most of miRs 
(Figure 4).

Proteomics and Reactome pathway analysis

Proteomic analysis identified a total of 1,086 proteins. 
Both EV preparations showed highly similar protein 
intensity values, which indicated the reproducibility of 
the AEC, and SEC procedures employed in the study 
for isolation of EVs. Among the proteins identified by 
mass spectrometry, there were multiple EV markers 
such as CD63, CD81, ALIX (PDC6I), CD9, TSG-101 
(Table 2). The top 100 most abundantproteins found in 
the proteomic analysis along with associated biological 
functions and the values of protein intensity for two 
different EV preparations are listed in Supplementary 
Table 3. A complete list of identified/quantified pro-
teins is presented in Supplementary Table 4.Pathway 
analysis was carried out using Reactome (https://reac 
tome.org/); 960 out of 1086 identifiers in the sample 
were found, where 1478 pathways were hit by at least 
one of the proteins. The top 25 over-represented path-
ways from the submitted dataset are shown in Table 3. 
Many of these pathways are relevant to various mole-
cular processes in the CNS in health and disease.

Out of 1,086 proteins detected in the hiPSC-NSC-EV 
preparations, 1,059 (97.5%) overlapped with the proteins 
in the Vesiclepedia database (Figure 5(a)), indicating that 

the procedures employed for isolation of EVs are reliable. 
A total of 27 proteins found in hiPSC-NSC-EVs were not 
reported in the database, which comprised immunoglo-
bulins, Cell cycle and apoptosis regulator protein 2, 
mTOR-associated protein, Eak-7 homolog (MEAK7) 
and other proteins. A few proteins found in EVs (e.g., 
serum albumin and apolipoprotein A-1) are most likely 
contaminants from the media. Others that are not known 
to be components of EVs (such as histones and cytoske-
letal proteins) may have been secreted from the cells and 
then subsequently became associated with the EVs during 
isolation. Several previous studies have validated such 
protein contaminants in EV preparations [41,42]. 
However, another study has reported the various histone 
subunits in EV preparations as exosomal proteins [43].

GO analysis and validation of proteomic data

The entire proteome dataset was subjected to GO ana-
lysis to predict the possible role of these proteins in 
molecular, cellular and biological processes (Figure 5 
(b)). The GO classification system revealed that 
a majority of proteins belonged to exosomes, the cyto-
plasm, lysosomes, plasma membrane and mitochon-
dria (Figure 5(b)). GO analysis also revealed that 
these proteins are involved in protein metabolism, 
nucleic acid metabolism and other metabolic pro-
cesses. Besides, these proteins are also involved in 
other biological processes such as signal transduction, 

Table 1. Enriched KEGG pathways with functional categories. Relevant to the central nervous system.

miRNA

Pathway p value #genes Number Names

Hippo signalling pathway 0 91 16 miR-92a-3p, miR-92a-2-5p, miR-320a, miR-30a-3p, miR-30a-5p, miR-21-5p, miR-28- 
5p, miR-191-3p, miR-181a-5p, miR-10a-5p, miR-10a-3p, miR-320b, miR-26a-5p, 
miR-1291, miR-151a-3p miR-320 c

ECM-receptor interaction 0 25 6 miR-92a-1-5p, miR-92a-2-5p, miR-30a-3p, miR-28-5p, miR-181a-3p, miR-181a-2-3p
Fatty acid metabolism 0 23 9 miR-92b-5p, miR-30a-5p, miR-21-5p, miR-21-3p, miR-10a-5p, miR-423-5p, miR-151a- 

3p, miR-10b-5p, miR-103a-3p
Fatty acid biosynthesis 0 5 7 miR-30a-5p, miR-21-3p, miR-10a-5p, miR-423-5p, miR-10b-5p, miR-103a-3p, miR- 

148a-3p
Prion diseases 0 5 4 miR-30a-3p, miR-191-5p, miR-26a-1-3p miR-148a-3p
Glioma 3.33E-16 45 11 miR-320a, miR-30a-5p, miR-28-5p, miR-181a-5p, miR-181a-3p, miR-423-5p, miR- 

1291, miR-1246, miR-103a-3p, miR-320 c miR-148a-3p
Adherens junction 1.94E-14 53 16 miR-92a-3p, miR-92b-3p, miR-320a, miR-30a-5p, miR-21-3p, miR-28-3p, miR-28-5p, 

miR-191-5p, miR-181a-5p, miR-10a-3p, miR-423-5p, miR-320b, miR-26a-5p, miR- 
151a-5p, miR-103a-3p miR-320 c

Signalling pathways regulating 
pluripotency of stem cells

2.16E-08 75 7 miR-92a-3p, miR-92b-3p, miR-320a, miR-28-5p, miR-181a-5p, miR-26a-5p, miR-1291

TGF-beta signalling pathway 5.08E-08 45 9 miR-92a-3p, miR-92b-3p, miR-320a, miR-30a-3p, miR-10a-3p, miR-26a-5p, miR-1291 
miR-320 c miR-148a-3p

Cell cycle 2.84E-06 72 7 miR-92a-3p, miR-30a-3p, miR-21-5p, miR-26a-5p, miR-10b-5p, miR-103a-3p miR- 
148a-3p

FoxO signalling pathway 3.75E-06 71 7 miR-92a-3p, miR-92b-3p, miR-30a-3p, miR-21-5p, miR-181a-5p, miR-10a-3p miR- 
148a-3p

P53 signalling Pathway 5.60E-06 47 11 miR-30a-3p, miR-30a-5p, miR-21-5p, miR-181a-5p, miR-26a-5p, miR-26a-1-3p, miR- 
26a-2-3p, miR-10b-5p, miR-1246, miR-103a-3p miR-148a-3p

Thyroid hormone signalling 
pathway

9.91E-04 57 6 miR-92a-3p, miR-21-5p, miR-26a-5p, miR-1291, miR-1246, miR-103a-3p

10 R. UPADHYA ET AL.

https://reactome.org/
https://reactome.org/


cell communication, cell growth and maintenance, 
energy metabolism and transport (Figure 5(b)). The 

categorized protein dataset based on molecular func-
tions revealed that these are involved in transport 
activity, catalytic activity, ubiquitin-specific protease 
activity, GTPase activity, DNA binding function, oxi-
doreductase activity, transcription regulation activity 
and calcium ion binding function (Figure 5(b)). 
Among the 100 most abundant proteins from proteo-
mics data, we validated the presence of five proteins 
(agrin, PTX3, hemopexin, Gal-3BP and nidogen-1) 
that are known to participate in various brain func-
tions and recognized to be useful for treating neuro-
degenerative disorders. All of these proteins showed 
nearly comparable concentrations in three prepara-
tions of hiPSC-NSC-EVs (Figure 5(c-g)), further con-
firming the reproducibility of the EV isolation 
procedure.

hiPSC-NSC-derived EVs suppressed the 
upregulation of IL-6 in LPS stimulated 
macrophages in a dose-dependent manner

LPS exposure alone greatly enhanced the release of 
IL-6 from macrophages (Figure 6(a)). When macro-
phages were simultaneously treated with LPS and 
DEX (a potent anti-inflammatory corticosteroid), 
IL-6 release was significantly inhibited. The addi-
tion of NSC-EVs to LPS treated macrophage cul-
tures resulted in a dose-dependent anti- 
inflammatory effect. Significant suppression of IL-6 
release was observed with doses of 4 × 109 EVs or 
higher. Maximal suppression was observed with 
a treatment of 64 × 109 EVs (Figure 6(a)). Dose- 
dependent suppression of IL-6 release revealed that 
hiPSC-NSC derived EVs mediate anti-inflammatory 
activity.

IN administration of hiPSC-NSC-derived EVs 
reduced status epilepticus-induced elevation of 
proinflammatory cytokines in the hippocampus

To further investigate the anti-inflammatory activity 
of hiPSC-NSCs derived EVs, we quantified the effects 

Figure 4. The results of pathway enrichment analysis on the 
top 40 most abundant miRNAs found in extracellular vesicles 
(EVs) derived from human neural stem cell-derived extracellular 
vesicles (hNSC-EVs). The figure shows the heatmap for the top 
40 miRNAs in EVs versus KEGG pathways. The heatmap was 
calculated based on p values and the colour gradient depicts 
the significance of the interaction between miRNAs and path-
ways, where red squares mean the lowest p value and light- 
yellow squares imply a non-significant p value.

Table 2. Common EV-specific proteins identified by mass spectrometry analysis.
Peptides Intensitya

Name Acc. No. MW (kDa) Identified Quantifiedb P1 P2

ALIX (PDC6I) Q8WUM4-2 96 40 38 1.38E+09 1.38E+09
TSG101 Q99816 44 12 11 1.54E+08 1.63E+08
CD81 P60033 26 3 3 3.41E+08 3.70E+08
CD9 P21926 25 3 2 4.57E+07 3.34E+07
CD63 P08962-2 23 2 2 6.30E+07 7.38E+07

aSummed peptide intensities derived from tandem-MS peptide fragment ions. Only peptides exclusively assigned to a protein were used 
for determination of the intensity. 

bNumber of peptides exclusively assigned to the protein used for quantitative analysis. 
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of their IN administration at 2 hours post-SE on the 
levels of proinflammatory cytokines at 24 hours post- 
SE. Cytokine/chemokine array results showed that 
induction of acute seizure activity greatly enhanced 
the concentration of multiple proinflammatory cyto-
kines. Administration of NSC-EVs normalized the 
concentration of tumour necrosis factor-alpha 
(TNF-α), interleukin-1 beta (IL-1β), interferon- 
gamma (IFN-γ), leptin, monocyte chemoattractant 
protein-1 (MCP-1 or CCL2), IL10 and platelet- 
derived growth factor – two B subunits (PDGF-BB) 
(Figure 6(b1-b7)). Among these cytokines, TNF-α 
and IL-1β were further validated through individual 
ELISA, as they are the primary mediators of acute 
and chronic inflammation after SE. The concentra-
tion of TNF-α and IL-1β were significantly elevated 
in SE animals receiving vehicle but reduced signifi-
cantly in SE animals receiving NSC-EVs (Figure 6 
(c1-c2)). Thus, the anti-inflammatory activity of 
NSC-EVs observed in an in vitro macrophage assay 
could be replicated in an in vivo SE model.

IN administration of NSC-EVs resulted in their rapid 
incorporation by neurons, microglia astrocytes in 
all regions of the brain

We examined the ability of intranasally administered 
hiPSC-NSC derived EVs to rapidly get incorporated 
into the soma of neurons and glia in different 
regions of the rat and mouse brain. Examination of 
brain tissue sections using immunofluorescent mar-
kers of neurons, microglia and astrocytes through 
confocal microscopy at 6 hours after IN administra-
tion revealed the entry of EVs into virtually all 
regions of the forebrain, midbrain and hindbrain. 
This finding agrees with our previous study on 
mesenchymal stem cell-derived EVs [22]. PKH26+ 

EVs could be localized inside virtually all neurons 
and microglia in all regions of the brain examined. 
Significant fractions of astrocytes also incorporated 
EVs. Examples of neurons incorporating EVs in the 
rat medial prefrontal cortex (mPFC), the somatosen-
sory cortex (SSC), the dentate gyrus (DG), and CA1 

Table 3. 25 most relevant pathways over-represented in reactome analysis.
Entities Reactions

Pathway name Found/total p value FDR Found/total

Formation of the ternary complex, and 
subsequently, the 43S complex

35/52 1.11E-16 4.11E-15 3/3

Translation initiation complex formation 39/59 1.11E-16 4.11E-15 2/2
Activation of the mRNA upon binding of the 

cap-binding complex and eIFs, and 
subsequent binding to 43S

39/60 1.11E-16 4.11E-15 6/6

Ribosomal scanning and start codon 
recognition

38/59 1.11E-16 4.11E-15 2/2

AUF1 (hnRNP D0) binds and destabilizes 
mRNA

36/56 1.11E-16 4.11E-15 4/4

Peptide chain elongation 57/90 1.11E-16 4.11E-15 5/5
Eukaryotic Translation Elongation 59/95 1.11E-16 4.11E-15 9/9
Formation of a pool of free 40S subunits 63/102 1.11E-16 4.11E-15 2/2
Eukaryotic Translation Termination 57/94 1.11E-16 4.11E-15 5/5
Nonsense Mediated Decay (NMD) 

independent of the Exon Junction 
Complex (EJC)

58/96 1.11E-16 4.11E-15 1/1

GTP hydrolysis and joining of the 60S 
ribosomal subunit

68/113 1.11E-16 4.11E-15 3/3

Cap-dependent Translation Initiation 69/120 1.11E-16 4.11E-15 18/18
Viral mRNA Translation 55/101 1.11E-16 4.11E-15 2/2
Nonsense-Mediated Decay (NMD) 60/117 1.11E-16 4.11E-15 6/6
Nonsense Mediated Decay (NMD) enhanced 

by the Exon Junction Complex (EJC)
60/117 1.11E-16 4.11E-15 5/5

SRP-dependent co-translational protein 
targeting to membrane

55/113 1.11E-16 4.11E-15 5/5

Neutrophil degranulation 144/480 1.11E-16 4.11E-15 10/10
Eukaryotic Translation Initiation 69/120 1.11E-16 4.11E-15 20/21
Membrane Trafficking 141/635 1.11E-16 4.11E-15 169/218
Vesicle-mediated transport 177/761 1.11E-16 4.11E-15 191/251
RHO GTPase Effectors 83/295 1.11E-16 4.11E-15 85/112
ER-Phagosome pathway 60/153 1.11E-16 4.11E-15 7/10
L13a-mediated translational silencing of 

Ceruloplasmin expression
69/112 1.11E-16 4.11E-15 2/3

Antigen processing-Cross presentation 62/169 1.11E-16 4.11E-15 14/22
Translation 94/294 1.11E-16 4.11E-15 61/99
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and CA3 subfields of the hippocampus, and the 
cerebellum are illustrated (Figure 6(d1-d6)). 
Likewise, microglia in all regions of the brain incor-
porated a more substantial amount of EVs (Figure 6 
(d7-d12)). Examples of mature astrocytes expressing 
GFAP and S-100β incorporating EVs inside their 
soma are also illustrated in Figure 6(d13-d15). 
A similar distribution of EVs was found in the 
adult mouse brain following an IN administration. 
Examples of neurons and microglia incorporating 
EVs in brain regions such as the mPFC, SSC, DG, 
CA3 subfield, thalamus and amygdala are illustrated 
in Figure 6(e1-e12). Thus, IN administration of NSC- 
EVs is an efficient approach to target EVs into neu-
rons and glia in virtually all regions of the rat and 
mouse brain.

IN administration of hiPSC-NSC-derived EVs into 
adult rats enhanced hippocampal neurogenesis

We quantified neurogenesis in the hippocampus 
13 days after an IN administration of hiPSC-NSC 
derived EVs in 6 months old F344 rats using BrdU 
labelling. Administration of EVs increased neurogen-
esis in the SGZ of the hippocampus, which was evident 
from an increased number of BrdU+ newly born cells 
and net hippocampal neurogenesis quantified from 
BrdU+ cells and the percentage of BrdU+ cells expres-
sing DCX (Figure 7(a1-a10)). Next, we determined 
whether increased neurogenesis in EV-treated animals 
is linked to increased proliferation of NSCs through 
stereological counting of Ki-67+ proliferating cells 
(putative NSCs) in the SGZ. Indeed, animals receiving 

Figure 5. The results of Gene Ontology (GO) analysis of proteins found in extracellular vesicles (EVs) derived from human neural 
stem cell-derived extracellular vesicles (hNSC-EVs). Figure (a) is a Venn diagram showing that out of 1,086 proteins detected in the 
hiPSC-NSC-EV preparations, 1,059 overlapped with the proteins in Vesiclepedia database. Figure (b) shows the involvement of EV- 
associated proteins in molecular, cellular and biological processes. The bar charts in C-G illustrate EV-associated proteins agrin (c), 
pentraxin 3 (d), hemopexin (e), galectin-3 binding protein (Gal-3BP; f), and nidogen-1 (g), validated through quantitative ELISAs.
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Figure 6. Extracellular vesicles (EVs) derived from human neural stem cells (hNSCs) display anti-inflammatory properties, and 
pervasively permeate the brain following an intranasal administration. Figure A shows data from the macrophage assay. LPS, 
lipopolysaccharide; DEX, dexamethasone; EVs, extracellular vesicles. Note that the addition of hNSC-EVs to LPS stimulated 
macrophage cultures resulted in a dose-dependent suppression of interleukin-6 (IL-6) release by macrophages, implying an anti- 
inflammatory effect. The effect was significant when 4 × 109 or more EVs were added to macrophage + LPS cultures (a). ****, 
p < 0.0001. Figures (b1–b6) show that an intranasal (IN) administration of hNSC-EVs after 2 hours of acute seizure activity (a mouse 
model of status epilepticus) is adequate for reducing the concentration of multiple cytokines in the hippocampus. The cytokines 
that showed significant reductions following hNSC-EV treatment include the tumour necrosis factor-alpha (TNF-α; B1), interleukin-1 
beta (IL-1β; B2), interferon-gamma (IFN-γ; b3), monocyte chemoattractant protein −1 (MCP-1; b4), leptin (b5) and the platelet- 
derived growth factor (PDGF-BB; b6). hNSC-EV treatment also normalized the anti-inflammatory protein IL-10 after status epilepticus 
(b7). Figures c1 and c2 show that normalization of TNF-α and IL-1β found through cytokine array following EV treatment could also 
be confirmed with individual ELISA. *p < 0.05, **p < 0.01, ***p < 0.001. NS, not significant. Figures d1-d15 illustrate the 
incorporation of PKH-26 labelled hNSC-EVs (red dots) by different cells in various regions of the rat brain at 6 hours after an IN 
administration. The figures illustrate NeuN+ neurons (d1-d5), calbindin+ Purkinje neuron (d6), IBA-1+ microglia (d7-d12) and 
astrocytes positive for GFAP (d13), S-100β (d14) or both GFAP and S-100β (d15). Figures e1-e12 illustrate the incorporation of 
PKH-26 labelled hNSC-EVs (red dots) by NeuN+ neurons (e1-e6) and IBA-1+ microglia (e7-e12) in various regions of the mouse brain 
at 6 hours after an IN administration. mPFC, medial prefrontal cortex (d1, d7, e1, e7); SSC, somatosensory cortex (d2, d8, e2, e8); DG, 
dentate gyrus (d3, d9, e3, e9); CA1 subfield (d4, d10); CA3 subfield (d5, d11, e4, e10); CBM, cerebellum (d6, d12); thalamus (e5, e11); 
and amygdala (e6, e12). Scale bar: 25 μm.

14 R. UPADHYA ET AL.



EVs contained a higher density of Ki-67+ cells in the 
SGZ (Figure 7(b1-b4)). In addition, these animals dis-
played more significant numbers of Ki-67+ clusters and 
a higher number of cells per cluster in the SGZ (Figure 

7(b5-b6)). Thus, hiPSC-NSC derived EVs increased 
neurogenesis through increased proliferation of NSCs. 
We also quantified the number of newly born neurons 
positive for DCX (a marker of newly born neurons), 

Figure 7. Intranasal administration of extracellular vesicles (EVs) derived from human neural stem cells (hNSCs) into adult rats 
increased the production of newly born neurons in the hippocampus. Figures a1-a4 show the distribution of 5ʹ- 
bromodeoxyuridine-positive (BrdU+) newly born cells from a naïve rat (a1) and a rat that received hNSC-EVs (a2). Figures a3 
and a4 are magnified views from a1 and a2. Figures a5-a7 show examples of newly born neurons that express both BrdU (red, 
A5-A6) and doublecortin (DCX, green in A5 and A7). The bar charts in a8-a10 show that EV administration to adult rats increased 
the number of newly born cells (a8), had no effects on neuronal differentiation of newly born cells (a9) and enhanced net 
hippocampal neurogenesis (a10). Figures b1-b4 show the distribution of Ki-67+cells (i.e., proliferating cells) in the subgranular 
zone (SGZ) of a naïve rat (b1) and a rat that received hNSC-EVs (b2). Figures b3 and b4 are magnified views from b1 and b2. The 
bar charts in b5 and b6 show that EV administration to adult rats increased the number of proliferating cells in the SGZ (b5) with 
a higher number of Ki-67+ cell clusters (b6). Figures c1-c4 show the distribution of DCX+ neurons with vertical dendrites 
(relatively mature, newly born neurons) in the SGZ of a naïve rat (c1) and a rat that received hNSC-EVs (c2). Figures c3 and c4 are 
magnified views from c1 and c2. Figures c5-c8 show the distribution of clusters of DCX+ neurons with short dendrites (relatively 
immature, newly born neurons) in the SGZ of a naïve rat (c5) and a rat that received hNSC-EVs (c6). Figures c7 and c8 are 
magnified views from c5 and c6. The bar charts in c9-c11 show that EV administration to adult rats did not increase the number 
of total DCX+ neurons (c9) but increased the number of DCX+ immature neuron clusters (c10) and the number of DCX+ neurons/ 
cluster (c11). *p < 0.05; **p < 0.01, ***p < 0.001; NS, not significant. Scale bar, a1-a4, b1-b4 and c1-c8 = 100 μm; a5-a7, 25 μm.
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which revealed no differences between naïve and EV- 
treated animals (Figure 7(c1-c4,c9)). This is not sur-
prising because doublecortin expression of newly born 
neurons in mice lasts for up to 4 weeks, and the total 
number of DCX+ neurons represent all neurons that 
were born during the 4 weeks prior to euthanasia [44]. 
However, the examination of clusters of immature 
DCX+ neurons (presumably neurons born after EV 
administration) revealed an increased number of clus-
ters as well as higher numbers of DCX+ neurons per 
cluster in animals receiving EVs (Figure 7(c5-c8,c10- 
c11)), implying that EV treatment-induced localized 
increase in the proliferation of NSCs leading to clusters 
of neuroblasts.

Discussion

Our study provides several novel findings. These 
include the development of a reproducible protocol 
that facilitates isolation of similar EVs from hiPSC- 
NSC cultures from batch to batch, and essential infor-
mation on the miRNA and protein composition of EVs 
shed from hiPSC-NSCs. Besides, we demonstrated the 
ability of such EVs toquickly target a vast majority of 
neurons and microglia and some astrocytes in virtually 
all regions of the adult brain following an IN adminis-
tration and mediate anti-inflammatory effects in the 
injured brain and enhanced neurogenesis in the intact 
adult brain. We employed a combination of AEC and 
SEC to obtain preparations of hiPSC-NSC-EVs with 
a consistent occurrence of 179 miRNAs and 1,086 
proteins. The replicability of the methodology was evi-
dent from small RNA sequencing and proteomic stu-
dies showing negligible amounts of differentially 
expressed small RNAs and proteins in different EV 
preparations. Furthermore, ELISA, WB and proteomics 
studies confirmed that the EVs isolated through 
a combination of AEC and SEC consistently expressed 
many EV markers, which include CD63, CD81, CD9, 
ALIX and TSG-101. The preparations were also devoid 
of deep cellular proteins. The TEM analysis further 
confirmed that the procedure does not interfere with 
the morphological integrity of EVs.

The enrichment pathway analysis on the top 40 
most abundant miRNAs demonstrated that the EVs 
from hiPSC-NSCs carry a cargo of miRNAs that are 
important for multiple cell signalling pathways. The 
pathways comprised fatty acid biosynthesis and meta-
bolism, extracellular matrix-receptor interaction, adhe-
rens junction, protein processing in the endoplasmic 
reticulum, p53 signalling, cell cycle, hippo signalling, 
transforming growth factor-beta (TGF-β) signalling, 

the pluripotency of stem cells and FoxO and thyroid 
hormone signalling. The analysis also revealed that 
some miRNAs found in hiPSC-NSC-EVs display 
altered expression in conditions such as prion diseases, 
glioma and a variety of cancers. However, the presence 
of such miRNAs does not necessarily mean that they 
are involved in inducing prion disease or cancer.For 
example, miRNAs highly dysregulated in prion disease 
are not among the most abundant miRNAs present in 
hiPSC-NSC-EVs [45]. Furthermore, the manifestation 
of some miRNAs having a role as oncogenes or tumour 
suppressors in cancer in hiPSC-NSC-EVs is not parti-
cularly surprising, as there are some similarities 
between NSCs and cancer stem cells, which include 
their capacity for self-renewal, unlimited proliferation, 
extensive migration and generating progenitor or dif-
ferentiated cells. Therefore, common miRNAs in EVs 
from NSCs and cancer stem cells may reflect their role 
in targeting genes and pathways supporting stemness 
properties [46].

We validated the occurrence of eight miRNAs in 
hiPSC-NSC-EVs. The known functions of these 
miRNAs (miRs-320a, 320b, 103a-3p, 21–5p, 26a-5p, 
30a-3p, 181a-5p, 191–5p) and their potential application 
as therapeutics are briefly detailed here. The miRNAs, 
miR-320a and 320b, are involved in regulating the insu-
lin-like growth factor-1 receptor, TGF-β signalling and 
neuron related target genes and acts as a tumour suppres-
sor and metastasis inhibitor [47–51]. The miRNA-103a- 
3p plays a vital role in brain development and function 
through the regulation of p35 and cyclin-dependent 
kinase 5 (CDK5) pathway [52]. While miR-103a is down-
regulated in AD, it has been shown to reduce apoptosis 
and increase total neurite outgrowth in cellular AD mod-
els via inhibition of prostaglandin-endoperoxide synthase 
2 (PTGS2) [52,53]. PTGS2 is involved in neuroinflamma-
tion and production of Aβ in AD [54,55], which alludes 
to the utility of miR-103a in treating AD. Dysregulation 
of miR21 has been linked to age-related cognitive impair-
ment [56], and its activity promotes phosphatase and 
tensin homolog deleted on chromosome 10 (PTEN)- 
AKT (protein kinase B) signalling pathway, which pro-
motes cell survival via PI3K/AKT pathway [57]. miR-21 
has been shown to have neuroprotective and anti- 
inflammatory properties in models of traumatic brain 
injury (TBI) and stroke [58–60]. miR-21 mediates anti- 
inflammatory activity through the downregulation of NF- 
kB and TNF-α, and induction of the anti-inflammatory 
cytokine IL-10 [61–63].

The miRNA-26a-5p promotes angiogenesis from 
human brain microvascular endothelial cells [64], long- 
term potentiation and neurite growth by repressing 
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PTEN [65,66]. Importantly, inhibition of miR-26a-5p 
in vivo caused synucleinopathy and loss of dopaminer-
gic neurons, whereas its overexpression alleviated 
behavioural abnormalities in a mouse prototype of 
Parkinson’s disease (PD) [67].The miRNA-30a acts as 
a tumour suppressor in glioma [68], and vital for 
ubiquitin-proteasome mediated proteolysis (UPP), 
which has significance in AD and dementia [69]. In 
addition, overexpression of miR-30a results in the 
upregulation of the FOXO signalling pathway [70], 
which can mediate beneficial effects through the upre-
gulation of the longevity protein silent mating type 
information regulation 2 homolog 1 (SIRT1) [71]. 
The miRNA-181-5p plays a role in hippocampus- 
dependent memory formation via inhibition of protein 
kinase AMP-activated catalytic subunit alpha 1 
(PRKAA1), and overexpression of miR-181 enhances 
memory formation [72]. Also, the miR-181 family 
plays a significant role in mitochondrial function and 
homoeostasis [73]. However, inhibition of miR-181 
was found to be beneficial for improving memory 
function in an AD model [74], and decreasing brain 
infarction is a prototype of stroke [75]. The miRNA- 
191-5p has a role in the maintenance of dendritic 
spines in neurons [76]. Thus, based on the known 
functions of validated miRNAs, hiPSC-NSC-EVs 
appear useful for treating different neurodegenerative 
conditions. However, as miRNAs function depends on 
the context or the type of disease, gain-of- 
function and loss-of-function studies on specific 
miRNAs in EVs using disease models are needed in 
the future for comprehending the net effect of EV- 
based therapies.

Nearly 98% of proteins we found in EVs through 
proteomics overlapped with the proteins in the 
Vesiclepedia database. Reactome analysis of proteomics 
data on EVs identified the presence of proteins 
involved in multiple cellular pathways relevant to 
health and disease. The known CNS-related functions 
of the top 100 proteins in these EVs are listed in 
Supplementary Table 3. GO analysis revealed that the 
majority of proteins found in EVs were components of 
EVs, plasma membrane, cytoplasm and lysosomes, and 
involved in energy metabolism, mitochondrial metabo-
lism, signal transduction and several other biological 
processes. We also validated five proteins from the 
most abundant 100 proteins, including agrin, PTX3, 
hemopexin, Gal-3BP and nidogen-1. Agrin, widely 
expressed in neurons and microvascular basal lamina 
in the CNS, has a role in synaptogenesis [77,78], synap-
tic plasticity through phosphorylation of cAMP 
response element-binding protein (CREB) and facilita-
tion of long-term potentiation (LTP) [79], reactive 

synaptogenesis after TBI [80], hippocampal neurogen-
esis [21] and blood-brain barrier integrity [81]. PTX3, 
on the other hand, is efficient for reducing the migra-
tion of neutrophils after brain injury [82], promoting 
neurogenesis, angiogenesis, BBB integrity and func-
tional recovery after stroke [83,84]. PTX3 can also act 
as the first line of defence against pathogens [85], 
protect neurons against seizures [86], regulate comple-
ment activation during infection and inflammation 
[87,88]. Hemopexin has been shown to protect neurons 
against haem and reactive oxygen species (ROS) toxi-
city through haem oxygenase activity [89]. Hemopexin 
promotes new blood vessel formation, BBB integrity 
and synaptic plasticity and can provide neuroprotec-
tion in mouse models of stroke and intracerebral hae-
morrhage [90–92]. Hemopexin can also influence the 
transformation of the proinflammatory M1 microglia 
into an anti-inflammatory M2 microglia [93]. The pro-
tein Gal-3BP is associated with the immune system 
[94], as it functions as a suppressor of inflammatory 
responses by blocking the NF-kB signalling pathway. 
Remarkably, Gal-3BP can suppress Aβ production 
through inhibition of the amyloid precursor protein 
(APP) processing by β-secretase [95]. Thus, the deliv-
ery of Gal-3BP into neurons and microglia in the brain 
through IN administration of EVs might be beneficial 
for restraining neuroinflammation and reducing amy-
loid-beta (Aβ) plaques in AD. The other validated 
protein nidogen-1, a component of basement mem-
branes, promotes cell adhesion and movement, BBB 
formation, network excitability and plasticity in the 
brain [96,97]. Disruption of nidogen-1 leads to seizure- 
like symptoms and loss of muscle control [98].

Furthermore, IN administration of EVs in this study 
resulted in their rapid incorporation by virtually all neu-
rons and microglia, and some astrocytes in all regions of 
the rat and mouse brains examined in this study. These 
results are consistent with the findings observed with 
MSC-derived EVs recently [22]. Such rapid incorporation 
of EVs in neural cells within deep brain areas likely reflects 
the speedy entry of EVs into the subarachnoid space via 
perineurial spaces around olfactory nerves passing through 
the cribriform plate and the subsequent transportation 
through CSF flow into the interstitial fluid in the interstitial 
spaces of the brain [99]. The anti-inflammatory effects of 
hiPSC-NSCs-EVs could be determined from both in vitro 
and in vivo prototypes of inflammation. In the macrophage 
assay, EVs effectively inhibited the LPS-induced elevation 
of IL-6 by macrophages in a dose-dependent manner. 
Whereas, in a model of SE, EVs significantly inhibited 
the elevation of multiple proinflammatory cytokines, 
including TNF-α and IL-1β, the primary mediators of 
acute and chronic neuroinflammation after SE [100]. 
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Such effects of EVs may be linked to specific miRNAs (e.g., 
miR-21-5p, miR-103a) and proteins (e.g., PTX3, hemo-
pexin, Gal-3BP) in EVs having anti-inflammatory and 
antioxidant activities. The neurogenic effects of EVs were 
evident from their ability to increase hippocampal neuro-
genesis through the increased proliferation of NSCs in six- 
months-old rats. Enhanced neurogenesis following a dose 
of hiPSC-NSC EVs in the adult brain might be reflecting 
the activity of proteins in EVs promoting neurogenesis, 
including the migration and differentiation of newly born 
cells (e.g., agrin, PTX3).

In summary, this study presents an efficient protocol 
for isolating EVs from hiPSC-NSC cultures. The EVs 
isolated from different batches of cultures were com-
parable in terms of their miRNA and protein composi-
tion. Many miRNAs and proteins in EVs have 
neuroprotective, anti-apoptotic, antioxidant, anti- 
inflammatory, BBB repairing, neurogenic and Aβ redu-
cing activities. Besides, some of them are known to 
promote synaptogenesis, synaptic plasticity and 
improve cognitive function. The study has also con-
firmed the anti-inflammatory and neurogenic proper-
ties of these EVs. All of these properties seem beneficial 
for the application of hiPSC-NSC-EVs in treating mul-
tiple neurodegenerative neuroinflammatory disorders.
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