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Abstract

Exosomes are cell-derived extracellular vesicles of 30-150 nm in size and are involved in intercellular communication. Because of their
bioactive cargo, consisting of proteins, RNA and lipids, and their natural ability to deliver these biomolecules to recipient cells, exosomes are
increasingly being studied as novel drug delivery vehicles or as cell-free approaches to regenerative medicine. However, one of the major
hurdles for clinical translation of therapeutic strategies based on exosomes is their low yield when produced under standard culture
conditions. Exosomes are vesicles of endocytic origin and are released when multivesicular endosomes fuse with the plasma membrane.
Here, we demonstrate that interfering with endolysosomal trafficking significantly increases exosome release. Furthermore, these exosomes
retain their regenerative bioactivity as demonstrated by pro-survival and angiogenesis assays using both cardiomyocytes and endothelial
cells. These results may be employed to increase exosome production for studying biological functions or to improve clinical translation of
exosome-based therapeutics.
© 2019 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).
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Exosomes are small extracellular vesicles between 30 and
150 nm in size and are produced by all cells in the human body.
They originate from multivesicular endosomes (MVEs) and are
released through the fusion of these MVEs with the plasma
membrane.1 This distinct intracellular origin discriminates
exosomes from other extracellular vesicles, such as microve-
sicles or ectosomes, which are generated by outward budding of
the plasma membrane, and are typically larger (100 to 1000 nm)
in size.
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Exosomes carry biological cargo derived from the donor cell,
including proteins, RNA (both coding and non-coding), and
lipids. Through horizontal transfer of these bioactive cargoes,
exosomes have been demonstrated to play an important role in
cell–cell communication,2–4 affecting the behavior of proximal
and/or distal target cells throughout the body5,6 in a target-
specific manner. For instance, it has been shown that exosomes
are involved in biological processes including maturation of
erythrocytes,7 antigen presentation in immune responses,8
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coagulation,9 inflammation,10 and angiogenesis.11 Besides these
physiological processes, exosomes have also been found to be
involved in many pathological processes such as cancer,12

Parkinson's disease,13 myocardial infarction14and human im-
mune deficiency virus infection.15

Since the discovery that exosomes are natural delivery
systems of biological molecules, the scientific community has
been evaluating exosomes for the treatment of different kinds of
injuries and diseases. For example, exosomes from different cell
types have been employed for delivery of various therapeutic
molecules,16–19 while exosomes derived from stem cells or
progenitor cells have intrinsic therapeutic potential for regener-
ative medicine applications by virtue of their endogenous
bioactive cargo.10,20–24 Unfortunately, one of the limitations of
therapeutic strategies based on exosomes is their low yield when
produced under standard culture conditions. Therefore, there is a
need to increase exosome yield, while maintaining their
functionality.17,25

Exosome biogenesis occurs during the process of endosomal
maturation. In general terms, this process begins with
endocytosis and ends with the degradation of the endosomal
content by fusion of late endosomes with lysosomes.26 During
this process, small endocytic vesicles fuse to form larger early
endocytic vesicles, while the pH of these vesicles is reduced
progressively and the formation of intraluminal vesicles (ILVs)
commences.27,28 Subsequently, during endosomal maturation,
endosomes no longer fuse with small endocytic vesicles. As the
pH is further reduced, the formation of ILVs is significantly
more evident.29 These multivesicular endosomes are also called
late endosomes or multivesicular bodies. At this point,
intraluminal vesicles can be degraded by lysosomes or released
to the extracellular environment as exosomes. Interestingly, it
has been described that inhibition of lysosomal function
prevents endosome maturation, leading to accumulation of
ILVs in MVEs.30

Here, we set out to evaluate whether interfering with
endolysosomal trafficking through inhibition of endosomal
maturation and/or reduction of lysosomal function increases
release of exosomes, and whether these exosomes retain their
bioactive properties.
Methods

Cell culture

Cells were grown in Dulbecco's Modified Eagle Medium
(DMEM) (Gibco™, USA) supplemented with 10% fetal bovine
serum (FBS) and penicillin/streptomycin (100 U/ml and
100 μg/ml, respectively). Cardiac progenitor cells (CPCs),
human microvascular endothelial cells (HMEC-1) and HL-1
cells were grown on 0.1% gelatin-coated surfaces. CPCs were
grown in EGM-2 medium (EBM-2 supplemented with growth
medium-2 BulletKit™, 30 μg/ml gentamicin and 15 ng/ml
amphotericin) (LONZA, USA):M199 medium (Gibco™, USA)
(1:3), supplemented with 10% FBS, penicillin/streptomycin
(100 U/ml and 100 μg/ml, respectively) and 1% non-essential
amino acids solution (Sigma, USA).31 HMEC-1 cells were
cultured in MCDB131 medium supplemented with 10% FBS,
penicillin/streptomycin (100 U/ml and 100 μg/ml, respective-
ly), epithermal grown factor (10 ng/ml), hydrocortisone
(50 nM) and L-Glutamine (2 mM). HL-1 cells were cultured
in Claycomb medium (Sigma, USA), supplemented with 10%
FBS, 1x GlutaMAX (Gibco™, USA), penicillin/streptomycin
(100 U/ml and 100 μg/ml, respectively), ascorbic acid
(0.3 mM) and phenylenephrine (0.1 mM). For exosome isola-
tion, MDA-MB-231, HT29 and SKOV3 cells were cultured for
24 h in DMEMwithout FBS, while CPCs were cultured for 24 h
in serum-free M199. All cells were cultured at 37 °C, 5% CO2

and 20% O2.

Lentiviral constructs

Two short hairpin (sh) NDRG1 sequences (target sequence 1:
CCTGGAGTCCTTCAACAGTTT and sequence 2: GCA-
CATTGTGAATGACATGAA) and two shRAB7 sequences
(target sequence 1: GCCACAATAGGAGCTGACTTT and
sequence 2: ACGAATTTCCTGAACCTATCA) previously
described by Tschan et al32 and Alonso-Curbelo et al,33

respectively, were cloned into a pLKO.1 backbone (Addgene,
USA). The control lentiviral vector was shLuciferase (target
sequence: AAGAGCACTCTCATCGACAAG) in pLKO.1
vector that did not match to any known human gene, and is
referred to as shControl. pLKO.1 constructs were transfected
together with psPAX2 and pMD2.G vectors at a 2:1:1 ratio
using Lipofectamine 2000 into HEK-293T cells. Cells were
incubated for 24 h, fresh medium was added, and lentiviral
particles were collected every 24 h over the following 48 h.
Target cells were infected with 10% of media containing virus
and 8 μg/ml hexadimethrine bromide (Polybrene). Media were
changed 24 h after infection and puromycin was added to select
stable knockdown (KD) cells.

Exosome isolation

Exosomes were isolated from serum-free conditioned media
when cells had reached 90%-95% confluency, using serial
centrifugation or size exclusion chromatography (SEC) where
indicated. Serial centrifugation was performed as previously
described.25 Briefly, conditioned medium was spun at 300 ×g
for 15 min to remove cell contamination, 2000 ×g for 15 min to
remove cell debris and 10,000 ×g for 30 min to remove larger
microvesicles and apoptotic bodies. Finally, supernatant was
centrifuged at 120,000 ×g for 1 h to obtain an exosome-rich
pellet. When indicated, size exclusion chromatography was
performed on conditioned media after serial centrifugation of
300 ×g for 15 min, 2000 ×g for 15 min and 10,000 ×g for
30 min as described.25 Media were concentrated with 100 kDa
spin filters (Amicon®, USA) until 5 ml and then injected into a
SEC Hiprep™ 16/60 Sephacryl® S-400 HR column (GE
Healthcare, USA) at a flow rate of 0.5 ml PBS/min. Aliquots
of 5 ml were collected and exosome-containing fractions were
employed for further analysis.

Western blot analysis

Cells or exosomes were lysed with RIPA buffer for 15 min on
ice and then centrifuged at 12,000 ×g for 15 min. Supernatants
were collected and employed as protein extract. Protein



Figure 1. Knockdown of NDRG1 increases release of exosomal markers. (A, B) NDRG1, EEA1 and exosomal marker protein levels in NDRG1 KD and
shControl cells were analyzed by Western Blot. Equal protein amounts were loaded. (A) Representative Western Blot of MDA-MB-231, HT-29 and SKOV-3
cells. (B) Quantification of protein levels in NDRG1 KD and shControl cells. Hsc70 was used as a loading control. Band intensities were determined using
ImageJ software and normalized to Hsc70. Bars represent mean of three independent experiments relative to the shControl. Error bars show SD and significance
is represented as * (P b0.05) or ** (P b0.01) as determined by Student's t test. (C, D) Exosomes were isolated by serial centrifugation from 25 ml of media of
NDRG1 KD and shControl cells. Exosomal marker protein levels were analyzed by Western Blot. Equal volumes (containing all exosomes isolated from 25 ml
of media) were loaded. (C) Representative Western Blot of isolated exosomes from MDA-MB-231, HT-29 and SKOV-3 cells. (D) Quantification of protein
levels in exosomes from NDRG1 KD and shControl cells. Band intensities were determined using ImageJ software and normalized to the average intensity of
each protein. Bars represent mean of three independent experiments relative to shControl. Error bars show SD and significance is represented as * (P b0.05) or
** (P b0.005) as determined by Student's t test.
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concentrations were quantified using a Pierce microBCA kit
(ThermoFisher Scientific, USA) according to the manufacturer's
instructions. Proteins were loaded into precast 4%-12% Bis–Tris
polyacrylamide gels (ThermoFisher Scientific, USA) and resolved by
SDS-PAGE at 100 mA for 90 min. Then, proteins were transferred
to a PVDF membrane (BIORAD, USA) at 30 mA overnight.
Membranes were blocked with 50% v/v Odyssey® blocking buffer
(LI-COR,Germany) inTris buffered saline (TBS) for 30 min at room
temperature and probed overnight at 4 °C with primary antibodies.
Finally, membranes were incubated with secondary antibodies
labeled with infrared fluorescent dye or HRP conjugated secondary
antibodies for 1 h at room temperature. Proteins of interest were
visualized using a ChemiDocMP (BIORAD, USA) or an Odyssey®
Imaging system (LI-COR, Germany).

Primary antibodies included anti-CD9 (clone EPR2949), anti-
CD63 (clone MEM-259), anti-TSG101 (ab30871) (Abcam, UK),
anti-CD81 (clone B-11) (Santa Cruz Biotech, USA), anti-Hsc70
(clone BB70) (Enzo Life Science, Belgium), anti-RAB7 (clone
10E4), anti-NDRG1 (clone JM32-02) (Novus Biological, UK), anti-
Alix (clone 3A9) (Themofisher, USA), anti-β-actin (clone AC-15,
Sigma, USA), anti-phospho AKT (D9E), anti-AKT (clone 11E7),
anti-phospho ERK1/2 (Phospho-p44/42 MAPK (Thr202/204)) and
anti-ERK1/2 (p44/42 MAPK) (Cell Signaling, USA). Secondary
antibodies included Alexa Fluor 680-conjugated anti-rabbit (A-
21076), IRDye 800CW anti-mouse (926-32,212) (LI-COR, Ger-
many) and HRP-conjugated goat anti-rabbit (Dako).

Acridin orange (AO) analysis

Cells grown in 8 wells culture slides (Ibidi, Germany) were
incubated with acridine orange (Sigma, USA) (20 nM) for
15 min at 37 °C, washed 3 times with PBS, fixed with a 4%
paraformaldehyde/PBS solution and mounted with antifade
mounting medium with DAPI (Vectorlabs, UK). Finally, stained
samples were examined with a Zeiss LSM confocal microscope
using a 40× objective. Images were analyzed with ZEN software.

Transmission electronic microscopy

Exosomes were adsorbed on active-carbon coated grids for
10 min, washed and fixed for 15 min in a 2% paraformaldehyde
and 0.2% glutaraldehyde solution. Then, grids were rinsed
briefly and immediately transferred to drops of uranyl methyl
cellulose pH 4.0 on a cooled metal plate for 5 min, picked up
and dried at room temperature. Finally, grids were introduced in
a FEI Tecnai™ F20 transmission electron microscope (TEM)
and 20 pictures for every biological sample were taken. Pictures
were analyzed with ImageJ software34 by an independent
investigator in a double blinded manner.

Phospholipid analysis

Exosomes were lysed by adding 375 μl of 1:2 chloroform/
methanol solution. Then, 125 μl of chloroform and 125 μl of
ddH2O were added until two clearly separated phases were
obtained. Organic phase was collected and employed for
inorganic phosphate determination by modified Rouser assay.35

Briefly, samples and phosphorus standard curves were dried at
180 °C in a heating block. A 0.3 ml 70% perchloric acid solution
was added and incubated for 30 min at 180 °C. After cooling,
0.5 ml 1.25% ammonium molybdate solution, 0.5 ml 5%
ascorbic acid and 1.0 ml ddH2O were added. Tubes were

Image of Figure 1


Figure 2. Chloroquine or NH4Cl treatment increases release of exosomal markers. Exosomes from 25 ml media of treated or control cells were isolated by
serial centrifugation. Exosomal marker proteins were analyzed by Western Blot. (A) Representative Western Blot of isolated exosomes from MDA-MB-231,
HT-29 and SKOV-3 cells. (B) Quantification of protein levels in exosomes from treated and control cells. Band intensities were determined using ImageJ
software. Bars represent mean of three independent experiments relative to negative control. Error bars show SD and significance is represented as * (P b0.05) as
determined by one-way ANOVA with Dunnett's multiple comparison test.
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incubated in boiling water for 7 min until a colorimetric reaction
was observed. Finally, absorbances of samples and standard
curves were measured at 830 nm using a spectrophotometer.

Nanoparticle tracking analysis

Exosome size distribution and concentration were measured
using a NanoSight NS500 system equipped with an LM14
405 nm violet laser unit (Malvern Instruments, UK). Concen-
trated exosome samples were diluted with PBS to appropriate
dilutions for analysis (generally 1:1000) and visualized at camera
level 16 under control of a script, which included acquisition of 3
movies of 1 min at a fixed temperature of 22 °C. Analysis was
performed with NTA 3.1 software. Detection threshold was set at
5 and other settings were kept at default.

Determination of AKT and ERK 1/2 phosphorylation

First, 1 × 105 HMEC-1 and HL-1 cells were seeded in 24
well culture plates (Corning, USA). After 24 h, cells were
starved in basal MCDB-131 medium for 3 h. Next, cells were
stimulated with a fixed number of exosome particles from treated
or control CPCs (0, 6.0 × 1010 or 1.2 × 1011 particles) for
30 min, after which cells were lysed using RIPA buffer. Cell
lysates were centrifuged for 10 min at 12,000 ×g and superna-
tants were employed for Western Blot analysis.

Tube formation assay

First, 1 × 105 HMEC-1 cells were seeded in 24 well culture
plates. After 6 h, cells were starved in basal MCDB-131 medium
and stimulated with a fixed number of exosomes from control or
treated CPCs (0, 6.0 × 1010 or 1.2 × 1011 particles) for 12 h.
Then, 2 × 103 cells per well were seeded on 10 μl growth factor
reduced Matrigel (ThermoFisher Scientific, USA) on angiogen-
esis μ-slides (Ibidi, Germany) in MCDB-131 medium in the
presence of exosomes. After 7 h, pictures were taken using a
Olympus BX53 microscope equipped with a CCD (DP71,
Olympus) camera and analyzed by the angiogenesis analyzer
tool for Image J.36

Statistical analysis

Data are presented as mean ± SD. Student's t test was used
for comparison of two groups and one-way ANOVA with
Dunnett's multiple comparison test for three or more groups. P
values of P b 0.05 were considered significant.
Results

In this study, we explored the effects of perturbation of
endolysosomal trafficking on exosome secretion, as previous
works have shown significant changes in terms of endosomal
size and number of intraluminal vesicles after knockdown of two
key players in endosomal trafficking: N-Myc Downstream
Regulated 1 (NDRG1)37,38 and Ras-related protein Rab7.30,39

NDRG1 is a cytoplasmic protein involved in several processes
including cell stress and hypoxia.40 Recently, NDRG1 has been
associated with regulation of endosomal trafficking,41 affecting
LDL receptor recycling,38 lysosomal function42,43 and regulation
of lipid metabolism via fatty acid synthesis and exogenous
uptake.38,42,44 NDRG1 KD has been shown to increase cytoplas-
mic accumulation of autophagosomes,42,43 increase lysosomal

Image of Figure 2


Figure 3. Chloroquine treatment or NDRG1 knockdown increases release of exosomes. Exosomes were isolated from 200 ml media by size exclusion
chromatography. (A) Representative TEM pictures of exosomes obtained from treated and untreated SKOV-3 cells (scale bar represents 500 nm). (B) Exosome
number was evaluated by TEM image quantification using ImageJ performed by an independent, blinded researcher. Bars represent mean number of vesicles per
image (total of 40 pictures per condition from two independent experiments). Error bars show SD and significance is represented as * (P b0.05) as determined by
Student's t test. (C) Number of particles isolated from treated or control cells as determined by nanoparticle tracking analysis (NTA). (D). Total protein levels in
exosomes isolated from treated or control cells. (E) Total phospholipid levels in exosomes isolated from treated or control cells. Bars show mean of three
independent experiments relative to negative control. Error bars show SD and significance is represented as * (P b0.05) as determined by Student's t test.
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pH43,45 and affect overall levels of neutral sphingolipids and
ceramides.44,45

To evaluate effects of NDRG1 KD on the release of exosomal
markers, two shRNA sequences were tested on MDA-MB-231
cells, both showing significant levels of target knockdown
(Supplementary Figure 1). Cellular levels of NDRG1, exosomal
marker proteins and early endosome antigen 1 (EEA1), as a
marker for early endosome (EE), were also determined, as
accumulation of early endosomes is a common phenomenon
when endosomal trafficking is inhibited.29,46,47 Significant
reduction of ESCRT machinery components (Alix and
TSG101) and EEA1 was observed for both shRNA sequences.
We also evaluated viability of MDA-MB-231 cells after stable
expression of either sequence, and no effects on cell survival
were observed when compared with shControl transduced cells
(data not shown). As both shRNA sequences showed similar
effects, shNDRG1 sequence 1 was selected for follow-up
experiments.

Next, we evaluated effects on exosomal marker release in
three epithelial cancer cell lines (HT-29, MDA-MB-231 and
SKOV-3). These cells represent varying tissues, are known to
release high numbers of exosomes, and can be grown in standard
cell culture conditions. NDRG1 KD was confirmed in all three
cells (Figure 1, A, B). Furthermore, EAA1 and ESCRT
machinery components (Alix and TSG101) levels were reduced
in all three cell lines. Next, we measured exosomal markers
levels in the supernatants. Exosomes were isolated from 25 ml of
conditioned media by serial centrifugation, lysed and exosomal
proteins were analyzed by WB. A clear increase in exosomal
marker release was observed for all three cell lines after NDRG1
KD, which included not only ESCRTmachinery components but
also tetraspanins CD9 and CD81 (Figure 1, C, D). In addition,
we evaluated whether the effect of stable NDRG1 KD on
exosome release was maintained over time. Indeed, for both
SKOV-3 and HT-29 cells, NDRG1 KD was found to be stable
for at least 4 weeks, and the release of exosomes remained
substantially increased (Supplementary Figure 2).

Rab7 is a key protein involved in multiple processes related
with endosomal maturation; it is part of a Rab switch process,-
47,48 where Rab5 (early endosome (EE) marker) is switched for
Rab7 (late endosome (LE) marker), an essential step in LE
formation and also in the transport of cargo to lysosomes.39 In
addition, Rab7 is also involved in lysosomal biogenesis and
function.49 Therefore, we next decided to assess the effects of

Image of Figure 3


Figure 4. Chloroquine treatment or NDRG1 knockdown does not affect exosome size distribution. (A) Exosomes were separated into subpopulations
according to size using size exclusion chromatography. 10 fractions were collected and analyzed by Western Blot. Representative Western Blots of 10 fractions
of exosomes from treated or control cells are shown. (B) Exosome size distribution according to TEM analysis using Image J performed by an independent,
blinded researcher (total of 40 pictures per condition from two independent experiments). (C) Exosome size distribution according to Nanoparticle tracking
analysis (NTA). Graphs show mean of three independent experiments.
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Rab7 KD on exosome release. First, two shRab7 sequences were
tested in MDA-MB-231 cells, showing an acceptable level of
KD and similar effects for both shRNA sequences (Supplemen-
tary Figure 3, A). Next, we determined the effect of Rab7 KD on
cellular levels of ESCRT machinery components and EEA1
using WB analysis. Surprisingly, cellular levels of Alix and
TSG101 were not affected by Rab7 KD using either shRNA
sequence, while EEA1 was increased when compared to
shControl-treated cells. shRab7 sequence 1 was selected for
follow up experiments. Again, effects of Rab7 KD on exosomal
marker release were next evaluated in HT-29, MDA-MB-231
and SKOV-3 cells. Rab7 KD was successful in two of these three
cell types (Supplementary Figure 3, B), while stable expression
of shRab7 was found to be toxic to SKOV-3 cells. In HT-29 and
MDA-MB-231 cells, in contrast to what was seen for NDRG1
KD, cellular levels of ESCRT machinery components Alix and
TSG101 were not significantly affected, while cellular EEA1
levels were found to be increased in both cell lines. The latter is
suggesting cytoplasmatic accumulation of EE. Next, we
measured exosome marker levels in the supernatants of Rab7
KD cells. No significant changes were observed in exosomal
marker release, but, in concordance with cellular levels, a
significant increment in EEA1 was observed (Supplementary
Figure 3, C).

Next, we sought to determine whether the observed effects of
increased release of exosomal markers after NDRG1 knockdown
could also be achieved through inhibition of endolysosomal
trafficking using chemical inhibitors. Two well-known lysoso-
motropic agents that efficiently inhibit endosomal maturation
were selected: chloroquine and NH4Cl. Both agents accumulate

Image of Figure 4


Figure 5. Chloroquine treatment or NDRG1 knockdown increases release of exosomes from cardiac progenitor cells. (A) Representative Western Blot of
treated and untreated CPCs. Equal protein amounts were loaded. (B) Exosomes were isolated by serial centrifugation from media of treated or control cells.
Exosomal marker protein levels were analyzed by Western Blot. Equal volumes were loaded. (C) Number of particles isolated from treated or control cells as
determined by nanoparticle tracking analysis (NTA). Bars show mean of three independent experiments relative to control (negative control for chloroquine
treated cells and shControl for NDRG1 KD cells). Error bars show SD and significance is represented as * (P b0.05) as determined by Student's t test.
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inside the acidic compartments of treated cells, including
endosomes and lysosomes, leading to inhibition of lysosomal
enzymes, which require an acidic pH, and preventing fusion of
endosomes and lysosomes.50,51

First, we evaluated the optimal concentration of both agents
for a 24 h incubation period, according to literature52 and
experimental evaluation. The optimal concentrations were found
to be 20 μg/ml for chloroquine and 2 mM for NH4Cl (data not
shown). Next, we measured release of exosomal markers by
untreated, chloroquine treated and NH4Cl treated cells. Exo-
somes were again isolated from 25 ml of conditioned media by
serial centrifugation, lysed and protein expressions analyzed by
WB. Quantification showed an increased release of the four
exosomal markers Alix, TSG101, CD9 and CD81 in superna-
tants from all three cell lines after either treatment, confirming
that interfering with endolysomal trafficking stimulates release
of exosomal proteins (Figure 2, A, B).

To confirm that NDRG1 KD and chloroquine treatment
indeed affected endosomal maturation in our system, an acridine
orange (AO) assay was performed in SKOV-3 cells. AO is a cell
permeable fluorophore that is protonated and thereby becomes
trapped in acidic vesicles or organelles. OA fluorescence is green
at low concentrations (520 nm), but at high concentrations, as
obtained in acidic endosomes, AO fluorescence is shifted to red
fluorescence (620 nm). Confocal analysis of acridine orange
stained cells showed a decrease in red fluorescence in NDRG1
KD and chloroquine treated cells, confirming inhibition of
lysosomal acidification (Supplementary Figure 4).

We next aimed to determine if the observed increased release
of exosomal markers was due to a higher recruitment of
exosomal markers on the vesicles or due to an increase in the
total number of exosomal particles. For this reason, several
experiments were performed to quantify release of exosome
particles. We switched to established size exclusion chromatog-
raphy protocols25,53 for exosome isolation for these experiments,
as differential ultracentrifugation has been shown to affect
exosome integrity and functionality.25,54 The UV chromato-
grams obtained during SEC isolation showed higher absorbance
values in the EV fractions (elution volumes 40-50 ml) of
samples from NDRG1 KD and chloroquine-treated cells as
compared to shControl and untreated cells, respectively
(Supplementary Figure 5), indicating an increase in exosome
release.

After SEC, exosome-containing fractions were concentrated
and used for further analysis. Quantification of TEM images
showed an approximately 2-fold increase of vesicles in treated
samples compared with control samples (Figure 3, A, B and
Supplementary Figure 6). In concordance with these results,
exosomal particle (Figure 3, C), protein (Figure 3, D) and
phospholipid levels (Figure 3, E) were increased to a similar
extent. Moreover, exosomes released from NDRG1 KD and
shControl cells showed similar levels of enrichment for
exosome marker proteins CD81 and TSG101, a similar level
of depletion of β-actin, and absence of endoplasmatic reticulum
marker protein Calnexin (Supplementary Figure 7). These
results show that, while the number of particles is significantly
increased by either treatment, total protein and total phospho-
lipid levels per exosome are not affected, suggesting similar
overall exosomal cargo levels.

As cells have been shown to release distinct subpopulations
of exosomes and these subpopulations differ in size,55 we next
assessed the size distribution of exosomes obtained from
NDRG1 KD and chloroquine treated cells. An altered size
distribution could highlight the enrichment of specific exoso-
mal subpopulations. For this reason, size distribution was
evaluated in detail by three different methods. First, isolated
exosomes were loaded on a size exclusion column packed with
Sephacryl S-1000, which allows separation of exosome
subpopulations based on size,55 and separated into 10 fractions.
Exosome subpopulations were pelleted at 200,000 ×g using
ultracentrifugation and analyzed by WB for exosomal markers
Alix, TSG101, CD9 and CD81. While the total levels of these
marker proteins increased after NDRG1 KD or chloroquine
treatment, no significant differences were observed in their

Image of Figure 5


Figure 6. Exosomes from treated cells increase AKT and ERK 1/2 phosphorylation in endothelial cells. Exosomes were isolated by size exclusion
chromatography, quantified and added to HMEC-1 cells at increasing concentrations. HMEC-1 cells were incubated for 30 min. (A) Representative Western
Blot showing levels of phosphorylated AKT and ERK 1/2 in cells after incubation with exosomes from treated or control cells. (B) Quantification of AKT and
ERK 1/2 phosphorylation. Band intensities were determined using ImageJ software. Phosphorylation is expressed as relative ratio between phosphorylated and
total AKT or ERK 1/2. Bars represent mean of three independent experiments. Error bars show SD and significance is represented as * (P b0.05) or **
(P b0.005) as determined by Student's t test.
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relative distribution over different fractions (Figure 4, A).
Furthermore, analysis of exosome preparations by TEM and
NTA analysis did not reveal major differences in size
distribution (Figure 4, B, C). Thus, NDRG1 KD and
chloroquine treatments do not seem to stimulate release of a
single specific exosome subpopulation.

After evaluating the effects of NDRG1 KD and chloroquine
on release of exosomes by tumor cells, we sought to evaluate
the functionality of these exosomes for translational purposes,
e.g. for regenerative medicine applications. While cell therapy
using stem or progenitor cells has been shown to be a promising
approach to stimulate tissue regeneration, it has the risk of
unwanted transformations and/or genetic changes of the cells
before and after transplantation. According to multiple reports,
the effect of stem/progenitor cell transplantation on tissue
regeneration is due to paracrine stimulation of resident cells,
including via exosomes.24,56 Therefore, cell-free regenerative
medicine strategies using exosomes derived from stem or
progenitor cells is a promising alternative to cell transplanta-
tion. Recently, exosomes from CPCs have been demonstrated
to have therapeutic efficacy in rodent models of myocardial
ischemia and ischemia/reperfusion injury.57 Mechanistically,
CPC-derived exosomes induce pro-survival pathways and
angiogenesis in endothelial cells,58 and protect against
cardiomyocyte apoptosis.59 For this reason, we evaluated the
effects of NDRG1 KD and chloroquine on release of exosomes
by CPCs.

First, NDRG1 KD was confirmed to be successful in CPCs.
Both NDRG1 and chloroquine treatment reduced cellular levels
of Alix (Figure 5, A). Next, we measured exosomal markers
levels in the supernatants of CPCs. An increment in exosomal
marker release was observed in conditioned media from
NDRG1 KD cells compared with media from shControl
transduced cells. Also, for chloroquine treated cells, a
substantially increased release of exosomal marker proteins
was observed (Figure 5, B). Finally, NTA analysis was
performed for exosomes isolated from media from NDRG1
KD, chloroquine treated and control cells. Again, a two-fold
increase in particle number was observed for treated cells as
compared to controls.

CPC-derived exosomes have been previously shown to
activate AKT and ERK1/2 pathways in target cells.21,58–60

These pathways play an important role in cell survival,
migration and angiogenesis of endothelial cells. To investigate
whether exosomes from NDRG1 KD or chloroquine treated
cells retain their bioactivity in tissue repair, HMEC-1 and HL-1

Image of Figure 6


Figure 7. Exosomes from treated cells induce angiogenesis in HMEC-1 cells. HMEC-1 cells were pre-incubated with increasing concentrations of exosomes
for 12 h. Then, equal numbers of cells were seeded onto Matrigel, and pictures were taken after 7 h. (A, C) Representative pictures of tube formation by treated
or control HMEC-1 cells. (B, D) Quantification of angiogenesis was performed using the angiogenesis analyzer tool from Image J. Graphs represent
quantification of total tube length of and total number of branches. Data are represented as mean of two independent experiments.
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cells were stimulated with equal numbers of exosomes from
treated or control CPCs. In HMEC-1 cells, a dose dependent
increase in AKT and ERK1/2 phosphorylation was observed for
exosomes from all conditions. Interestingly, a significantly
higher level of phosphorylation was observed for exosomes
from NDRG1 KD or chloroquine treated cells as compared to
control cells (Figure 6, A, B). HL-1 cells only showed activation
of phosphorylation of ERK1/2 in response to CPC-exosome
treatment. (Supplementary Figure 8).

Finally, as CPC exosomes were previously described to
stimulate angiogenesis, a tube formation assay with HMEC-1
cells was performed in order to assess angiogenic stimulation of
exosomes from treated and control CPCs. Cells were pre-incubated
with an equal number of exosomes for 12 h in the absence of serum,
after which they were seeded onto Matrigel. After 7 h incubation,
pictures were taken and total tubule length and number of branches
was assessed by Image J angiogenesis analysis.36 A clear increase
in total tube length and number of branches was observed in cells
treated with either NDRG1 KD or chloroquine treated cell-derived
exosomes or control CPC-derived exosomes (Figure 7). No
significant differences in angiogenesis stimulation were observed
between the different treatments. Together, these data indicate that
the pro-angiogenic bioactivity of exosomes from NDRG1 KD or
chloroquine-treated CPCs is retained.
Discussion

Application of exosomes from stem- or progenitor cells has
been demonstrated to be a promising new treatment for tissue
regeneration. Progenitor cells possess high growth rates and
differentiation capacity. When exosomes from cells are taken up
by the target cells, they transmit new characteristics, such as pro-
survival effects, growth stimulation, migratory capacity and, as
also shown in this work, activation of signaling pathways and
angiogenesis. Exosome-mediated transmission of cell character-
istics is a complex process that includes transference of an untold
number of miRNAs and proteins with specific functions, as
described in a large number of previous studies.61–64 In addition,
exosomes from both primary cultures and cell lines have been
employed for delivery of different kinds of therapeutic agents
including small molecular drugs, RNA and proteins for the
treatment of cancer, septic shock, inflammatory conditions and
neurodegenerative disease.65,66 Unfortunately, exosomes' thera-
peutic effects are typically only obtained when target tissues are
stimulated with concentrations of exosomes that exceed
physiological concentrations. For this reason, one of the
limitations of exosome-based therapy is the necessity to grow
a very large number of cells to produce enough exosomes to treat
an injured tissue or organism.17

Exosomes originate from ILVs inside MVEs. The fate of
MVEs is either fusion with lysosomes, resulting in degradation
of their content, or fusion with the plasma membrane, releasing
ILVs as exosomes. Therefore, we hypothesized that interfering
with endolysosomal trafficking would stimulate exosome
release. While a few studies have previously suggested a link
between abnormalities in endosomal maturation or lysosomal
function and release of exosomes,67,68 we, to the best of our
knowledge, are the first to determine functionality of these
exosomes for further application in the field of regenerative
medicine. Here, we demonstrate a strategy to disrupt endolyso-
somal maturation, which results in a two-fold increase in

Image of Figure 7
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exosome yield, and show that this strategy does not affect their
bioactivity.

We first targeted two known players in endosomal
trafficking, NDRG1 and Rab7, by RNA interference technol-
ogy, with the aims to evaluate the effect of knockdown of these
proteins on the release of exosomes. NDRG1 is known to be
involved in lysosomal stability and endosome recycling,38,43

while RAB7 is one of the most studied proteins involved in the
regulation of endosomal trafficking.30,48 We observed that
NDRG1 KD decreased cellular levels of components of the
ESCRT machinery, in concordance with a previous report of
Pietianem et al.38 Next, we observed for first time that this
reduction was accompanied by an increment in the release of
exosomes. It is important to highlight that NDRG1 KD not just
reduces lysosomal function, but may also induce an increment
of neutral sphingolipids and ceramides,38,44 which are known to
affect exosome biogenesis.69 Then, in opposition to what we
expected and other authors have suggested,70 Rab7 KD did not
affect exosome release. Rab7 KD did not affect cellular levels of
the ESCRT proteins Alix and TSG101, but increased the level of
EEA1 in cells and exosomes, suggesting accumulation of EE
and enhanced release of an ILV/exosome population produced
during early steps of endosomal maturation or when the EEA1
marker is still present.

We also tested whether two well-known lysosomotropic
agents, chloroquine and NH4Cl, could increase exosome release
and obtained very similar results as for NDRG1 KD; these
observations suggest that the lysosomotropic effect of NDRG1
KD is responsible for the observed increased exosome
production.

To evaluate the translational potential of our strategy we next
evaluated the effect of lysosomotropic treatments on the size,
cargo and bioactivity of exosomes. Our analyses revealed no
significant changes in exosome size, protein to particle ratio or
protein to (phospho)lipid ratio upon treatment. However,
changes in exosome composition cannot be ruled out and
require further detailed studies. In terms of lipid cargo,
enrichment of ceramides and neutral sphingolipids as a result
of NDRG1 KD38,44 could affect the release of exosomes with
different cargo due to curvature increment. Furthermore,
although in our work we did not observe consistent variations
in levels of exosomal marker proteins, it was reported before that
the treatment of Bafilomycin A, a drug that neutralizes the
lysosomal pH, affects the exosome protein composition.71

Therefore, we finally set out to evaluate functionality of
exosomes obtained after treatment.

Through in vitro experiments, we tested bioactivity of obtained
exosomes by evaluating their ability to activate AKT and ERK1/2
pathways in endothelial cells and cardiomyocytes, as well as by
tube formation assays to simulate angiogenesis induction.We have
previously shown that CPC-derived exosomes reduce cardiac
damage after myocardial infarction through activation of AKT and
ERK1/2 pathways, involved in cell survival and proliferation, and
stimulation of angiogenesis.25,57,58 Encouragingly, exosomes
derived fromNDRG1KD and chloroquine treated CPCs increased
phosphorylation of AKT and ERK1/2 and induced angiogenesis to
at least the same extent as normal CPC-derived exosomes,
suggesting that their bioactivity is retained.
In conclusion, this report shows that targeting of a single
protein, NDRG1, can significantly increase the release of
functional exosomes. To our knowledge, this is the first time that
NDRG1 has been demonstrated to affect exosome release.
NDRG1 KD strategy could be applied as a tool for biological
studies of cell–cell interactions via exosomes.We also show that
the stimulatory effects can be mimicked using small molecular
compounds chloroquine and NH4Cl, which may offer a
straightforward approach to boost exosome production under
regular cell culture conditions. The employment of these
chemical treatments could significantly reduce time, space and
costs in the production of therapeutic exosomes.

Altogether, our study contributes to the general knowledge in
the field of exosomes, and may be employed either as a tool for
the understanding biological processes in which exosomes are
involved or as a strategy to facilitate clinical translation of
exosome therapeutics by increasing their production.
Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.nano.2019.102014.
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