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Background/Purpose: Exosomes may constitute a more practical alternative to live cells in select stem cell-based
therapies.We sought to compare exosomes from twomesenchymal stem cell (MSC) sources relevant to perinatal
and pediatric diseases.
Methods: Exosomes were isolated by reagent-enhanced centrifugation from cell culture media of banked human
bonemarrow (bm) and amniotic fluid (af) MSCs after serum starvation. Characterization was by flow exometry
for tetraspanin markers CD9, CD63, and CD81, transmission electron microscopy for size and morphology, and
tunable resistive pulse sensing for size distribution and concentration. Statistical comparisons of count data
were made by Poisson regression modeling and Student's T-test.
Results: Exosomes of appropriate size and morphology were isolated with comparable expressions of CD9 (96%
vs. 94%), CD63 (88% vs. 66%), and CD81 (71% vs. 63%) for bmMSC and afMSC, respectively. Total exosome yield

(particles/mL) adjusted for number of cells was higher from afMSCs than bmMSCs by an estimated 25%
(P b 0.001).
Conclusions:While bonemarrow and amnioticfluidmesenchymal stemcells are comparable sources of exosomes
in size distribution, morphology, and expression of typical surface markers, yield may be higher from amniotic
fluid cells. The amniotic fluid appears to be a preferable source of exosomes for clinical applications.
Level of evidence: N/A (bench laboratory study).

© 2018 Elsevier Inc. All rights reserved.
The therapeutic potential of mesenchymal stem cells (MSCs) is
believed to be largely mediated by paracrine factors [1,2]. Extracellu-
lar vesicles (EVs), including exosomes, are part of the paracrine arma-
mentarium of a cell and have attracted increasing interest of late as
potential vehicles for biotherapeutics. Experimentally, MSC-derived
exosomes have shown to minimize necrotizing enterocolitis (NEC),
d critical revision

l

g and critical revision
w and amniotic fluidmesenchy-
le yield is higher from amniotic
ource of exosomes for eventual

pital-Department of Surgery,
l.: +1 617 919 2966; fax: +1

.O. Fauza).
ameliorate liver fibrosis, confer cardio and renal protection, and im-
prove pulmonary edema, among various other effects of translational
relevance [3–7]. Exosomes range in size from 30 to 100 nm diameter,
and are just one subset of vesicles in the cell secretome, which
also includes larger EVs, such as microvesicles and apoptotic blebs.
Exosomes originate from late endosomes and multivesicular bodies;
they are secreted by cells of all types and are considered important me-
diators of cell-to-cell communication [8–10]. They carry lipids, proteins,
and nucleic acids, and can impact the function of recipient cells [11–13].

Compared with classic cell-based therapies, exosomes can offer
certain advantages. They do not require engraftment, which reduces
concerns for tumorigenesis, thus, in principle, simplifying regulatory
approval. Exosomes can also be conducive to large scale production
and manufacturing [14–16]. Their small size allows them to cross the
blood–brain barrier and travel through vessels with little to no difficulty
[17]. Considering the valuable and diverse therapeutic properties of
mesenchymal stem cells (MSCs), MSC-derived exosomes have become
targets of particularly intense scrutiny. Nonetheless, comparisons be-
tween different MSC-derived exosomes are still lacking. In this study,
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we sought to compare exosomes derived from two MSC sources rele-
vant to perinatal and pediatric surgical diseases.

1. Methods

This study was approved by Boston Children's Hospital's Institu-
tional Review Board under protocol # S04-12-149.

1.1. Cell isolation, characterization and culture

Populations of cryopreserved human MSC lineages derived from
bone marrow (bmMSCs) and amniotic fluid (afMSCs) were thawed
and cultured in standard MSC media optimized for each cell source.
Briefly, afMSCs were isolated from amniocentesis samples obtained
between 20 and 37 weeks’ gestation from fetuses with a normal karyo-
type based on methods as previously described by our group [18].
From these samples, the clone with the best expansion kinetics was
used for our comparisons. bmMSCs were commercially acquired from
American Type Culture Collection (ATCC,Manassas, VA). The phenotype
and homogeneity of the afMSC and bmMSC lines were analyzed by
fluorescence-activated cell sorting (FACS) following standard protocol
with a panel of mouse monoclonal antibodies for CD14, CD29, CD44,
CD45, CD90, and CD105 (all from BD Pharmingen; San Jose, CA) on an
LSR Fortessa cell analyzer (Becton Dickinson; San Jose, CA).

The afMSCs were maintained in high-glucose Dulbecco Modified
Eagle medium with L-glutamine and no sodium pyruvate (DMEM;
Mediatech, Manassas, VA); 10% defined fetal bovine serum (FBS;
Gibco, ThermoFisher Scientific, Waltham, MA); a cocktail of Penicillin
(5000 IU/mL) and Streptomycin (5 mg/mL) (MP Biomedicals; Solon,
OH); and 5 ng/mL of basic Fibroblast Growth Factor (bFGF; Promega;
Madison, WI). The bmMSCs were maintained in nondifferentiating basal
medium provided by the vendor, containing 7% FBS; 5 ng/mL bFGF;
15 ng/mL insulin-like growth factor-1 (IGF-1); and 2.4 mM L-glutamine
(PCS-500-041; ATCC). Culture conditions for both cell lines were other-
wise standardized in a 5% CO2 incubator at 37 °C. Exosomes were iso-
lated from afMSCs at passage 11 (P11) and from bmMSCs at P3.
Fig. 1. Transmission electronmicroscopy and CD63 immunogold labeling of human amniotic flu
exosomes. Appropriate size/morphology of vesicles and positive immunogold labeling for
(C, D) bmMSCs.
1.2. Exosome isolation

To prevent contamination of samples with FBS exosomes, each
plate was washed three times with 1× phosphate buffered saline
(PBS) and incubated for 24 h with 10 mL serum-free media consisting
of DMEM (Mediatech) and antibiotics (5000 U/mL penicillin and
5 mg/mL streptomycin) (MP Biomedicals). Exosomes were isolated by
reagent-enhanced centrifugation with Total Exosome Isolation Reagent
(Invitrogen, Thermo Fisher Scientific) according to the manufacturer's
instructions. Briefly, 10 mL of media was centrifuged at 2000 ×g to
remove cells and debris. 5 mL of the reagent was then added to the su-
pernatant and gently mixed. After overnight incubation at 4 °C, sam-
ples were again centrifuged at high speed for 1 h at 4 °C and the
supernatant was removed. Pellets were suspended in 100 μL 1× PBS,
mixed by pipette, and immediately stored at 4 °C. Subsequently, cell
culture media were harvested for exosome isolation. Immediately
after media harvest, cell plates exposed to 0.05% trypsin (ThermoFisher
Scientific) and cells were then counted on a Nexcelom Cellometer auto
T4 (Nexcellom, Lawrence, MA).

1.3. Morphological analysis

Images of exosomes were acquired using a JEOL 1200EX transmis-
sion electron microscope (JOEL USA Inc., Peabody, MA). Each sample
was negatively stained on a copper grid with 1% uracyl acetate after
removing extra moisture. A portion of each sample was also labeled
with mouse anti-CD63 (BD Biosciences) followed by rabbit anti-
mouse (MP Biomedicals, Santa Ana, CA) and 5 nm or 10 nm protein
A-gold (University Medical Center, Utrecht, Netherlands). Cup shaped
structures of 30–100nm in diameterwere identified as being exosomes.

1.4. Flow exometry

Exosome samples from both cell lines were analyzed for the
presence of the tetraspanin markers commonly used for exosome char-
acterization CD9, CD63, and CD81, according to the ExoFlowkit protocol
id mesenchymal stem cells (afMSC) and bonemarrowmesenchymal stem cells (bmMSC)
CD63 tetraspanin were confirmed from both sources, respectively (A, B) afMSCs and
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(System Biosciences, Palo Alto, CA). Briefly, isolated exosomes were in-
cubated overnight at 4 °C in magnetic bead preparations with CD9,
CD63, or CD81, followed by fluorescein isothiocyanate (FITC) staining.
Negative controls, consisting of beads with tetraspanin markers and
FITC (but no exosomes), were used for gating and applied according
to the ExoFlow instructions. By graphing side scatter versus FITC inten-
sity, we calculated the percentage of beads positive for the tetraspanin
markers of interest. Results were expressed as percentage of beads
positive for CD9, CD63, or CD81. Flow exometry was performed using
a MoFlo Astrios EQ cell sorter (Beckman Coulter Life Sciences,
Indianapolis, IN). Data analysis based on FITC signal shiftwas performed
using Kalyza software version 1.5a (Beckman Coulter Life Sciences).

1.5. Particle size distribution and concentration

Exosome concentrations and size distributions were determined by
a tunable resistive pulse sensor. Briefly, samples from both cell lines
were evaluated with a tunable resistive pulse sensor (qNano Gold;
Izon, Cambridge, MA) before and after removal of aggregate and larger
particles with single size exclusion chromatography (SEC) columns
(qEV; Izon) according to the manufacturer's instructions. Fractions 6, 7
and 8 were pooled. Samples were diluted in PBS to optimize analysis,
stored at 4 °C and processed within one week of exosome isolation.
Particles b101 nm in diameter were considered exosomes.
Fig. 2. Comparable expression of CD63, CD9, and CD81 of human amniotic fluid mesenchymal
bead-based flow exometry.
1.6. Statistical analysis

Data were reported as mean ± standard deviation, or modes
(range) based on their distribution. To test the significance of observed
differences amongMSC exosome sources, unpaired Student's t-test and
Poisson regression were applied. Student's t-test P values were calcu-
lated using the GraphPad QuickCalcs website and Poisson regression
modeling was done with IBM SPSS Statistical software (version 23.0;
IBM, Armonk, NY). Two-tailed values of P b 0.05were considered statis-
tically significant.

2. Results

Exosomes could be consistently isolated from either MSC source,
with comparable morphology and tetraspanin expression profiles.
Transmission electron microscopy revealed vesicles with classic
exosome morphology for both cell lines, with images of cup shaped
vesicles with a size distribution between 30 and 100 nm and presence
of CD63 tetraspanin confirmed by immunogold labeling (Fig. 1).
Comparable expressions of CD9 (96% vs. 94%), CD63 (88% vs. 66%) and
CD81 (71% vs. 63%) were observed for bmMSC and afMSC, respectively
(Fig. 2).

Prior to SEC, particle diameter modes were 132 nm and 151 nm for
afMSCs and bmMSCs, respectively. After SEC, the mode diameters of
stem cells (hafMSC) and bone marrow mesenchymal stem cells (hbmMSC) exosomes on



Fig. 3.Human amniotic fluid (afMSC) and bonemarrow (bmMSC)mesenchymal stem cell extracellular vesicle/particle size distribution and concentration before and after size exclusion
chromatography (SEC).
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the purified particle populations were 93 nm (range 65–243 nm) for
afMSCs, and 79 and 93 nm for bmMSCs (range 63–241 nm) (Fig. 3).
When evaluating particles from both afMSCs and bmMSCs together
as “MSC particles,” there was no significant difference in the mean
total MSC particle concentration (particles/mL) before or after SEC
(P = 0.957). However, after SEC, there was a statistically significant
increase of 1.86 × 109 particles/mL in the mean concentration of
MSC exosome-sized particles (≤101 nm diameter) detected (95%CI
2.58 × 108–3.46 × 109, P = 0.038) (Table 1).

Comparing exosome-sized particle yields from each cell line after
SEC, there were 1.3 times more particles/mL from afMSCs than from
bmMSCs after adjusting for total cell counts, independently of exosome
diameter (P b 0.001). Additionally, larger exosome diameters were
predictive of higher total concentrations in both bmMSCs and afMSCs
(both P b 0.001).
Table 1
Comparisons of mean extracellular vesicle (EV) concentrations by size range.

EV diameter Pre-SEC Post-SEC P value

Any size 4.46 × 109 (4.17 × 109) 4.27 × 109 (1.56 × 109) 0.957
Exosome-sized
(≤101 nm)

2.91 × 108 (4.09 × 108) 2.15 × 109 (3.31 × 108) 0.038*

SEC, size exclusion chromatography.
3. Discussion

The isolation and characterization of humanMSC-derived exosomes
from fetal and gestational tissues have been described only somewhat
recently [19–21]. The first report involving afMSC-derived exosomes
was published as recently as 2017 [19]. Given such a fresh development,
it is perhaps not surprising that the comparison central to the present
study had yet to be reported. We focused on these two MSC sources
owing to their ease of access and clinical applicability.

Exosomes can recapitulate select, yet broad therapeutic effects
attributed to MSCs, which typically show low rates of sustained cell
engraftment [8,22–24]. A multitude of paracrine factors are found in
exosomes, hence the diversity of pathological processes to which they
have been applied, some of which are concisely listed in the introduc-
tion. Indeed, functional comparisons of exosomes are typically not per-
formed in studies such as ours, in large part because these are thought to
be specific to the targeted disease. For example, their known ability
to modify the proliferation of NK or T cells would be relevant to some
pathological processes, but not to others. As to their prospective usage
in our specialty, so far the most studied applications are in NEC and
liver injury, though more are in the works [5–7]. Despite this and the
other advantages afforded by exosomes, as mentioned above, these
particles cannot always be full substitutes for cells. Their effects tend
to be short lived, often requiring multiple administrations, and are not
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necessarily on par with that of their parent cells [3,19]. Still, cell-free
therapies are especially attractive for the pediatric population, in
which safety, particularly in relation to long term neoplastic transfor-
mation, is of particular concern. Indeed, as of this writing there are
three listed clinical trials, one published phase II/III clinical pilot study,
and one published case report, of therapeutic interventions utilizing
MSC exosomes (ClinicalTrials.gov: NCT03384433, NCT02138331, and
NCT03437759) [25–27].

Our study is limited by small sample sizes. Although exosomeswere
isolated from approximately one million cells per plate, bmMSCs were
commercially acquired, which means that they came from a single,
typically optimized clone, a perennial caveat of commercial cell lines.
For experimental design consistency, the afMSCs used were also from
one human donor, selected by the most favorable expansion kinetics.
Therefore, it remains to be determined whether there is significant
donor variation in particle concentration or tetraspanin marker expres-
sion, particularly in noncommercial cell lines. On the other hand, given
the typical allogeneic use of exosomes, thiswould arguably be of limited
relevance. Different cell culture conditions and isolation methods
can impact exosome content and characteristics [28,29]. For this first
comparison, we selected the more widely employed of such methods
for both cell lines.

The ideal cell source for the development of exosome therapies
depends on ease of procurement, isolation, expansion, and storage;
self-renewal; and ultimately paracrine effects. The present data show
that both afMSCs and bmMSCs can provide exosomeswith similarmor-
phology, size distributions, and expression of tetraspanin markers.
However, afMSCs seem to produce more exosomes per cell under the
same culture conditions. It is well known that afMSCs also exhibit inor-
dinately high self-renewal and can be obtained, isolated, expanded, and
cryopreserved more easily than bmMSCs or any other MSC [30,31]. All
these advantages being considered, the amniotic fluid appears to be a
preferable source of exosomes for eventual clinical applications.
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