Human mesenchymal stem cells secrete
hyaluronan-coated extracellular vesicles
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Abstract

Extracellular vesicles (EVs) secreted by stem cells are potential factors mediating tissue regeneration. They travel
from bone marrow stem cells into damaged tissues, suggesting that they can repair tissue injuries without directly
replacing parenchymal cells. We have discovered that hyaluronan (HA) synthesis is associated with the shedding
of HA-coated EVs. The aim of this study was to test whether bone marrow-derived hMSCs secrete HA-coated
EVs. The EVs secreted by MSCs were isolated by differential centrifugation and characterized by nanoparticle
tracking analysis. Their morphology and budding mechanisms were inspected by confocal microscopy and
correlative light and electron microscopy. Hyaluronan synthesis of hMSCs was induced by lipopolysaccharide
and inhibited by RNA interference and 4-methylumbelliferone. It was found that the MSCs have extremely long
apical and lateral HA-coated filopodia, typical for cells with an active HA secretion. Additionally, they secreted
HA-coated EVs carrying mRNAs for CD44 and all HAS isoforms. The results show that stem cells have a strong
intrinsic potential for HA synthesis and EV secretion, and the amount of HA carried on EVs reflects the HA content
of the original cells. These results show that the secretion of HA-coated EVs by hMSCs is a general process, that
may contribute to many of the mechanisms of HA-mediated tissue regeneration. Additionally, an HA coat on EVs
may regulate their interactions with target cells and participate in extracellular matrix remodeling.

© 2017 Elsevier B.V. All rights reserved.

differentiate into muscle cells, chondrocytes, osteo-
blasts and adipocytes. Because of their ex vivo

Introduction

In the past couple of decades, therapeutic medicine
options of stem cells have gained popularity because
of the complications associated with regenerative
treatments in the long terms [1-3]. The isolation of
bone-forming progenitor cells from rat bone marrow
stated that they resided in the stromal compartment
of the bone marrow, which was the first step in
identification of the human mesenchymal stem cells
(hMSCs) [4]. Human mesenchymal stem (or stromal)
cells are multipotent adult stem cells that can
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expansion capacity and fewer ethical concerns, the
MSCs are gaining increasing credibility as therapeutic
agents [5]. Their broad distribution throughout the
body makes them a critical factor in various research
and clinical trials as regenerative agents for diseases
such as cancer, Alzheimer's disease, osteoarthritis,
liver cirrhosis, and myocardial infarction [6].

Though there have been tremendous advances in
research using stem cells, extracellular vesicles (EVs)
originating from stem cells may have equal therapeutic
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benefits [1]. The EVs are plasma membrane-derived
particles, ranging from 30 nm to 1000 nm in diameter,
and they are secreted into the extracellular environ-
ment, which acts as a communication channel. They
are able to carry and transfer compounds, such as
proteins, RNA, and even DNA, from their cells of origin
to other cells during embryonic development, wound
healing and other tissue injuries, inflammation, and
cancer [7]. Almost all cell types secrete EVs into the
extracellular environment [8,9], including stem cells
[10]. The EVs secreted by stem cells have been
shown to be essential factors for tissue healing and
regeneration [11]. They can also transfer information
between bone marrow MSCs and damaged tissue in
acute injuries [12], suggesting that MSCs can repair
damaged tissues without directly replacing parenchy-
mal cells.

Hyaluronan (HA) is a unique glycosaminoglycan
synthesized at the inner leaf of the plasma mem-
brane by three isoenzymes, hyaluronan synthases
(HAS)1-3 [13]. HA is crucial for the assembly of
growth-promoting pericellular matrices and has a
significant contribution to cell proliferation, migration,
differentiation and embryogenesis, as well as to the
progression of malignant tumors [14]. Because of
these characteristics, itis also considered an essential
component of the stem cell niche [15] and a
suppressor of immune responses [16]. However, its
role in the regulation of stem cell differentiation is a
complicated and inadequately defined process.
Interestingly, one of the commonly used specific
markers for stem cells is CD44, a receptor that
interacts with HA [17,18]. In recent years, many
articles have indicated the potential of HA in stem
cells [19,20], and it is known that stem cells express
high levels of all three HAS enzymes [21]. We have
previously shown that the active HAS isoenzymes
(HAS2-3) in the plasma membrane are responsible
for the growth of long membrane protrusions, thereby
altering the overall shape of the plasma membrane
[22]. We were also able to observe shedding of
the EVs from these long protrusions that were
positive for EGFP-tagged HAS3 [23] and showed
that the overexpression of GFP-HAS3 stimulates
the shedding of the EVs that carry HA on their
surface.

As discussed above, the MSCs secrete EVs and
produce high levels of HA, suggesting that MSC-
derived EVs could carry HA on their surface. To
confirm this hypothesis we characterized the EVs
secreted by the bone marrow-derived hMSCs and
their relationship with HA and its synthesis. We
found that HA is carried on the plasma membrane
of the EVs that originate from filopodia and retraction
fibers, and the amount of HA carried on EVs
corresponds to the HA synthesis activity of the original
cells. The HA-coated EVs secreted by the hMSCs are
potential therapeutic and diagnostic tools and targets
of therapy.

Materials and methods

Cell culture

Human bone marrow material samples were
collected from surgical specimens at the local university
hospital during hip joint replacement operations
(North-Savo Health Care District Ethical Committee
license no. 62//2010). Human bone-marrow-derived
MSCs were isolated and characterized as previously
described [21]. The cells were cultured in MEM alpha
(HyClone, ThermoFisher Scientific, Erembodegem,
Belgia) supplemented with 10% FBS (HyClone),
10 ng/ml basic fibroblast growth factor (bFGF, Pepro-
Tech, New Jersey, USA), 25 pg/ml vitamin C (Sigma
Aldrich, Missouri, USA), 50 pg/ml streptomycin sul-
phate, and 25 U/ml penicillin (EuroClone). Cells with
passage numbers 1—4 were used for experiments. For
experiments with the EV isolation, FBS was purified
[24] by centrifugation at 100000 xg for 16 h and
sterile-filtered with 0.2 pym filters (Minsart, Sartorius
Stedim, Biotech, Goettingen, Germany). Various
concentrations of lipopolysaccharide (LPS, Sigma)
and 4-methylumbelliferone (4-MU, Sigma) were used
in the present study.

Vital stainings

For staining of the pericellular HA coat of live cells,
a fluorescently labeled (Alexa Fluor 594) HA binding
complex (fHABC) was used as described previously
[25]. Live cell cultures grown on chambered cover-
glasses (Ibidi GmbH, Martinsried, Germany) were
incubated for 2 h at 37 °C with 2 pg/ml of fluorescent
HABC in culture medium. CellMask™ Deep Red
plasma membrane stain (1.25 pg/ml, Molecular
Probes, Eugene, OR) was added to the cultures
immediately before imaging to label the plasma
membranes.

Immunostaining of CD44 and staining of HA in
fixed cells

The cells were cultured on chambered cover-
glasses (Ibidi) as monolayers or to trap a higher
number of the EVs under a 3D basement membrane
extract gel, Cultrex® (Trevigen Inc., Gaithersburg,
MD). For fluorescent stainings, the cells were fixed
with 4% paraformaldehyde in phosphate-buffered
saline (PBS), pH 7.4, for 1 h. The gels were incubated
in glycine (200 mM) in PBS for 20 min to quench the
excess aldehyde. The samples were washed with
PBS, permeabilized for 20 min at room temperature
with 0.1% Triton-X-100 in 1% BSA, and incubated
overnightat4 °C with anti-CD44 monoclonal antibody
(Hermes 3, 1:100, a generous gift from Dr. Sirpa
Jalkanen, University of Turku, Finland). After washing,
the cells were incubated overnight with fluorescently
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Table 1. Quantitative real-time RT-PCR primer sequences.

Primer sequences

Gene

Hyaluronan synthase 1 HAS1
Hyaluronan synthase 2 HAS2
Hyaluronan synthase 3 HAS3
CD44 CD44
Ribosomal protein, Large, PO Rplp0

Forward 5’ CAAGATTCTTCAGTCTGGAC
Reverse 5' TAAGAACGAGGAGAAAGCAG
Forward 5’ CAGAATCCAAACAGACAGTTC
Reverse 5' TAAGGTGTTGTGTGTGACTG
Forward 5’ CTTAAGGGTTGCTTGCTTGC
Reverse 5' GTTCGTGGGAGATGAAGGAA
Forward 5’ CATCTACCCCAGCAACCCTA
Reverse 5’ CTGTCTGTGCTGTCGGTGAT
Forward 5’ AGATGCAGCAGATCCGCAT
Reverse 5' GTGGTGATACCTAAAGCCTG

labeled secondary antibodies (Vector Laboratories
Inc., Burlingame, CA, 1:1000). For HA staining,
monolayer cultures were incubated overnight at 4 °C
with 3 pg/ml of biotinylated HA-binding complex
(bHABC). After washing, the sections were incubated
for 1 h with Texas red-labeled streptavidin (Vector,
1:200). Nuclei were labeled with 4',6-diamidino-2-
phenylindole (DAPI, 1 pg/ml, Sigma).

Confocal microscopy

The fluorescent images were obtained with a
Zeiss Axio Observer inverted microscope
(40 x NA 1.3 oil or 63 x NA 1.4 oil —objectives)
equipped with a Zeiss LSM 700 or LSM800
confocal module (Carl Zeiss Microimaging GmbH,
Jena, Germany). For live cell imaging, Zeiss
XL-LSM S1 incubator with temperature and CO,
control was utilized. The ZEN 2012 software (Carl
Zeiss Microimaging GmbH) was used for image
processing and 3D rendering.

Transmission electron microscopy (TEM)

The EV preparations were layered onto carbon-
coated glow-discharged copper grids. Grids were
fixed in 2% paraformaldehyde for 10 min and con-
trasted using 2% neutral uranyl acetate for 10-15 min
and embedded in 1.8% methyl cellulose (25 Ctp)/
0.4% uranyl acetate. Imaging was performed with a
JEOL JEM 2100F transmission electron microscope
(Jeol Ltd., Tokyo, Japan) operated at 200 kV.

Correlative light and electron microscopy

Cells were grown on gridded glass bottom culture
dishes (MatTek Corporation, Ashland, MA) for re-
localization of cells during imaging. Correlative light and
electron microscopy (CLEM) was performed as previ-
ously described [26]. The cells were fixed with 2% (v/v)
glutaraldehyde, fluorescently stained as described
above, and imaged with the Zeiss LSM 700 confocal
module and an external DIC-capable transmitted-
light channel. After processing for scanning electron
microscopy, including dehydration and coating with

gold, the cells were imaged with Zeiss Sigma HD | VP
(Zeiss, Oberkochen, Germany) at 3 kV.

Hyaluronan ELSA

Subconfluent cell cultures on 24-well plates were
used to measure the HA secretion. After treatment or
transient transfections, fresh medium was provided
(with 5% FBS), and cells were cultured for 24 h
before the cells were counted and the media
harvested for the sandwich type HA ELSA assay
as described previously [27]. To measure the HA
content of the EV fractions, cell debris was removed
from culture media by centrifugation at 1000 x g for
5 min, the supernatants were centrifuged at20000 x g
for 90 min at 4 °C and the pellet was subjected to
ELSA assay.

Nanoparticle tracking analysis (NTA)

The size distribution and number of the EVs in
hMSC culture media were analyzed with the
Nanoparticle Tracking Analyzer (Malvern Instruments
Ltd., Malvern, UK) with an NS300 view unit. The
conditioned culture media were centrifuged at
1000 xg for 5 min to remove cell debris. The
supernatants were centrifuged at 11,000 xg or
2000 xg for 90 min at 4 °C and the pellet was
suspended in PBS and diluted 1:20 in PBS before
the analysis. The following settings were used for data
acquisition: camera level 13, acquisition time 30 s and
detection threshold 3. Data analysis was performed
with the NTA 3.1 software (NanoSight, Amesbury,
UK). Data for each sample were obtained from four
replicates.

RNA interference

The HAS and scrambled siRNAs were obtained
from Ambion (ThermoFisher Scientific Waltham, MA,
USA). Cells were grown on six-well plates until 50%
confluence, and treated with 30 nM siRNA using
Lipofectamine RNAiMax reagent (Invitrogen) accord-
ing to the manufacturer's instructions. The cells were
grown for 48 h before analysis.
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Quantitative real-time RT-PCR (qRT-PCR)

For RNA isolation from the EVs, conditioned media
were first filtered through a 5 pm filter (Sartorius,
Goettingen, Germany) to remove floating cells, follow-
ed by centrifugation at 1000 xg for 10 min. The
supernatant was centrifuged at 100,000 xg for
90 min to pellet the EVs. Total RNA from the cells
and the EV fractions were isolated using Tri Reagent
(Molecular Research Center Inc., Cincinnati, OH,
USA). The cDNAs were synthesized using the Verso
cDNA kit (Thermo Scientific). The quantitative real-time
PCR was performed with Fast Start Universal SYBR
Green mix (Roche Applied Science, Indianapolis, IN,
USA) using the Stratagene Mx3000P real-time PCR
system (Agilent Technologies, Santa Clara, CA, USA).
Relative mRNA expression levels were compared by
using the 2 — AAC(T) method, with ribosomal protein,
large, PO (Rplp0O) as the reference gene. The primer
sequences are given in Table 1.

Statistical methods

Statistical analyses were carried out using the
GraphPad Prism version 5.00 for Windows, (Graph-
Pad Software, San Diego, CA, USA) or IBM SPSS
Statistics 22 for Windows (IBM Corporation, Armonk,
NY, USA). The significance of differences between
groups was tested using one-way analysis of
variance (ANOVA) with post hoc tests or the one-
sample t-test. Differences were considered signifi-
cant when p < 0.05.

Results

Human MSCs have hyaluronan-coated filopodia
that act as vehicles for EVs carrying a thick
hyaluronan coat

Confocal 3D imaging of the live hMSCs labeled with
fHABC showed a thick HA coat surrounding the plasma
membrane and its long protrusions (Fig. 1A). Addition-
ally, a high number of HA-coated EVs attached to the
bottom of the plate were detected (arrows, Fig. 1A). The
relative HA content of the conditioned culture medium,
the supernatant after the final ultracentrifugation step
representing “free HA” and the pelleted EV fraction
were quantified with HA assay. The results showed that
a main proportion of secreted HA (382 ng/10,000 cells/
24 h) is in a free form in the culture medium, but the
EV fraction contains a notable concentration (11 ng/
10,000 cells/24 h) of HA (Fig. 1B).

Additionally, the mRNA expression levels of the HA-
associated proteins (CD44 and HAS isoforms) in the
hMSCs and the EV fractions were quantified with
gRT-PCR. All three HAS isoforms, as well as CD44,
were expressed by the cells and carried by the EVs

(Fig. 1C). The results show also that the relative mRNA
expression levels of HASs and CD44 carried by the
EVs reflected those of the original cells (Fig. 1C).

To confirm that the HA-positive EVs were derived
from the plasma membrane, double staining with a
plasma membrane marker and fHABC was used. The
staining showed in more detail the numerous long
plasma membrane protrusions, surrounded by a thick
HA coat (Fig. 1D—F). The “hedgehog”-like morphology
of the cellis demonstrated in vertical views (Fig. 1D—F).
Additionally, plenty of plasma membrane-derived HA-
positive EVs that adhered to the bottom of the plate
were detected around the cells (white box in Fig. 1F).
A higher magnification of this area (Fig. 1G) shows
that the plasma membrane-derived EVs (arrows in
Fig. 1G), which had diameters ranging from <100 nm
to 1 um, were coated with a thick HA layer (Fig. 1TH-).
Supplementary movies 1 and 2 show the shedding of
the fHABC-positive EVs in the live hMSCs and the
formation of HA positive “fingerprints” as a result of the
retraction of plasma membrane protrusions (arrows in
Supplementary movie 2).

The EVs of variable diameter secreted by hMSCs
are positive for CD44

To further characterize the EVs secreted by the
hMSCs, the cells were fixed and immunostained with
CD44 antibody. The vertical view showed protrusions
that were shorter and lower in number (Fig. 2A-B)
compared to those of the plasma membrane-labeled
live cells (Fig. 1A). As previously reported [22,25],
the plasma membrane protrusions easily shrink
and collapse during fixation. Shedding of the CD44-
positive EVs of variable size was seen near the
plasma membrane (arrows in Fig. 2A). Some large
EVs or blebs on the plasma membrane were also
detected (arrow-heads in Fig. 2A). Imaging with SEM
showed the collapsed filopodia and the EVs on the
apical surface of the cells (Fig. 2C). The EVs isolated
from the culture medium with ultracentrifugation were
analyzed by TEM (Fig. 2D), and the size distribution of
the preparations were analyzed by NTA (Fig. 2E). The
results showed that the main population of the EVs
in the culture medium was between 100 and 200 nm
in diameter. The diameter of 96.5% of the measured
particles was below 300 nm, while 3.5% of the
particles were between 300 and 1000 nm.

Correlative light and electron microscopy shows
the morphology of CD44 and HA-positive EVs
secreted by the hMSCs

Correlative light and electron microscopy was
utilized to analyze the morphology of HA and CD44
carried by the EVs. Fixation partly destroyed and
aggregated the cell-associated HA coat, but high levels
of HA (Fig. 3A) and CD44 (Fig. 3B) were detected on
the plasma membrane and its protrusions. Hyaluronan
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HA content (ng/10 000 cells)

Relative gene expression (ACt)

Plasma membrane

Fig. 1. Human MSCs display long hyaluronan (HA)-coated filopodia and secrete plasma membrane-derived vesicles
surrounded by a thick HA coat. Horizontal 3D projection created from confocal optical sections of the live hMSCs labeled with
HA-binding probe (red). Arrows point to the HA-positive EVs (A). The HA content of the conditioned culture medium, the EV
fraction, and the remaining supernatant after ultracentrifugation, the mean + S.E. of 3 independent experiments is shown (B).
The mRNA expression levels of the most important proteins related to HA metabolism in the hMSC cells and in the EVs
secreted by them, presented as ACt values and the mean + S.E. of 4-5 experiments are shown (C). 3D projections of one cell
double-labeled with plasma membrane marker (D and G, green) and HA-binding probe (E and H, red). Merged images are
shownin Fand|. Vertical views presented below each panel (D—F) demonstrate the hedgehog-like morphology typical off cells
producing high amounts of HA. Panels G-I show the area indicated by a white box in panel F with higher magnification,
showing HA-coated plasma membrane-derived EVs adhered to the bottom of the dish (arrows in G).
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Fig. 2. Characterization of the EV's secreted by the hMSCs indicate that the hMSCs secrete EVs of variable size. A high
magnification 3D confocal horizontal (A) and vertical (B) view of a fixed and CD44-immunostained hMSC. Panel (C) shows
a SEM image of the EVs budding from the cell surface, and (D) shows a TEM image of negative staining of the EVs isolated
from the culture medium of the hMSCs. Panel (E) demonstrates the size distribution of the EVs secreted by the hMSCs,
analyzed by NTA. Means + S.E. of 4 independent experiments are shown.

and CD44 were also partially colocalized (Fig. 3C).
Arrows in the confocal (Fig. 3D) and corresponding
SEM image (Fig. 3E) point to the CD44- and HA-
positive EVs of variable size attached to the bottom of
the plate.

A high-resolution SEM image of one of the EVs
(indicated by a red arrow in Fig. 3D and E) shows the
rough surface morphology of the vesicle (Fig. 3F). In
addition to the blebbing from the plasma membrane
or its protrusions, CLEM imaging revealed CD44 and
HA-positive EVs (Fig. 4), forming “footprints” that
originate from retraction fibers (Fig. 4A—C). Addition-
ally, the EVs formed as a result of vesiculation of thin
CD44 and HA positive plasma membrane protrusions
were detected (Fig. 4D-l).

Lipopolysaccharide induces filopodial growth,
plasma membrane blebbing, HA secretion, and
HAS expression in the hMSCs

To investigate the effect of LPS on the HA
secretion in the hMSCs, the cells were treated with
different concentrations of LPS. First, the effect of
LPS on the cellular morphology and EV secretion was
studied by confocal microscopy in CD44 immuno-

stained 3D cultures. Because in monolayer cultures
the EVs tend to shed quickly into the culture medium
after detachment from the plasma membrane
(Supplementary movies 3 and 4), the cells were
grown under basement membrane extract gel to
trap higher numbers of EVs for detection. Compared
to control cells (Fig. 5A, C), the LPS-treated cells
obtained a more spindle-shaped morphology (Fig. 5B,
D). Additionally, a higher number of CD44-positive
protrusions were detected, especially on the apical
faces of the cells (Fig. 5D). A higher magnification of
the LPS-treated cells showed EVs of variable size
budding from the plasma membrane, especially from
protrusions and their tips (arrows in Fig. 5E). The cell-
associated HA staining around the live LPS-treated
hMSCs and their protrusions (Fig. 5G) was increased
compared to the untreated cells (Fig. 5F).

The effect of LPS on the activity of HA secretion
was analyzed by measuring HA concentrations in the
culture media of the cells (Fig. 5H). Hyaluronan
secretion was increased with all used concentrations
of LPS (1.4—1.7-fold) and reached a statistical signifi-
cance (p < 0.05) at 50-150 ng/ml. To quantify the
effect of LPS on the EV secretion, the concentrations
of particles secreted into the culture media of
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Fig. 3. Analysis with CLEM shows that the EVs shed by the hMSCs carry HA and CD44 and have a rough surface
morphology. (A) HA staining, (B) CD44 immunostaining, and (C) merged confocal image of the fixed hMSCs. (D) A higher
magnification image of the area indicated by a white box in C, (E) SEM image of the same area, and (F) a high-resolution
SEM image showing the surface ultrastructure of a single EV (indicated by red arrow in D and E). Arrows in D and E point to
the EVs of different size that adhered to the bottom of the dish. All confocal images are horizontal views created from

stacks of optical sections.

monolayer cultures were measured by NTA. No
significant differences in the total number of particles
were detected (Fig. 51). However, the HA content of the
EV fractions was increased with relatively similar levels
as in culture media upon LPS-treatment (Fig. 5J), which
suggests that the HA content of EVs reflects the HA
synthesis activity of parent cells. The LPS treatment
induced significant increases in the MRNA expression
levels of all HAS isoforms with all LPS concentrations
(Fig. 5K-M).

Inhibition of HAS expression does not significantly
decrease the HA secretion of the MSCs

The inhibition of mRNA expression of HAS2 and
HAS3 by RNA interference was applied to observe the

effect of HAS inhibition on the hMSC HA secretion,
morphology, and the EV production. Inhibition of HAS2
resulted in a statistically significant downregulation of
HAS2 expression levels (74%, Fig. 6A). Simultaneous
inhibition of HAS2 and HASS resulted in a lower level
of decrease in HAS2 expression (45%). Inhibition of
HASS3 resulted in a significant decrease in HAS3
expression (62%, Fig. 6B). Simultaneous inhibition of
HAS2 and HASS3 resulted in similar level of inhibition
on the HAS3 mRNA expression levels (55%) as HAS2
siRNA alone (Fig. 6B), similarly to the HAS2 mRNA
expression (Fig. 6A).

ELSA assays showed that HAS2 inhibition resulted
ina 47% decrease in HA secretion (Fig. 6C). However,
HAS3 inhibition did not affect the total HA secretion
(Fig. 6C). Simultaneous inhibition of HAS2 and HAS3
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Fig. 4. Multiple mechanisms for shedding of CD44- and HA-positive EVs. Correlative light and electron microscopy of
the hMSC stained for CD44 and HA, showing the EVs that originate from the tips of protrusions (A—C) or vesiculation of
long projections or retraction fibers (D—I). Maximum intensity projections are shown in A, D, and G, SEM images from the
areas indicated by white boxes in B, E, and H and overlay images of SEM and fluorescent signal in C, F, and |. Arrows point

to the EVs of different size.

downregulated HA secretion with a similar level (44%)
as that of HAS2 inhibition alone (Fig. 6C). In confocal
analysis, no visible differences in the number of CD44-
positive filopodia or in the EVs upon HAS inhibition
were detected (Fig. 6D-G). However, HAS2 inhibition
resulted in decreased cell-associated HA, especially
around filopodia (Fig. 6l) compared with control cells
(Fig. 6H), and CLEM showed a decreased number of
HA- and CD44-positive filopodia in HAS2 siRNA-
treated monolayer cultures (Fig. 7). Particle counting
with NTA showed no effects on the particle concen-
trations in the culture media upon HAS inhibition
(Fig. 6J). The HA content of the secreted EV's (Fig. 6K)
reflected the HA synthesis activity of the cells (Fig. 6C),
but no significant decrease was detected.

4-MU downregulates HAS1 and HAS2 expression
and HA secretion of the hMSCs

Treatment with 4-MU, a general inhibitor for HA
synthesis, resulted in decreased (Fig. 8B) intensity of
the cell-associated HA coat and HA-coated protrusions
(arrows in Fig. 8A) and in a decreased number (Fig. 8D)
of CD44-positive protrusions and the EVs (arrows in

Fig. 8C) when grown under 3D gel. As measured from
the culture media, HA secretion decreased by 23%,
36% (p<0.05), and 35% (p < 0.05) with 0.2 mM,
0.5 mM, and 1 mM 4-MU, respectively (Fig. 8E). The
relative HA content of the EV fraction decreased with a
similar magnitude as in the culture media (Fig. 8F),
indicating that the HA content of the EVs reflected the
HA synthesis activity of original cells. The NTA analysis
showed no significant effect by 4-MU in EV secretion
into the culture medium (Fig. 8G). Treatment with 4-MU
resulted in statistically significant (0.5 mM, p < 0.01;
1 mM, p < 0.005) decrease in HAS1 (Fig. 8H) and
HAS2 (Fig. 8I) mRNA expression levels. Surprisingly,
expression levels of HAS3 increased, but no statistical
significance was found (Fig. 8J).

Discussion

Activity of HA synthesis, filopodia and budding
of EVs are connected to each other

The results of the present study demonstrated that
the MSCs derived from human bone marrow express
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Fig. 5. Lipopolysaccharide (LPS) treatment induces growth of CD44- and HA-positive filopodia and enhances HA
secretion and expression levels of HAS isoforms in the hMSCs. Horizontal (A and B) and vertical (C and D) views of control
(A and C) and LPS (100 ng/ml) treated (B and D) hMSCs grown under basement membrane extract gel. A higher
magnification image of a LPS-treated cell (E) showing the EVs budding from the plasma membrane and its protrusions
(arrows). Panels A-E are projections created from stacks of confocal optical sections. The confocal optical sections of the
live cells labeled with fHABC to detect the HA coat in control (F) and LPS-treated (100 ng/ml) cells (G). Hyaluronan
secretion levels measured from the culture media (H), the EV concentrations in the culture media (I), and HA content in the
EV fractions (J). Expression levels of HAS1 (K), HAS2 (L), and HAS3 (M) in the hMSCs treated with different
concentrations of LPS. The means + S.E. of six independent experiments are shown in H, the means + S.E. of two
experiments in |, and means + S.E. of four to six experiments in J-M, *p < 0.05, **p < 0.01, compared with 0 ng/ml of LPS

by a one-sample ttest.

HA-coated filopodia and secrete EVs that carry HA on
their surface. The results support the theory that HA
synthesis takes place on plasma membrane protru-
sions [22]. Additionally, we show in human primary
cells that HA is carried on the surface of the EVs that
originate from the tips of HA-synthesizing filopodia, as
shown previously in immortalized cell lines [23,28].
Interestingly, live cell imaging and CLEM showed that
EVs are assembled by diverse mechanisms, such as
direct budding from the plain plasma membrane,
shedding from the tips of protrusions, or vesiculation of
long projections or retraction fibers. These diverse
shedding mechanisms may be a reason for the

variable size of EVs, which is in line with several recent
findings [29-31].

The synthesis of HA along the long protrusions
may be important especially in tissues with a low
number of cells and high volume of ECM, such as
loose connective tissues, bone, and cartilage. In these
tissues, the diffusive transport of HA into a matrix
distant from the cell body may be low. With the aid of
long protrusions and shedding EVs, horizontal trans-
fer, and the deposition of HA, other ECM components,
and signaling molecules [2] can be distributed even at
sites distant from the cell of its origin. Thus, future
experiments are required to show the role of filopodia
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Fig. 6. Effect of HAS2 and HAS3 RNA inhibition on the mRNA expression levels of HAS2 and HAS3, HA secretion, and
the EV shedding of the hMSCs. mRNA expression levels of HAS2 (A), HAS3 (B) and levels of HA secretion (C) upon RNA
inhibition of HAS2 and HAS3. Morphology visualized by CD44 immunostaining of scrambled siRNA (D), HAS2 RNAi (E),
HAS3 RNAI (F), and HAS2 and HAS3 RNAI (G). Horizontal and corresponding vertical views are shown in each panel.
Double staining with plasma membrane marker (green) and HA (red) of scrambled siRNA (H) and HAS2 siRNA (l)—-treated
live cells. The EV concentrations in culture media (J) and HA contents of the EV fractions (K). Means + S.E. of four to
seven independent experiments are shown in A-B, two experiments in J, and three experiments in C and K. *p < 0.05,
**p < 0.01, ***p < 0.001, compared with the scrambled siRNA by ANOVA.

and HA-EVs as matrix depositors and their ability to
create niches that preserve stemness.

Hyaluronan receptor CD44 is a potential marker
for the EVs

This work shows that the HA receptor CD44 is a
powerful marker for microscopic detection of the EVs,
especially when they are trapped inside a 3D matrix.
Fluorescent labeling of CD44 combined with SEM
confirmed that vesicles even below the resolution
limits of light microscopy can be detected with CD44
immunostaining. In previous studies, CD44 has been
shown to be carried by the EVs secreted by the MSCs
and to regulate EV interactions with target cells [29,32].

We have recently shown that primary mesothelial cells
are induced to secrete CD44-positive EVs upon the
induction of epithelial to mesenchymal transition
(EMT) by EGF or wounding [33]. These observations
suggest that CD44 is a potential marker for the EVs,
especially those secreted from stem cells or activated
cells in tissue injuries or other pathological conditions.

As previously shown, CD44 is a biomarker to
identify MSCs [17,18] and cancer stem cells in many
different types of tumors [34]. It is an important factor
also in the generation of stem cell niche [35], and its
interactions with HA are essential for the trafficking of
MSCs and their homing on the bone marrow, where
they are maintained in an undifferentiated state [15].
Additionally, an extensive HA coat assembled by
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Fig. 7. Effect of HASZ2 inhibition on the HA-coated filopodia imaged by CLEM. A control siRNA-treated cell is shown in
A, C, E, and G and a HAS2 siRNA-treated cell in B, D, F, and H. Arrows in (A) show HA- and CD44-positive plasma
membrane protrusions. Confocal 3D projections are shown in A and B, corresponding to SEM images in C and D, overlaid
with CD44 signal and SEM images in E and F and higher magnification of the areas indicated by black boxes in G and H.

CD44 [21] may regulate the interactions between
EVs, their target cells, and ECM [36]. In summary,
both CD44 and HA, carried by the vesicles, may
create regenerative scaffolds for growing and healing
of the tissues, regulation of immune responses, and
targeting of EVs to their recipient cells.

The hMSCs have a strong intrinsic potential for
HA secretion

Consistent with previous observations [21], our
present results show that the hMSCs themselves
produce high levels of HA, which means that they
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Fig. 8. Effect of HA synthesis inhibitor on hMSC HA secretion and EV shedding. Cell-associated HA labeled with fHABC
(red) in the live control cells (A) and cells treated with 0.5 mM 4-MU (B). CD44 immunostaining of the fixed control (C) and
4-MU-treated (D) (0.5 mM) cultures. Horizontal and corresponding vertical views are shown in both panels. Effect of 4-MU
on HA content of the culture media (E) and the isolated EV fractions (F). Arrows in A and C point to the HA- and
CD44-positive filopodia. Panels G, H, |, and J show the effect of 4-MU on EV secretion and HAS1, HAS2, and HAS3mRNA
expression, respectively. Means + S.E. of four independent experiments are shown in E and F, and means + S.E. of three
to four experiments are shown in G—-J, *p < 0.05, **p < 0.01, ***p < 0.001, as analyzed by ANOVA.

participate in the creation of the HA-rich stem cell
niche in an autocrine way. Interestingly, the inhibition
of HAS2 and HASS expression by siRNA transfec-
tions or 4-MU treatment resulted in maximally only a
47% and 35% decrease in the total HA secretion,
respectively. Post-transcriptional regulation of HASs
[37] is a potential explanation for the weak effect of
inhibitors on HA secretion levels.

LPS was utilized to stimulate the HA synthesis of
stem cells in the present study. It is known to induce
inflammatory reaction in many cell types [38,39],
increase HAS expression and HA secretion [40], and
induce the EV shedding [41] of macrophages. Our
present results show that LPS induce HA synthesis,
HAS expression, and CD44-positive filopodia formation
of hMSCs. Interestingly, it is also possible that
presenting LPS may alter HAS stability on the plasma
membrane. However, no statistically significant chang-

es in EV shedding were detected, as observed before
in macrophages [40].

Hyaluronan content of the EVs reflect the HA
synthesis activity of parental cells

A high concentration of HA (11 ng/10,000 cells/
24 h) was detected in the EV fractions isolated from
the hMSCs, which indicates that considerable
amounts of HA can be carried on the surface of the
vesicles. However, it is surprising that the relative
proportion of total HA secreted by the hMSCs (2.9%)
was rather low in the EV fraction, even though a high
number of HA-positive EVs were detected in the live
cell cultures. We hypothesize that the shearing forces
during centrifugation steps may have resulted in
partial shedding of the HA coat from the surface of
the EVs.
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It has been shown that HAS activity is associated
with shedding of the EVs in many cell types [23,28,42].
However, the inhibition of HAS2 and HAS3 expression
did not affect the EV shedding activity of the hMSCs in
the present study. 4-methylumbelliferone (4-MU) [43]
inhibits HA synthesis [46] by several mechanisms,
such as depleting the intracellular UDP-glucuronic acid
pool and reducing HAS2 and HAS3 mRNA levels
[44,45]. Interestingly, EMT is blocked by inhibiting HA
synthesis with 4-MU in canine mammary tumor cells
[46], and 4-MU has been shown to suppress LPS-
induced inflammation [39]. As expected, 4-MU inhibited
expression levels of HASes, HA secretion, and the
formation of HA-coated filopodia. However, the number
of secreted particles was not affected by 4-MU, which is
not in line with recent work showing that 4-MU inhibited
HAS3-positive EV shedding in HAS3-overexpressing
MV3 cells [42]. Interestingly, while 4-MU significantly
inhibited HAS1 and HAS2 levels, the HASS levels
increased, which may explain the rather small effect on
HA secretion levels and lack of effect on EV shedding.

Overall, the results of this work suggest that small
fluctuations in HA synthesis activity do not affect the EV
secretion of stem cells. However, the obtained results
demonstrate that the HA content of the released EVs
reflects the changes in HA synthesis activity of the
parental cells, which may have an impact on the
biological properties of the EVs, and could be utilized in
diagnostics and disease monitoring.

HA-coated EVs are potential mediators of the
MSC-mediated functions in tissue healing and
regeneration

The main finding of this work is that the EV's secreted
by the hMSCs carry HA on their surface. This is of great
importance because interactions between stem cells
and the microenvironment have been suggested to
play a critical role in determining stem cell phenotype.
Hyaluronan interacts with various matrix components,
such as proteins and proteoglycans to organize the
ECM and to maintain tissue homeostasis. It also
mediates the functions of stem cells [47] in healing
and protection processes [48] by creating a niche that
regulates stem cell differentiation and survival [15].

The MSCs have raised major interestin regenerative
medicine because of their differentiation capacity into
various cell types. The MSCs used in this study have
been previously shown to have potential to differentiate
into chondrocytes, osteoblasts, and adipocytes [49].
Increasing evidence indicates that EVs are one of the
major components mediating the therapeutic efficacy
of MSCs [1,3]. Many recent studies suggest that the
EVs originating from the MSCs mediate the healing of
injuries such as acute kidney injury [29], myocardial
ischemia [50], and chronic heart failure [51]. The EVs
and HA carried on them are important components of
the microenvironment that support stem cells and help
to replace damaged ECM in injured tissues. Further-

more, HA-carrying EVs potentially induce local effects
in the extracellular space adjacent to the cell of origin,
but may also mediate systemic effects if released to the
circulation.

Conclusions

This study shows that the EVs secreted by the
hMSCs act as carriers for HA on their surfaces, and
are potential paracrine mediators of the MSCs. The
HA-EVs and signals within them may participate in the
ECM remodeling directly or indirectly by interacting with
ECM-producing cells. Furthermore, HA coating may
the reduce immunogenicity of the EVs and facilitate
their binding to target cells via CD44 interactions. The
results of this study support the hypothesis that the
secretion of HA-carrying EVs is a general process.
Therefore, in the future it is important to clarify the
factors that regulate their excretion, and to find novel
methods for their identification as well as for studying
their functional effects on target cells.

Supplementary data to this article can be found
online at http://dx.doi.org/10.1016/j.matbio.2017.05.
001.
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