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Aim: Microvesicles (MVs) are nanoscale membrane fragments released from virtually all cell types upon activation or apoptosis, and
may contribute to the beneficial effects of stem cell therapy. In this study, we investigated the therapeutic effects of mesenchymal
stem cell (MSC) derived MVs (MSC-MVs) on pulmonary artery hypertension (PAH) in rats.

Methods: MSC-MVs were isolated from rat bone marrow MSCs that were cultured in a serum-free conditioned medium. Transmission
electron microscopy (TEM), flow cytometry and nanoparticle tracking analysis (NTA) were used to characterize the MVs. Adult SD

rats were injected with monocrotaline (50 mg/kg, sc) to induce PAH. Three weeks later, the rats were intravenously injected with
MSCs, MSC-MVs or saline for 2 weeks. At the end of treatments, the hemodynamic parameters and pathological right ventricular and

pulmonary arterial remodeling were analyzed in each group.

Results: The MSC-MVs showed general morphologic characteristics of MVs and expressed annexin V. and CD29 markers under TEM,
and their size ranged from 40 to 300 nm. Intravenous injection of MSC-MVs or MSCs significantly ameliorated the mean pulmonary
artery pressure (mPAP) and mean right ventricle pressure (mRVP) in PAH rats. Furthermore, intravenous injection of MSC-MVs or MSCs
significantly decreased the right ventricle (RV) hypertrophy and pulmonary arteriole area index (Al) and thickness index (Tl) in PAH rats.
Conclusion: Intravenous injection of MSC-MVs or MSCs produces similar beneficial effects for treating PAH, and our results provide a

basis for cell-free approach in stem cell therapy.
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Introduction

Pulmonary artery hypertension (PAH) is a progressive chronic
disease with a high mortality rate. PAH is characterized by
increased pulmonary arterial pressure, which results in the
right ventricle (RV) hypertrophy and ultimately RV failure!".
Current treatments for PAH include endothelin receptor block-
ers, prostanoids and calcium channel blockers!?. Recently,
cell-based therapy has emerged as a promising approach for
PAH. Intravenous injection of bone marrow-derived progeni-
tors®”! or mesenchymal stem cells (MSCs)"! has been shown to
inhibit arteriole thickening and to improve the RV function
in a rat PAH model. In addition, intratracheal application of
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MSCs has been shown to restore the pulmonary response to
acetylcholine and decrease pulmonary arterial pressure, with
no detectable immunolabeled MSCs in the walls of pulmonary
vessels®. This study provides good evidence supporting the
paracrine effect of stem cell-based therapy. However, the
detailed mechanism needs in-depth exploration.

Microvesicles (MVs) are nanoscale membrane fragments that
can be released from virtually all cell types upon activation
or apoptosis. MVs carry cargo, including specific proteins,
mRNAs and microRNAs of their parent cells, and participate
in cell-to-cell communication®’. The therapeutic effects of
MVs have been actively investigated in animal models of vari-
ous diseases. For example, MSC-MV transplantation could
protect kidneys from ischemia/reperfusion-induced injury
and chronic renal damage by stimulating proliferation and
inhibiting the apoptosis of tubular epithelial cells"™. Intrave-
nous administration of MSC-MVs has been shown to improve
neurogenesis and angiogenesis in an ischemic stroke model”.
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We found that endothelial progenitor cell-MVs could protect
endothelial cells against hypoxia-induced injury in in vitro
culture systems"l. Furthermore, a recent study indicated that
MSC-MVs acquire the function of MSCs and can inhibit vas-
cular remodeling and hypoxic pulmonary hypertension in a
hypoxia-induced pulmonary hypertension mouse model™,
indicating a novel application for stem cell-based therapy.

In this study, we aimed to investigate the therapeutic effects
of MSC-MVs for treating PAH in a monocrotaline (MCT)-
induced PAH rat model.

Materials and methods

Animals and study design

Sprague Dawley (SD) rats (2-8 weeks old) were purchased
from the Animal Experimental Center of Guangdong Province
(Guangzhou, China) and housed in the animal care facility at
the Affiliated Hospital of Guangdong Medical College. All
rats were kept under standard temperature, humidity, and
time light conditions and fed standard chow and water ad
libitum. All experimental protocols were approved by the
Institutional Animal Care and Use Committee of the Affiliated
Hospital of Guangdong Medical College.

Monocrotaline (MCT) was diluted in saline before injection
as previously described™. On d 1, SD rats (6-8 weeks old)
received a single subcutaneous injection of MCT (50 mg/kg
body weight) to induce PAH (1n=21), or saline alone to serve
as a control group (n=7). After 3 weeks, the rats injected with
MCT were randomly assigned to 3 groups (n=7/group): vehi-
cle (saline), MSC (treated with 1x10° cells/100 uL saline, once),
and MSC-MV (treated with 30 ng/100 pL saline, once/2 d for
2 weeks). At the end of the experiment, the hemodynamic
parameters and pathological right ventricular (RV) and pul-
monary arterial remodeling were analyzed in each group.

Isolation, culture, and characterization of MSCs
MSCs were isolated from the bone marrow of rats as we pre-
viously described”!. Briefly, after the rat was sacrificed, the
femurs and tibias were removed and cleaned. Cells were
collected and dispensed in a 15-mL centrifuge tube, centri-
fuged at 200xg for 6 min, and resuspended with MSC cul-
ture medium, which was composed of a-minimal essential
medium (a-MEM, Gibco, NY, USA) supplemented with 10%
FBS and 1% antibiotic-antimycotic solution. Cells were plated
in a culture dish and cultured in a humidified 5% CO,/95% air
incubator.

Flow cytometry analysis was performed to identify cultured

cells”.

In brief, cells were detached using trypsin-EDTA, cen-
trifuged and incubated with PE-conjugated antibodies in a
final volume of 100 mL for 30 min at 4°C in the dark. Antibod-
ies (PE-conjugated anti-CD29, PE-conjugated anti-CD45, PE-
conjugated anti-CD31, and PE-conjugated mouse IgG1 isotype
controls) were purchased from BD Biosciences (San Jose, CA,
USA). The concentrations of antibodies were applied accord-
ing to the manufacturer’s instructions. Labeled cells were
washed and analyzed using flow cytometric analysis (Coulter
Epics XL_MCL flow cytometer; Beckman Coulter). A total of
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at least 10000 events were collected and analyzed.

The multipotent differentiation ability of cultured cells was
evaluated as previously reported”. For adipogenic differen-
tiation, 5x10° cells/ well were seeded in a 12-well culture plate
and cultured with adipogenic differentiation medium, which
was composed of DMEM (Gibco, NY, USA) supplemented
with 10% FBS, 10 pg/mL insulin (Sigma, MO, USA), 1 pmol/L
dexamethasone (Sigma, MO, USA), 200 pmol/L indometha-
cin (Sigma, MO, USA), 0.5 mmol/L IBMX (Sigma, MO, USA)
and 1% antibiotic-antimycotic solution (Gibco, NY, USA) for
3 weeks. The medium was changed every 3-4 d. Lipid accu-
mulation was assessed by oil red O staining of the cultures (15
mg of oil red O/mL of 60% isopropanol). For osteogenic dif-
ferentiation, 5x10° cells/well were seeded in a 12-well culture
plate and cultured with osteogenic differentiation medium,
DMEM supplemented with 10 mmol/L B-glycerophosphate,
50 pg/mL ascorbic acid, and 100 nmol/L dexamethasone (all
were purchased from Sigma) for 3 weeks. The medium was
changed every 3-4 d. Calcium deposits were visualized by
staining with 2% alizarine red S in 0.5% NH,OH (pH=5.5). All
experiments were conducted in triplicate.

Collection and characterization of MSC-MVs

MSC-MVs were obtained from MSC conditioned culture
medium according to a previously described protocol with
slight modifications”. Briefly, MSCs were cultured in serum-
free a-MEM for 24 h. Then, the cell culture medium was col-
lected, centrifuged at 2000xg for 20 min to remove cells and
debris. The supernatants were ultracentrifuged at 100 000xg
for 1 h to pellet the MVs. The protein concentration of the MV
preparations was quantified by the Bradford method (Bio-Rad,
Hercules, USA).

MSC-MVs were characterized using flow cytometry, trans-
mission electron microscopy (TEM) and nanoparticle tracking
analysis (NTA). For flow cytometry analysis, MSC-MVs were
resuspended and incubated for 30 min at 4°C in the dark with
PE-conjugated CD29 and FITC-conjugated annexin V. An iso-
type-matched (IgG) nonspecific antibody served as a negative
control. All antibodies were purchased from BD Biosciences
(San Jose, CA, USA). After incubation, labeled cells were
washed with PBS three times and resuspended with 70 uL of
PBS for flow cytometric analysis (Coulter Epics XL_MCL flow
cytometer; Beckman Coulter). For TEM analysis, MVs were
resuspended in PBS and loaded onto mesh nickel Formvar
carbon coated grids (Electron Microscopy Science, Hatfield,
PA, USA). Excess fluid was removed with filter paper, and the
samples were stained with 1% uranyl acetate for 30 s and then
washed, dried and stained with 2% lead citrate for another
30 s. The grids were examined under a transmission electron
microscope. All experiments were conducted in triplicate.

The size of the collected MSC-MVs was analyzed using a
NanoSight NS300 with a 405-nm laser (NanoSight Ltd, Ames-
bury, UK) according to the previously described method™.
Briefly, approximately 0.3 mL of MSC-MVs resuspended in
PBS were loaded into the chamber of an NS300 unit. A 405-
nm laser beam was used to highlight the particles, which act
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as point scatters. Three 60-second videos were taken. A mini-
mum of 200 completed particle tracks in each video was ana-
lyzed by NTA2.3 software. The velocity of particle movement
was used to calculate particle size using the two dimensional
Stokes-Einstein equation.

Tail vein injection of MSC-MVs and MSCs

After 3 weeks of MCT injection, rats received MSC or MSC-MV
administration via the tail vein as we previously described.,
Briefly, MSCs (1x10° /100 uL) were slowly injected via the tail
vein oncell. MSC-MVs (30 pg/100 pL) were injected on alter-
nate days for 2 weeks according to a previous report”!. In the
control and vehicle groups, rats received 100 pL of saline via
tail vein injection.

Measurement of pulmonary hemodynamics

Pulmonary hemodynamics were measured as previous
described. Briefly, 2 weeks after MCT administration,
the experimental rats were anesthetized. Then, a polyeth-
ylene catheter filled with 2% sodium heparin was inserted
into the RV through the jugular vein and the carotid artery
for hemodynamic measurements. The RV systolic pressure
and systemic blood pressure were measured by a pressure-
conductance catheter (model FT212, SciSense, Canada) cou-
pled with a polygraph system (Medlab, Nanjing, China).

Assessment of right heart hypertrophy

After systemic arterial and RV pressures had been recorded,
the rats were euthanized, and the lungs and hearts were

200

isolated. The RV, left ventricle (LV) and ventricular septum
(VS) were collected, dried with filter paper and weighed. RV
hypertrophy was expressed as RV/(LV+VS).

Evaluation of pulmonary arteriole remodeling

After aortic perfusion with 4% PFA, the lungs were excised
and fixed in 4% PFA overnight at 4°C followed by paraffin
embedding. Then, lung sections (4 pm) were prepared and
stained with hematoxylin and eosin (H&E). Sections were
examined under a light microscope (Olympus, Japan). The
pulmonary arteriole wall thickness index (TI) and area index
(AI) were calculated by the following formulas: TI=(external
diameter-internal diameter)/external diameterx100% and
Al=(cross section area-lumen area)/cross section areax100%.
The mean TI and Al were calculated from 5 random cross sec-
tions of each pulmonary arteriole.

Statistical analysis

Data were expressed as the mean+SEM. Comparisons of two
groups were performed by Student’s f-test. Multiple com-
parisons were performed by one- or two-way ANOVA. SPSS
software version 17.0 was used. For all tests, P<0.05 was con-
sidered to be statistically significant.

Results

MSCs were positive for specific stromal cell markers and could
be differentiated into adipocytes and osteocytes

The cultured cells displayed a fibroblast-like morphology (Fig-
ure 1A). As determined by flow cytometric analysis, cultured
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Figure 1. MSC culture and characterization. (A) A representative plot shows the fibroblast-like morphology of cultured MSCs. (B-D) Representative
flow cytometry plots show the expression of CD29, but not CD31 and CD45, in cultured MSCs. Left curves, isotype control; Right curves, antibodies. (E)
Osteogenic differentiation capacity of MSCs confirmed by alizarin red S staining. (F) Adipogenic differentiation capacity of MSCs determined using oil

red O staining. Magnification in A, E, and F: x10.
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cells positively expressed the stromal stem cell marker CD29
(Figure 1B) and negatively stained with hematopoietic lineage
markers CD31 and CD45 (Figure 1C and 1D). The differen-
tiation capacity of MSCs was revealed by the successful dif-
ferentiation of MSCs into osteocytes, with calcium deposition
within the cells (Figure 1E), and adipocytes, confirmed by the
accumulation of lipid droplets in the vacuoles (Figure 1F).

Characterization of MSC-MVs

MSC-MVs were generated from MSCs exposed to serum-
free medium as described in the Materials and methods. The
flow cytometry results revealed that the majority of MSC-MVs
had externalized phosphatidylserine, which was detected by
annexin V staining, and expressed the MSC specific marker
CD29 (Figure 2B). In addition, MSC-MVs displayed a spheri-
cal shape under TEM, as indicated by arrows (Figure 2C).
Figure 2D showed that the size of MSC-MVs mainly (>95%)
ranged from 40 to 300 nm with a peak size of approximately
134 nm, as analyzed by NTA. These data confirm the proper
isolation of MSC-MVs in our study.

MSC-MVs and MSCs significantly attenuated mPAP and mRVP in
PAH rats

At week 5 after MCT injection, pulmonary hemodynamics
were measured in all rats. Representative pressure curves of
mPAP and mRVP are shown in Figure 3A1-3A4. The PAH
model was produced successfully as revealed by a higher
mPAP in the vehicle group than in the control group (P<0.01;
n=7/group). Also, mPAP was attenuated in the MSC-MV and
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MSC groups compared to the vehicle group but was higher
than that in the control group (P<0.01; n=7/group) (Figure
3B). There was no difference in mPAP between the MSC and
MSC-MV groups (P>0.05; n=7/group). Similarly, mRVP was
lower in the MSC-MV and MSC groups than that in the vehicle
group but was higher than that in the control group (P<0.01;
n=7/group). Also, there was no significant difference in these
variables between the MSC and MSC-MV groups (P>0.05;

n=7/group).

MSC-MV treatment significantly decreased RV hypertrophy in
PAH rats

RV hypertrophy was quantified by the weight ratio of RV/
(LV+VS). The weight ratio of RV/(LV+VS) in the MSC-MV
group was significantly lower than that in the vehicle group
but was higher than that in the control group (P<0.01; n=7/
group) (Figure 4A). In the MSC group, the average ratio of
RV/(LV+VS) was not different from that in MSC-MV group
(P>0.05; n=7/ group).

MSC-MV administration reduced pulmonary arteriole remodeling
H&E staining demonstrated the wall thickening and luminal
stenosis in the four different groups (Figure 4B). The pulmo-
nary arteriole thickness index (TI) and area index (AI) were
significantly decreased in the MSC-MV and MSC groups com-
pared to those in the vehicle group and were higher than those
in the control group (P<0.01; n=7/group; Figure 4C and 4D).
Again, there were no significant differences in these variables
between the MSC and MSC-MV groups (P>0.05; n=7/group).
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Figure 2. MSC-MVs characterized by flow cytometry, transmission electron microscopy and NTA. (A) Isotype controls for MSC-MVs. (B) Annexin V and
MSC-specific marker CD29 on MSC-MVs. (C) MSC-MVs viewed under transmission electron microscope. Arrows indicate MSC-MVs. Scale bar: 0.2 ym. (D)
Representative graph shows the size distribution of MSC-MVs as determined by NTA.
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Figure 3. MSC-MVs and MSCs alleviate mPAP and mRVP in PAH rats. (A1-A4) Representative traces show the mPAP and mRVP in control, vehicle, MSC,
and MSC-MV groups. (B and C) Summarized data of mPAP and mRVP in different groups. Data are expressed as the mean+SEM. n=7/group. °P<0.01
vs control. P<0.01 vs vehicle. mPAP, mean pulmonary artery pressure; mRVP, mean right ventricle pressure; RV, right ventricle; PAH, pulmonary artery

hypertension.

Discussion

The major finding in this study is that the intravenous injec-
tion of MSC-MVs or MSCs could similarly decrease pulmo-
nary pressure and RV pressure and reduce RV hypertrophy
and pulmonary arteriole remodeling during the development
of PAH in rats.

PAH is a life-threatening disease resulting from a variety
of heart and lung diseases. The main pathological changes
in PAH include persistent pulmonary artery hypertension,
pulmonary vascular intima thickening, severe hypoxia, and
eventually right heart remodeling and failure”. Clinically,
PAH is refractory to most conventional pharmacological
therapies. Stem cell transplantation therapy has been shown
to improve the vascular endothelial function of the pulmonary
arteries™ "™, and their therapeutic potential for PAH has been
recognized in several studies!™ > ",
MSCs could improve RV function and decrease pulmonary
arteriolar wall thickness and area in MCT-induced PAH rats!..
Two other groups have shown that the intratracheal adminis-

tration of MSCs could attenuate pulmonary artery hyperten-
[5,21]

Bone marrow-derived

sion and pulmonary vascular resistance in PAH mice™ “". In
the early stage (1 week after MCT administration) of PAH
development, MSC treatment has been demonstrated to atten-
uate PAP and pulmonary remodeling, which are accompanied

by the inhibition of the transforming growth factor § (TGFP)/
Smad?2 signaling pathway”!. In addition, because trans-
planted MSCs were found in the lung parenchyma instead of
the walls of pulmonary vessels, the paracrine effects of MSCs
should be responsible for the role of MSCs in pulmonary
remodeling. Indeed, the paracrine mechanism has been pro-
posed to be one of the underlying mechanisms that contributes
to the therapeutic effect of transplanted stem cells? >,

MVs are small heterogeneous extracellular vesicles that
have been isolated from diverse cell types, including platelets,
dendritic cells, endothelial cells, and MSCs. The proteins and
genetic materials (MRNAs and microRNAs) carried by MVs
could be transferred to target neighboring and distant cells.
Accumulating evidence has indicated that MVs could modu-
late various processes, such as vascular function, angiogenesis,
cell proliferation, inflammation, and coagulation“o’ B4 Cord
blood- derived MSC-MVs may promote angiogenesis in vitro
and in vivo™!. A recent study showed that the administration
of MSC~exosomes can promote functional recovery and neu-
rovascular plasticity in a stroke model™. Later on, this group
reported that the protective mechanism of MSC-exosomes
is through transferring microRNA-133b to astrocytes and
neurons®. Additionally, MSC-MVs have been shown to pro-
tect kidneys against injury via stimulating proliferation and

Acta Pharmacologica Sinica
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Figure 4. MSC-MVs and MSCs alleviate RV hypertrophy and pulmonary
artery remodeling in PAH rats. (A) Weight ratio of RV to left ventricle
(LV)+ventricle septum (VS) in control, vehicle, MSC, and MSC-MV groups.
(B) Representative images of the pulmonary arteriole in different groups.
Scale bar: 50 ym. (C and D) Summarized data of the pulmonary arteriole
Tl and Al in different groups. Data are expressed as the mean+SEM.
n=7/group. °P<0.01 vs control; ‘/P<0.01 vs vehicle. PAH, pulmonary
artery hypertension; Tl, thickness index; Al, area index.
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decreasing the apoptosis of tubular epithelial cells”~").

In the present study, the isolated MSC-MVs positively
stained with annexin V and the MSC specific marker CD29
and displayed MV general spherical characteristics under
TEM. According to the latest report from the International
Society for Extracellular Vesicles (ISEV), MVs and exosomes
are two major types of extracellular vesicles that can be dif-
ferentiated by their size and content™. Exosomes are defined
as extracellular vesicles ranging from 40 to 100 nm in size, and
MVs are those with a larger size (100-1000 nm)*. However,
Taylor’s group found that 100-180-nm vesicles exhibit CD63,
a typical marker of exosomes, as determined by NTA® . In
Lee’s study, the “exosomes” were isolated through low-speed
centrifugations followed by filtering the culture medium
through a 0.2-pm filter and then pelleting by ultracentrifuga-
tion". In our study, we isolated the vesicles by the same pro-
cedures, except for filtration through a filter. The NTA results
showed that the size of these MSC-MVs mainly (>95%) ranged
from 40 to 300 nm. To investigate the possible effects of MSC-
MVs on treating PAH, we systemically administered MSC-
MVs to an MCT-induced PAH rat model. Our data revealed
that MSC-MV treatment attenuated mPAP and mRVP in PAH
rats compared to the vehicle group, with similar effects on the
MSC treatment group. We also observed that MSC-MV treat-
ment reduced RV hypertrophy. Furthermore, pulmonary arte-
riole wall thickness and area were decreased, as revealed by
H&E staining of the lung tissue in the MSC-MV group. These
data are in agreement with a previous study showing that
the intravenous injection of MSCs can improve RV function
in MCT-induced PAH mice” and are also supported by Lee’s
findings in a hypoxia-induced PAH mouse model"”.

MicroRNAs are small endogenous non-coding RNAs that
regulate a wide range of biological processes, including cell
apoptosis, differentiation, and cell proliferation. Extracellu-
lar vesicles are the main vehicles for circulating microRNAs
and have been considered to be a novel mechanism of cell-
to-cell communication® . Recent studies have shown that
microRNAs carried by exosomes play a critical role in treating
stroke™ and hypoxia-induced PAH" via regulating the gene
expression of recipient cells. Based on these observations, we
speculate that MSC-MV-carried microRNAs could contribute
to the protective effect of MSC-MVs in our study. Although
the precise mechanism of MSC-MV-mediated effects needs
further investigation, our work provides an explanation for
the observed effects of MSCs. Of note, there could be several
benefits of using MVs versus cells. First, MVs should easily
pass through the capillary network because they are nanoscale
vesicles. Second, the potential risk of cell transplantation
could be avoided.

In conclusion, our data demonstrate that MSC-MV treatment
could attenuate mPAP and mRVP, and reduce RV hypertro-
phy and pulmonary remodeling in a MCT-induced PAH rat
model. These data suggest that MSC-MVs could serve as a
novel cell-free therapeutic source for treating PAH.
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