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Abstract

Our previous study demonstrated the beneficial effects of exosomes secreted by cardiac
mesenchymal stem cells (C-MSC-Exo) in protecting acute ischemic myocardium from reperfusion
injury. Here, we investigated the effect of exosomes from C-MSC on angiogenesis in ischemic
myocardium. We intramyocardially injected C-MSC-Exo or PBS into the infarct border zone after
induction of acute mouse myocardial infarction (MI). We observed that hearts treated with C-
MSC-Exo exhibit improved cardiac function compared to control hearts treated with PBS at one
month after MI. Capillary density and Ki67-postive cells were significantly higher following
treatment C-MSC-Exo as compared with PBS. Moreover, C-MSC-Exo treatment increased
cardiomyocyte proliferation in infarcted hearts. In conclusion, intramyocardial delivery of C-
MSC-Exo after myocardial infarction enhances cardiac angiogenesis, promotes cardiomyocyte
proliferation, and preserves heart function. C-MSC-Exo constitute a novel form of cell-free
therapy for cardiac repair.
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Introduction

Ischemic heart disease is a leading cause of morbidity and mortality worldwide(1), in part
because the adult heart has only very limited capacity to regenerate or repair itself (2). This
results in a cascade of left ventricular remodeling, cardiomyopathy, and eventually chronic
heart failure(3). Stem cell therapy might have the potential to repair muscle with diseases
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(4-6), and two recent clinical trials (SCIPIO & CADUCEUS) reported that transplantation
with cardiac-derived stem cells improves cardiac function(7, 8).

Although the mechanisms underlying stem cell-mediated heart repair are controversial, stem
cells appear to function primarily via paracrine effects as opposed to cardiac differentiation
and integration(9, 10). Our previous studies demonstrated that mouse cardiac mesenchymal
stem cells (C-MSC) are GATA4-positive mesenchymal stem cells(11, 12). Numerous studies
have demonstrated that mesenchymal stem cells can release angiogenetic cytokines, such as
VEGF, bFGF, and SDF-1a, to promote angiogenesis in ischemic myocardium, one potential
mechanism of paracrine heart repair(13, 14).

Recent studies have demonstrated that stem cells also secrete exosomes, which play a
critical role in their paracrine effects(11, 12, 15-19). Exosomes are cell-secreted
nanovesicles which carry bioactive lipids(20, 21), proteins(22), mRNAs(23, 24) and non-
coding RNA including long non-coding RNAs (LncRNAS)(25, 26) and microRNAs
(miRNASs)(27-29), which play a key role in cell-cell communication. C-MSC derived
exosomes (C-MSC-Exo) can protect acute ischemic myocardium from reperfusion injury via
inhibiting apoptosis (12). Precise mechanisms whereby MSC-Exo promote cell viability and
cardiac repair, however, are not clear yet.

Recent studies show that bone marrow MSC derived exosomes could protect infarcted heart
from ischemic injury by promoting angiogenesis(30), and miR-21a-5p could be a
cardioprotective paracrine factor(31). Vrijsen et al(32) reported that exosomes from fetal
cardiomyocyte progenitor cells and bone marrow derived MSCs stimulate angiogenesis in an
in vivo matrigel plug model. However, whether cardiac MSC-derived exosomes contribute to
angiogenesis and recovery of cardiac function after myocardial infarction is unclear. The
purpose of this study was to determine whether delivery of cardiac MSC-derived exosomes
in acute ischemic myocardium provides therapeutic advantages in promoting angiogenesis
and improving cardiac function. Our results show that one dose of C-MSC-Exo can activate
cell proliferation in the border zone of infarcted heart, enhance angiogenesis, and preserve
left ventricular function.

C-MSC isolation and culture

Mouse C-MSCs were isolated from the hearts of 2 to 3 months old C57BL/6 mice (The
Jackson Laboratory, Bar Harbor, Maine) by a 2-step procedure as previously described with
modification (11, 18, 33). Briefly, in step 1, ventricular heart tissues were minced to a size of
1 mm3 followed by digestion with 0.1% collagenase 1V and 1 U/mL Dispase in DMEM/
F-12. The digested heart tissue was seeded into 6 well plated coated with fibronectin/gelatin
(0.5 mg fibronectin in 100 mL 0.1% gelatin). Cardiac explant cultures were maintained until
small, round, phase-blank cells migrated from adherent explants and proliferated on the
fibroblast layer. We then depleted hematopoietic cells using the mouse hematopoietic
lineage depletion cocktail kit (Stemcell Technologies) by magnetic activated cell sorting
(MACS) followed by enriching Sca-1 + cells with Sca-1 magnetic beads (Miltenyi Biotec
Inc., Auburn, CA) as instructed by the manufacturer’s protocol. The sorted Sca-1 cells were
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cultured in complete medium (DMEM/F12 containing 10% fetal bovine serum (FBS),
200mmol/L L-Glutamine, 55nmol/L B-mercaptoethanol and 1% MEM non-essential amino
acid).

Flow cytometry

Flow cytometry analyses of cultured C-MSCs were performed with a BD LSRII flow
cytometer and BD FACSDiva™ software. Briefly, C-MSCs were blocked with 5% rat serum
and stained with a panel of conjugated antibodies, including anti-CD105 (BioLegend, San
Diego, CA), anti-CD44 (eBioscience, San Diego, CA) and anti-CD140 (eBioscience, San
Diego, CA).

Purification of C-MSC derived Exosomes/microvesicles (C-MSC-Exo)

Exosomes/microvesicles secreted by C-MSCs were purified from conditioned media as
previously described with modification(29, 34). Briefly, culture medium containing 10%
exosome-depleted FBS was added to C-MSC. After 48 hours, media was collected, and
centrifuged at 1000 rpm for 10 minutes followed by filtration through a 0.22 pm filters to
remove cell debris. After precipitation of C-MSC-Exo overnight at 4 °C with 5x
polyethylene glycol 4000 (PEG 4000, 8.5% final concentration) and 10x NaCl (0.4 mol /L
final concentration) followed by centrifugation at 3,000 rpm for 30 min, we resuspended the
pellets with PBS and stored at —80°C until use. We measured the exosome particle size with
using nanoparticle tracking analysis (NTA) with ZetaView PMX 110 (Particle Metrix,
Meerbusch, Germany) at 23°C and corresponding software ZetaView 8.02.28 as we
described previously(35). The ZetaView system was calibrated using 100 nm polystyrene
particles.

Immuno-electron microscopy imaging

Standard immunoelectron staining with anti-CD63 antibody was performed as previously
described (18). The fixed exosomal preparations were placed on a carbon Formvar-coated
200-mesh nickel grid and incubated for 30 minutes. The grid was then quenched with 1 M
ammonium chloride for 30 minutes and blocked with 0.4% BSA in PBS for 2 hours. The
grid was washed with PBS and then incubated with primary rabbit anti-CD63 (1:100 Santa
Cruz Biotechnology, Inc., Santa Cruz, CA) for 1 hour. The grid was then washed with
ddH,0 and PBS, and drops of 1.4 nm anti-rabbit nanogold (1:1000, Nanoprobes, Inc.) were
applied in blocking buffer for 1 hour. After enhancement with HQ Silver (gold enhancement
reagent, Nanoprobes, Inc.), the samples were wicked dry and allowed to air dry prior to
observation in a transmission electron microscope (JEOL JEM 1230, Peabody, MA). TEM
sample preparation and imaging were performed at the Electron Microscopy and Histology
Core Laboratory at Augusta University (www.augusta.edu/mcg/cha/emhisto/).

Western blotting assay

Exosomes were lysed in RIPA buffer with Triton X-100 (Alfa Aesar, Ward Hill, MA) before
brief sonication (30 seconds, 4 times at 4 °C) using a Bioruptor® sonication device
(Diagenode Inc. Denville, NJ). The proteins from C-MSC-Exo were resolved on 10%
sodium dodecyl sulfate di-trigel and transferred to nitrocellulose Plain film LI-COR
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Biosicences). For the Odyssey technique, membranes were blocked with Odyssey blocking
buffer (LICOR Biosciences, Lincoln, NE), exposed to rabbit anti-Tsg101 (1:1000, Thermo
Scientific), rabbit anti-CD81 (1:1000, Thermo Scientific), and rabbit anti-CD63 (1:250,
Santa Cruz Biotechnology, Inc.) overnight at 4°C. Then membranes were incubated with
IRDye 680 goat anti-rabbit IgG (LI-COR Biosciences) at 1:10,000 for 1 hour at room
temperature. Probed blots were scanned using Odyssey infrared imager.

Tube formation assay

Tube formation assay was used to assess the effect of C-MSC-Exo on angiogenesis as
described previously with modification(36, 37). Briefly, growth factor-reduced (GFR)
Matrigel (BD Bioscience) was coated on 15-well p-angiogenesis slides at 10 pl/well (ibidi,
Germany). The coated slides were incubated for 1hr at 37 °C, and seeded with human
umbilical vein endothelial cells (HUVEC) (10,000 cells/well, Lonza Walkersville Inc.
Walkersville, MD) in 50ul EGM 2-MV medium containing 10ul PBS or C-MSC-Exo (1ug/
well), and incubated for 20hrs at 37 °C to allow tube formation. The wells were then imaged
for capillary-like structures using an EVOS microscope (Life Technologies). Quantification
of the tubes was performed by taking 4x images of each chamber followed by image
analysis using Image J.

Murine myocardial infarction model and intramyocardial PBS/C-MSC-Exo delivery

Histology

To evaluate the effect of C-MSC-Exo on cardiac repair after induction of myocardial
infarction, mice were subjected to acute Ml as previously described(38, 39). Briefly,
C57BL/6 mice were anesthetized with an intraperitoneal injection of 100 mg/kg ketamine
and 10 mg/kg xylazine. The mice were orally intubated with a 24 gauge tube and ventilated
with room air using a Harvard Rodent Ventilator (Model 55-7058, Holliston, MA). The
thorax was opened by a lateral thoracotomy and the heart was exposed by a pericardial
incision. An 8-0 nylon suture (Ethicon, Somerville, NJ) was placed under the left anterior
inferior artery (LAD) for permanent ligation. Immediately after coronary occlusion, mice
were injected intramuscularly with 30 ul PBS or C-MSC-Exo (50 pug, 30 pl) in the infarct
border zone. The chest was closed by layers, and the mice were allowed to recover. Animals
were sacrificed one month after LAD ligation for tissue harvesting and histological assay.
Animals were treated according to approved protocols and animal welfare regulations of the
Institutional Animal Care and Use Committee of the Medical College of Georgia.

For cell staining, C-MSC were plated on 8-well chamber slides (Millipore, Billerica, MA)
and fixed with 4% paraformaldehyde. After blocking with 5% goat serum, cells were
incubated with rabbit anti-GATA4 antibody (1:100; Aviva System Biology, San Diego, CA)
at 4 °C overnight. Primary antibodies were resolved via secondary staining with goat anti-
rabbit Alexa Fluor 555-conjugated (1:400, Life Technologies, Carlsbhad, CA). Slides were
mounted using VECTASHIELD HardSet Mounting Medium with DAPI (\Vector
Laboratories, Burlingame, CA).

To quantify proliferation of endothelial cells and cardiomyocytes in ischemic myocardium,
we performed double immunostaining of Ki-67/CD31 and Ki-67/cTnl in mouse hearts.
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Briefly, mouse hearts were fixed with 10% formalin followed by 30% sucrose, frozen in
OCT and processed for sectioning. We performed heat-induced epitope retrieval in 10 mM
citrate buffer (pH 6.0) followed by 5% goat serum blocking and streptavidin/biotin blocking
(\ector laboratories, Inc. Burlingame, CA). Heart sections were stained overnight at 4°C
with biotinylated anti-mouse/rat Ki67 (1:100, eBioscience), rabbit anti-CD31 (1:100, Cell
Signaling Technology) and rabbit anti-cTnl (1:50, Santa Cruz Biotechnology). Slides were
incubated with anti-rabbit secondary antibody conjugated to Alexa 488 and streptavidin
Alexa Fluor 555 conjugate (1:400, Life Technologies, Carlsbad, CA). Slides were mounted
using VECTASHIELD HardSet mount media with DAPI. Staining was analyzed by a Zeiss
780 laser scanning microscope (Carl Zeiss, Thornwood, NY). Calculate the number of
capillaries and vessels manually, and express them as capillary density per 10,000 um?.
Proliferative cardiomyocytes were classified as cTnl positive cells with Ki67 positive nuclei
in each field.

Masson trichrome staining was performed using a commercial kit according to previous
protocol(40). The thickness of infarct wall was assayed by Image J.

Echocardiography

Echocardiographic studies were performed using a Vevo 2100 imaging system (VisualSonics
Inc.) as previously described(29). Briefly, echocardiography was obtained at baseline, 1 day
and 1 month after MI. The mice were anesthetized with 2% isoflurane inhalation and the
heart rate was maintained at 400 to 500 beats per minute. The M-mode image at the level of
the mid-papillary muscle image was used to measure the left ventricular end-systolic volume
(LVESV) and end-diastolic volume (LVEDV). Left ventricular ejection fraction (EF) was
calculated as [LVEDV-LVESV] /LVEDV, and left ventricular fractional shortening (FS) was
calculated as [LVIDd-LVIDs]/LVIDd. Digital images were analyzed offline by blind
observers using the Vevo 2100 Workstation 1.7.1.

Statistical Analysis

Results:

Results are presented as the mean + standard error of the mean (SEM). Comparisons
between two groups were made by two-tailed Student’s t test. Differences were considered
statistically significant at p < 0.05.

Characterization of C-MSC

As previously mentioned, we isolated C-MSC from the adult mouse heart using a two-step
method (41). Immunofluorescent staining showed that C-MSC express the early cardiac
transcription factor GATA4 (Fig. 1A). Flow cytometry showed that C-MSCs express high
levels of MSC-specific cell surface markers CD105, CD44 and CD140 (Fig. 1B). Taken
together, these data indicate that C-MSCs represent a subpopulation of cardiac-derived
mesenchymal stem cells.
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Characterization of C-MSC derived Exosomes

Morphological analysis of C-MSC-Exo using electron micrography demonstrated the typical
appearance of microvesicles (Fig. 2A). Western blot analysis confirmed the presence of
exosome markers, including TSG101, CD81, and CD63 (Fig. 2B). ZetaView®, a
nanoparticle tracking analyzer that uses Brownian motion, was employed to measure the size
of the microvesicles. The particles exhibited an average diameter of 120 nm, consistent with
the characteristic size range of exosomes (Fig. 2C).

Effect of C-MSC-Exo on tube formation in vitro

To investigate the effect of C-MSC-Exo on HUVEC-mediated angiogenesis, in vitro
Matrigel tube formation assay was performed. As illustrated in Fig. 3A-B, treatment with C-
MSC-Exo, in comparison with PBS, had significant effect on capillary tube formation,
suggesting a pro-angiogenetic effect of C-MSC-Exo in vitro.

Effect of C-MSC-Exo on left ventricular function by echocardiography

To assess whether delivery of C-MSC-Exo at the time of induction of ischemia has
functional benefit, we performed echocardiographic measurement at baseline, 1 day and 1
month after MI. There was no significant difference in left ventricular EF and FS at baseline
or 1 day after MI in mice treated with PBS and C-MSC-Exo (Fig. 4 A-C.). At one month,
the PBS treated mice showed progressive deterioration of LV function, with the mean EF
decreasing about 8% (from 43% at 24 hours to 35% at 4 weeks). However, mean EF
decreased only about 4% (from 52% at 24 hours to 48% at 4 weeks) in C-MSC-EXxo treated
mice, indicating C-MSC-EXxo treatment has functional benefit (Fig. 4B).

Effect of C-MSC-Exo on angiogenesis in the ischemic myocardium

One month post-MI, Mason Trichrome staining shows that the scar of the C-MSC-Exo
treated hearts is much thicker and contains more live cardiomyocytes in comparison with
PBS treated hearts, suggesting beneficial effect of C-MSC-Exo in preserving ischemic
cardiomyocytes after M1 (Fig. 5A-B). Next, we want to determine the mechanisms of the
increased scar thickness, previous studies have shown that stem cell therapy can improve the
healing of infarcted myocardium by promoting angiogenesis or activating cardiomyocyte
proliferation via paracrine effects(42). To determine whether C-MSC-Exo have similar
effects, we first measured the capillary density in hearts of mice treated with PBS or C-
MSC-Exo (Fig. 6A). Immunofluorescent staining for CD31 showed a significantly higher
density of capillaries in the infarcted hearts treated with C-MSC-Exo than PBS (Fig. 6B).
Furthermore, we observed more proliferative cells in C-MSC-Exo treated hearts than PBS
treated control hearts by immunostaining for Ki67 (Fig. 6C), indicating that C-MSC-Exo
promote angiogenesis and cell proliferation in infarcted hearts. Next, to study whether C-
MSC-Exo activate the proliferation of resident cardiomyocytes, we performed dual
immunofluorescent staining for Ki67 and cTnl. We detected significant higher number of
Ki67+ proliferative cTnl+ cardiomyocytes in infarcted hearts treated with C-MSC-Exo than
in PBS treated hearts, suggesting that C-MSC-Exo treatment can activate proliferation of
resident cardiomyocytes (Fig. 7A-B).
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Discussion:

In this study, we found that injection of C-MSC-Exo into ischemic myocardium promotes
angiogenesis, stimulates the proliferation of cardiomyocytes, and preserves heart function
post-MI. Our findings support the growing body of evidence suggesting that MSC
transplantation promotes heart repair through diverse paracrine effects(43).

We have reported that cardiac-derived mesenchymal stem cells are unique, and distinct from
bone marrow derived mesenchymal stem cells in GATA4 expression (11, 12, 18), GATA4 is
an early cardiac-specific transcription factor, which plays a critical role in the late embryonic
heart development (44). We have previously demonstrated that administration of C-MSC-
Exo inhibits apoptosis in cardiomyocytes in a mouse model of acute myocardial ischemia/
reperfusion(12). Yu B et al (45) reported that therapeutic potential of bone marrow MSC-
Exo transplantation could be further improved by genetically modifying MSC with GATAA4,
which enhanced cardiomyocyte survival. These findings suggest a role for GATA4
expression in paracrine-mediated mechanisms whereby MSC and their Exo regulate
apoptosis.

We and other groups have reported that transplanted MSC secreted angiogenic factors, such
as basic fibroblast grow factor (bFGF), vascular endothelial growth factor (VEGF) and stem
cell homing factor to promote angiogenesis in ischemic myocardium(13, 14, 46). In this
study, we used a permanent myocardial ischemia model and observed that a single injection
of C-MSC-Exo significantly stimulated angiogenesis in the infarct hearts. The mechanism
underlying this observation is unclear. Endothelial cells can locally proliferate during
angiogenesis; alternatively, stem cells or bone marrow-derived circulating endothelial cells
can participate in angiogenesis. C-MSC-Exo might stimulate ischemic myocardium to
release chemokines, such as SDF or VEGF, to recruit these cells to the infarcted region.
Further experiments are necessary to elucidate the source of CD31+ cells in the infarcted
hearts.

The mechanism of C-MSC-Exo-mediated cardiomyocyte proliferation is likewise unclear.
Shao et al reported that bone marrow derived MSC-Exo stimulate the proliferation of H9C2
cells, prevent H,O5-induced apoptosis, and inhibit the transformation of TGF-beta-induced
fibroblasts into myofibroblasts(47). It is possible that C-MSC-Exo transport microRNAs into
ischemic myocardium which are capable of activating the cell cycle program in recipient
cells (48). Li P et al(49) reported that plasma exosomes had the protective effects against
cardiomyocyte apoptosis by the activation of ERK1/2 signaling pathway. Our recent study
shows that Exosomes from Suxiao Jiuxin Pill (SJP)-preconditioned C-MSC can increase
HL-1 cell proliferation via downregulation of H3K27 demethylase UTX expression(11).
Therefore, C-MSC-Exo might promote proliferation of cardiomyocytes via multiple
signaling pathways. In the future, we need to optimize stem cell therapy by promoting
cardioprotective exosome release via drug stimulation or electrical stimulation(18, 50).

In conclusion, our results suggest that a single administration of C-MSC-Exo can enhance
cardiac angiogenesis, increase cardiomyocyte proliferation in ischemic myocardium, and
thus preserve cardiac function in a mouse model of myocardial infarction. This finding
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pports the development of cardiac mesenchymal stem cell derived-exosomes as a cell-free

therapy for ischemic cardiac disease.

Acknowledg

ments

Funding

I. Kim, N.L. Weintraub, and Y. Tang were partially supported by the American Heart Association: GRNT31430008,

NI

Reference

10

11.

12.

13.

14.

H-AR070029, NIH-HL086555, NIH-HL 134354, and NIH-HL12425.

. Roth GA, Huffman MD, Moran AE, Feigin V, Mensah GA, Naghavi M, et al. Global and regional

patterns in cardiovascular mortality from 1990 to 2013. Circulation 2015;132(17):1667-78.
[PubMed: 26503749]

. Porrello ER, Mahmoud Al, Simpson E, Johnson BA, Grinsfelder D, Canseco D, et al. Regulation of

neonatal and adult mammalian heart regeneration by the miR-15 family. Proceedings of the
National Academy of Sciences of the United States of America 2013;110(1):187-92. [PubMed:
23248315]

. Konstam MA, Kramer DG, Patel AR, Maron MS, Udelson JE. Left ventricular remodeling in heart

failure: current concepts in clinical significance and assessment. JACC Cardiovascular imaging
2011;4(1):98-108. [PubMed: 21232712]

.Wang Z, Su X, Ashraf M, Kim IM, Weintraub NL, Jiang M, et al. Regenerative Therapy for

Cardiomyopathies. Journal of cardiovascular translational research 2018.

. Djohan AH, Sia CH, Lee PS, Poh KK. Endothelial Progenitor Cells in Heart Failure: an Authentic

Expectation for Potential Future Use and a Lack of Universal Definition. Journal of cardiovascular
translational research 2018.

. Hagan M, Ashraf M, Kim IM, Weintraub NL, Tang Y. Effective regeneration of dystrophic muscle

using autologous iPSC-derived progenitors with CRISPR-Cas9 mediated precise correction.
Medical hypotheses 2018;110:97-100. [PubMed: 29317080]

. Bolli R, Chugh AR, D’Amario D, Loughran JH, Stoddard MF, Ikram S, et al. Cardiac stem cells in

patients with ischaemic cardiomyopathy (SCIPIO): initial results of a randomised phase 1 trial.
Lancet 2011;378(9806):1847-57. [PubMed: 22088800]

. Makkar RR, Smith RR, Cheng K, Malliaras K, Thomson LE, Berman D, et al. Intracoronary

cardiosphere-derived cells for heart regeneration after myocardial infarction (CADUCEUS): a
prospective, randomised phase 1 trial. Lancet 2012;379(9819):895-904. [PubMed: 22336189]

. Mirotsou M, Jayawardena TM, Schmeckpeper J, Gnecchi M, Dzau VJ. Paracrine mechanisms of

stem cell reparative and regenerative actions in the heart. Journal of molecular and cellular
cardiology 2011;50(2):280-9. [PubMed: 20727900]

. Burchfield JS, Dimmeler S. Role of paracrine factors in stem and progenitor cell mediated cardiac
repair and tissue fibrosis. Fibrogenesis & tissue repair 2008;1(1):4. [PubMed: 19014650]

Ruan XF, Li YJ, Ju CW, Shen Y, Lei W, Chen C, et al. Exosomes from Suxiao Jiuxin pill-treated
cardiac mesenchymal stem cells decrease H3K27 demethylase UTX expression in mouse
cardiomyocytes in vitro. Acta pharmacologica Sinica 2018;39(4):579-86. [PubMed: 29542684]

Chen L, Wang Y, Pan Y, Zhang L, Shen C, Qin G, et al. Cardiac progenitor-derived exosomes
protect ischemic myocardium from acute ischemia/reperfusion injury. Biochemical and
biophysical research communications 2013;431(3):566-71. [PubMed: 23318173]

Tang YL, Zhao Q, Zhang YC, Cheng L, Liu M, Shi J, et al. Autologous mesenchymal stem cell
transplantation induce VEGF and neovascularization in ischemic myocardium. Regulatory
peptides 2004;117(1):3-10. [PubMed: 14687695]

Tang YL, Zhao Q, Qin X, Shen L, Cheng L, Ge J, et al. Paracrine action enhances the effects of
autologous mesenchymal stem cell transplantation on vascular regeneration in rat model of
myocardial infarction. The Annals of thoracic surgery 2005;80(1):229-36; discussion 36-7.
[PubMed: 15975372]

J Cardiovasc Transl Res. Author manuscript; available in PMC 2019 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Juetal.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

Page 9

Sahoo S, Klychko E, Thorne T, Misener S, Schultz KM, Millay M, et al. Exosomes from human
CD34(+) stem cells mediate their proangiogenic paracrine activity. Circulation research
2011;109(7):724-8. [PubMed: 21835908]

Mathiyalagan P, Liang Y, Kim D, Misener S, Thorne T, Kamide CE, et al. Angiogenic Mechanisms
of Human CD34(+) Stem Cell Exosomes in the Repair of Ischemic Hindlimb. Circulation research
2017;120(9):1466-76. [PubMed: 28298297]

Khan M, Kishore R. Stem Cell Exosomes: Cell-FreeTherapy for Organ Repair. Methods in
molecular biology (Clifton, NJ) 2017;1553:315-21.

Ruan XF, Ju CW, Shen Y, Liu YT, Kim IM, Yu H, et al. Suxiao Jiuxin pill promotes exosome
secretion from mouse cardiac mesenchymal stem cells in vitro. Acta pharmacologica Sinica
2018;39(4):569-78. [PubMed: 29542682]

Ni J, Sun'Y, Liu Z. The Potential of Stem Cells and Stem Cell-Derived Exosomes in Treating
Cardiovascular Diseases. Journal of cardiovascular translational research 2018.

Sagini K, Costanzi E, Emiliani C, Buratta S, Urbanelli L. Extracellular Vesicles as Conveyors of
Membrane-Derived Bioactive Lipids in Immune System. International journal of molecular
sciences 2018;19(4).

LuM, Yuan S, Li S, Li L, Liu M, Wan S. The Exosome-Derived Biomarker in Atherosclerosis and
Its Clinical Application. Journal of cardiovascular translational research 2018.

McBride JD, Rodriguez-Menocal L, Guzman W, Candanedo A, Garcia-Contreras M, Badiavas EV.
Bone Marrow Mesenchymal Stem Cell-Derived CD63(+) Exosomes Transport Wnt3a Exteriorly
and Enhance Dermal Fibroblast Proliferation, Migration, and Angiogenesis In Vitro. Stem cells
and development 2017;26(19):1384-98. [PubMed: 28679315]

Ha D, Yang N, Nadithe V. Exosomes as therapeutic drug carriers and delivery vehicles across
biological membranes: current perspectives and future challenges. Acta Pharmaceutica Sinica B
2016;6(4):287-96. [PubMed: 27471669]

Liu X, Yuan W, Yang L, Li J, Cai J. miRNA Profiling of Exosomes from Spontaneous
Hypertensive Rats Using Next-Generation Sequencing. Journal of cardiovascular translational
research 2018.

Sun Z, Yang S, Zhou Q, Wang G, Song J, Li Z, et al. Emerging role of exosome-derived long non-
coding RNAs in tumor microenvironment. Molecular cancer 2018;17(1):82. [PubMed: 29678180]
Hagan M, Zhou M, Ashraf M, Kim IM, Su H, Weintraub NL, et al. Long noncoding RNAs and
their roles in skeletal muscle fate determination. Non-coding RNA investigation 2017;1.
Mayourian J, Ceholski DK, Gorski PA, Mathiyalagan P, Murphy JF, Salazar Sl, et al. Exosomal
microRNA-21-5p Mediates Mesenchymal Stem Cell Paracrine Effects on Human Cardiac Tissue
Contractility. Circulation research. 2018;122(7):933-44. [PubMed: 29449318]

Mathiyalagan P, Sahoo S. Exosomes-Based Gene Therapy for MicroRNA Delivery. Methods in
molecular biology (Clifton, NJ) 2017;1521:139-52.

Wang Y, Zhang L, Li Y, Chen L, Wang X, Guo W, et al. Exosomes/microvesicles from induced
pluripotent stem cells deliver cardioprotective miRNAs and prevent cardiomyocyte apoptosis in
the ischemic myocardium. International journal of cardiology 2015;192:61-9. [PubMed:
26000464]

Bian S, Zhang L, Duan L, Wang X, Min Y, Yu H. Extracellular vesicles derived from human bone
marrow mesenchymal stem cells promote angiogenesis in a rat myocardial infarction model.
Journal of molecular medicine (Berlin, Germany) 2014;92(4):387-97.

Luther KM, Haar L, McGuinness M, Wang Y, Lynch T, Phan A, et al. Exosomal miR-21a-5p
mediates cardioprotection by mesenchymal stem cells. Journal of molecular and cellular
cardiology 2018.

Vrijsen KR, Maring JA, Chamuleau SA, Verhage V, Mol EA, Deddens JC, et al. Exosomes from
Cardiomyocyte Progenitor Cells and Mesenchymal Stem Cells Stimulate Angiogenesis Via
EMMPRIN. Advanced healthcare materials 2016;5(19):2555-65. [PubMed: 27570124]

Chen L, Pan Y, Zhang L, Wang Y, Weintraub N, Tang Y. Two-step protocol for isolation and
culture of cardiospheres. Methods in molecular biology (Clifton, NJ) 2013;1036:75-80.

Chen Z, Li Y, YuH, Shen Y, Ju C, Ma G, et al. Isolation of Extracellular Vesicles from Stem Cells.
Methods in molecular biology (Clifton, NJ) 2017;1660:389-94.

J Cardiovasc Transl Res. Author manuscript; available in PMC 2019 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Juetal.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Page 10

Helwa I, Cai J, Drewry MD, Zimmerman A, Dinkins MB, Khaled ML, et al. A Comparative Study
of Serum Exosome Isolation Using Differential Ultracentrifugation and Three Commercial
Reagents. PloS one 2017;12(1):e0170628. [PubMed: 28114422]

Gao L, Gregorich ZR, Zhu W, Mattapally S, Oduk Y, Lou X, et al. Large Cardiac Muscle Patches
Engineered From Human Induced-Pluripotent Stem Cell-Derived Cardiac Cells Improve Recovery
From Myocardial Infarction in Swine. Circulation 2018;137(16):1712-30. [PubMed: 29233823]

Zhang L, Zhou M, Qin G, Weintraub NL, Tang Y. MiR-92a regulates viability and angiogenesis of
endothelial cells under oxidative stress. Biochemical and biophysical research communications
2014;446(4):952-8. [PubMed: 24650666]

Chen L, Phillips MI, Miao HL, Zeng R, Qin G, Kim 1M, et al. Infrared fluorescent protein 1.4
genetic labeling tracks engrafted cardiac progenitor cells in mouse ischemic hearts. PloS one
2014;9(10):€107841. [PubMed: 25357000]

Wang Y, Zhou M, Wang X, Qin G, Weintraub NL, Tang Y. Assessing in vitro stem-cell function
and tracking engraftment of stem cells in ischaemic hearts by using novel iRFP gene labelling.
Journal of cellular and molecular medicine 2014;18(9):1889-94. [PubMed: 24912616]

Tang YL, Tang Y, Zhang YC, Qian K, Shen L, Phillips MI. Improved graft mesenchymal stem cell
survival in ischemic heart with a hypoxia-regulated heme oxygenase-1 vector. Journal of the
American College of Cardiology 2005;46(7):1339-50. [PubMed: 16198853]

Ruan XF, Ju CW, Shen Y, Liu YT, Kim IM, Yu H, et al. Suxiao Jiuxin pill promotes exosome
secretion from mouse cardiac mesenchymal stem cells in vitro. Acta pharmacologica Sinica 2018.

Kim SW, Houge M, Brown M, Davis ME, Yoon YS. Cultured human bone marrow-derived
CD31(+) cells are effective for cardiac and vascular repair through enhanced angiogenic, adhesion,
and anti-inflammatory effects. Journal of the American College of Cardiology 2014;64(16):1681—
94. [PubMed: 25323256]

Timmers L, Lim SK, Hoefer IE, Arslan F, Lai RC, van Oorschot AA, et al. Human mesenchymal
stem cell-conditioned medium improves cardiac function following myocardial infarction. Stem
cell research 2011;6(3):206-14. [PubMed: 21419744]

Amin S, Banijamali SE, Tafazoli-Shadpour M, Shokrgozar MA, Dehghan MM, Haghighipour N, et
al. Comparing the effect of equiaxial cyclic mechanical stimulation on GATA4 expression in
adipose-derived and bone marrow-derived mesenchymal stem cells. Cell biology international
2014;38(2):219-27. [PubMed: 24123331]

Yu B, Kim HW, Gong M, Wang J, Millard RW, Wang Y, et al. Exosomes secreted from GATA-4
overexpressing mesenchymal stem cells serve as a reservoir of anti-apoptotic microRNAs for
cardioprotection. International journal of cardiology 2015;182:349-60. [PubMed: 25590961]
Figeac F, Lesault PF, Le Coz O, Damy T, Souktani R, Trebeau C, et al. Nanotubular crosstalk with
distressed cardiomyocytes stimulates the paracrine repair function of mesenchymal stem cells.
Stem cells (Dayton, Ohio) 2014;32(1):216-30.

Shao L, Zhang Y, Lan B, Wang J, Zhang Z, Zhang L, et al. MiRNA-Sequence Indicates That
Mesenchymal Stem Cells and Exosomes Have Similar Mechanism to Enhance Cardiac Repair.
BioMed research international 2017;2017:4150705. [PubMed: 28203568]

Khan M, Nickoloff E, Abramova T, Johnson J, Verma SK, Krishnamurthy P, et al. Embryonic stem
cell-derived exosomes promote endogenous repair mechanisms and enhance cardiac function
following myocardial infarction. Circulation research 2015;117(1):52-64. [PubMed: 25904597]
Li P, Liu Z, Xie Y, Gu H, Dai Q, Yao J, et al. Serum Exosomes Attenuate H202-Induced Apoptosis
in Rat H9C2 Cardiomyocytes via ERK1/2. Journal of cardiovascular translational research 2018.
Campbell CR, Berman AE, Weintraub NL, Tang YL. Electrical stimulation to optimize
cardioprotective exosomes from cardiac stem cells. Medical hypotheses 2016;88:6-9. [PubMed:
26880625]

J Cardiovasc Transl Res. Author manuscript; available in PMC 2019 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Juetal. Page 11
o
<
(=]
<
<
-
<
U]
B CD105 CD44 CD140
800 600 7 -
o 400
86% oA 65%
apc APC — PE
= 400 —_— = 0] N [
g = g
3 2 3
° © 200 T
200 7] 200
100
. G
’ i T 2 " ' ° v & v T J 1 ' T " s
0 50K 100K 150K 200K 250K 10° 10 107 10 10 10 @ o P 10 10 10 10 10
FSC-A CD105-4PC oA CD140-PE

Figure 1:
Phenotypic characterization of C-MSC cells. A, Immunofluorescent staining of C-MSC cells

for expression of the cardiac transcription factors GATA4 (red); cell nuclei were
counterstained with DAPI (blue). B. Flow cytometric analyses of C-MSC cells for
expression of the mesenchymal cell surface markers CD105, CD44 and CD140.
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Figure 2:

Diameter / nm

Characterization of C-MSC derived exosomes. (A) Transmission Electron micrograph image
of C-MSC-derived exosomes after immunoelectron labeling with anti-CD63 antibody. Scale
bar = 200 nm. (B) Western blot results demonstrate the expression of Tsg101, CD81 and
CD63 in exosomes derived from C-MSC. (C) Particle size distribution in purified pellets
consistent with size range of exosomes (average size 120 nm), measured by ZetaView®

Particle Tracking Analyzer.
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Figure 3:
Effects of C-MSC-Exo on capillary tube formation by HUVEC. (A) Culturing HUVEC were

seeded on Matrigel-coated wells in medium containing PBS or C-MSC-Exo; (B) The total
tube length per field of view was quantified after 20hrs. Values are expressed as mean +
SEM, * P<0.05, n = 6.
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Figure 4:
Echocardiographic measurements of cardiac function at baseline, 1 day and 1 month after

PBS or C-MSC-Exo treatment. (A) M-mode images of mice treated with PBS or C-MSC-
Exo at 1 month post MI; (B-C) Average LVEF and FS at baseline, 1d and 1 month after PBS
and C-MSC-Exo treatment in infarcted hearts (*, P<0.05, n = 7 for PBS group, n=8 for Exo

group).

J Cardiovasc Transl Res. Author manuscript; available in PMC 2019 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Juetal. Page 15

(%5} B

o

o
= 400 *
€
=
0 300
"
2
c
X 200
o
=
" 100
-
©
o o
»

o

x

(NN}

i

Figure5:
C-MSC-Exo treatment preserves wall thickness in myocardium post-MI. (A) Representative

Masson’s trichrome images of LV sections show thicker scar with increased numbers of
viable myocardium (red cells) in the infarcted hearts treated with C-MSC-Exo in
comparison with PBS. (B) Scar thickness measurement in both PBS and C-MSC-Exo treated
MI mice revealed significantly thicker scar in 1-month post-MI CMSC-Exo treated mice’s
hearts (*, P<0.05, n = 4 for PBS and C-MSC-Exo treated mice).
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Figure6:
Stimulation of cardiac angiogenesis in C-MSC-Exo treated hearts. (A) Immunofluorescent

staining of CD31 and Ki67 was performed to detect vessel density and cell proliferation in
infarcted hearts 1 month post-MI; (B) The comparison of CD31+ cells per area (10,000um?)
between PBS and C-MSC-EXxo treated infarcted hearts (*, P<0.05, n=6); (D) the comparison
of percentage of Ki67-positive cells between PBS and C-MSC-Exo treated infarcted hearts
(*, P<0.05, n=6).
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Figure 7:
C-MSC-Exo treatment activates proliferation of cardiomyocytes in infarcted hearts. (A)

Immunofluorescent staining of Ki67 and cTnl was performed to detect proliferation of
cardiomyocytes one month after treatment; (B) The comparison of Ki67+ cTnl+ cells per
field between PBS and C-MSC-Exo treated infarcted hearts (*, P<0.05, n=6).
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