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Aims Naturally secreted nanovesicles, known as exosomes, play important roles in stem cell-mediated cardioprotection.
We have previously demonstrated that atorvastatin (ATV) pretreatment improved the cardioprotective effects of
mesenchymal stem cells (MSCs) in a rat model of acute myocardial infarction (AMI). The aim of this study was to
investigate if exosomes derived from ATV-pretreated MSCs exhibit more potent cardioprotective function in a rat
model of AMI and if so to explore the underlying mechanisms.

Methods Exosomes were isolated from control MSCs (MSC-Exo) and ATV-pretreated MSCs (MSC*™"-Exo) and were then
and results delivered to endothelial cells and cardiomyocytes in vitro under hypoxia and serum deprivation (H/SD) condition or
in vivo in an acutely infarcted Sprague-Dawley rat heart. Regulatory genes and pathways activated by ATV pretreat-
ment were explored using genomics approaches and functional studies. In vitro, MSC*™V-Exo accelerated migration,
tube-like structure formation, and increased survival of endothelial cells but not cardiomyocytes, whereas the exo-
somes derived from MSC"T"-Exo-treated endothelial cells prevented cardiomyocytes from H/SD-induced apopto-
sis. In a rat AMI model, MSCA™V_Exo resulted in improved recovery in cardiac function, further reduction in infarct
size and reduced cardiomyocyte apoptosis compared to MSC-Exo. In addition, MSC*TV-Exo promoted angiogenesis
and inhibited the elevation of IL-6 and TNF-a in the peri-infarct region. Mechanistically, we identified IncRNA H19
as a mediator of the role of MSCA™
VEGF and intercellular adhesion molecule-1. Consistently, the cardioprotective effects of MSC*™"-Exo was abro-
gated when IncRNA H19 was depleted in the ATV-pretreated MSCs and was mimicked by overexpression of
IncRNA H19.

Conclusion Exosomes obtained from ATV-pretreated MSCs have significantly enhanced therapeutic efficacy for treatment of

AMI possibly through promoting endothelial cell function. LncRNA H19 mediates, at least partially, the cardiopro-
CATV

-Exo in regulating expression of miR-675 and activation of proangiogenic factor

tective roles of MS -Exo in promoting angiogenesis.
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1. Introduction

Ischaemic heart disease, including acute myocardial infarction (AMI), is
the leading cause of mortality around the world, accounting for 17.3% of
all deaths in 2016."* Stem cells transplantation may be a viable approach
to replenish lost cardiomyocytes, promote angiogenesis at the peri-
infact region, and reduce adverse remodelling and fibrosis after AMI>™
Among various kinds of stem cells, bone marrow-derived mesenchymal
stem cells (MSCs) have accumulated preclinical and clinical evidence to
demonstrate their beneficial effects for AMI therapy.®” Mechanistic stud-
ies indicated that these beneficial effects are mainly attributed to para-
crine effects from secreted factors as opposed to direct muscle
regeneration from MSC or MSC-derived cells®® A large number of
growth factors, cytokines, coding, and non-coding RNAs have been im-
plicated in mediating these paracrine effects.'®"> Exosomes secreted by
MSCs carry a complex cargo load of bioactive molecules with the poten-
tial to be a novel resource for cardiac regeneration.”'* As compared to
MSCs, exosomes retain the functionality of their hosts, while conferring
several advantages, such as long-term stability, ease of being internalized
into recipient cells, minimal immune rejection, and convenient adminis-
tration."® Thus, developing new strategies to optimize such cell-free par-
ticles holds great promise for future clinical application.

Exosomes are extracellular, membrane-bound vesicles with a diameter
of 30-150 nm, originating intracellularly from a wide array of cell types and
transferring their cargo of bioactive molecules between cells.'® The con-
tents in exosomes would alter when the parent cells are subjected to envi-
ronmental stimul;,'®""®
effects. Previous studies from our group and others have demonstrated
that the combined therapeutic benefits with MSCs and atorvastatin (ATV),
one of the widely used lipid-lowering drugs for patients with coronary
heart disease, significantly improved cardiac function after AM1.'*" In addi-

which will subsequently influences their biological

tion, ATV pretreatment enhanced the therapeutic potential of MSCs for
AMI.22 Moreover, it has been reported that statins stimulated microglial
cell to secret exosomes containing increased insulin-degrading enzyme.”®
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Given the potential benefits of using biomimetic exosomes over stem cells
themselves for therapeutic purpose,”*** it becomes more critical to deter-
mine whether ATV pretreatment could affect the exosomal secretion of
MSCs and functions of MSC-derived exosomes.

In this study, we investigated the cardioprotective effects of exosomes
derived from ATV-pretreated MSCs (MSC*™-Exo) in vitro and in vivo.
MSCATV-Exo significantly improved cardiac function and promoted blood
vessel formation compared to exosomes derived from non-pretreated
MSCs (MSC-Exo). Cell survival was also profoundly enhanced after
MSCATV-Exo treatment. In an effort to explore the underlying molecular
mechanism, we found that MSC*T"-Exo exhibited a significantly increased
level of INcRNA H19 expression. Silencing IncRNA H19 (MSCATY(Si)-
Exo) abolished the cardioprotective effects of MSCA™-Exo and overex-
pression of INcRNA H19 mimicked the improved effects of ATV pretreat-
ment. Our studies therefore suggest that ATV pretreatment can enhance
the therapeutic efficacy of MSCs-derived exosomes for myocardial infarc-
tion (MI) possibly through enhancing endothelial cell function via a para-
crine mechanism. Furthermore, INcRNA H19 seem to mediate the
cardioprotective effects of MSC*T"-Exo on acutely infarcted hearts.

2. Methods

Detailed description of reagents, cell lines, and experimental procedures
are available in the Supplementary material online.

2.1 Cell isolation, culture, and ATV

pretreatment

MSCs were obtained from male Sprague-Dawley (SD) rats (60-80g). All
animal experiments conformed to the NIH guidelines (Guide for the
care and use of laboratory animals). Rats were euthanized using CO, in-
halation. After isolation from bone marrow, MSCs cultured in Iscove’s
Maodified Dulbecco’s Medium (IMDM, Invitrogen, USA) with 10% foetal
bovine serum (FBS, Gibco, USA) in 5% CO, at 37°C. Passages 3—4
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MSCs were pretreated with 1 umol/L ATV (Sigma, USA) in exosome-
free IMDM for 48 h until collection of the conditioned medium. H9C2
myoblasts were cultured in Dulbecco’s modified Eagle’s medium
(DMEM, Invitrogen, USA) with 10% FBS. Human umbilical vein endothe-
lial cells (HUVECs) were cultured in Endothelial Cell Medium (Sciencell,
USA) with 5% FBS.

2.2 IncRNA H19 siRNA interference and

overexpression

For siRNA interference, Lipofectamine 2000 (Invitrogen, USA) and
IncRNA H19 siRNA/control siRNA (Genepharma, Shanghai, PRC,
http://www.genepharma.com) were mixed and added into Opti-MEM
(Invitrogen) according to the manufacturer’s instructions and maintained
for 10 h. Then the medium was changed to exosome-free IMDM with
1 umol/L ATV. To build the MSC(H19) cell models (IncRNA H19 over-
expressing MSCs), the full-length H19 ¢<DNA and GFP reporter were
subcloned into the pHBLV-CMV-MCS-EF1-Zsgreen1-T2A-puro lentivi-
ral vector (Hanbio, Shanghai) and transfected into MSCs and maintained
for 10h to generate MSC(H19). Then, the medium was changed to
exosome-free IMDM.

2.3 Exosome extraction and identification
Exosomes were isolated by differential centrifugation as previous de-
scribed.*® In brief, the conditioned supernatant of MSCs pretreated or
non-pretreated with ATV, or interfered by IncRNA H19 siRNA were
collected and centrifuged. After removing dead cells, cell debris, and
large extracellular vesicles, exosomes were isolated by repeated ultra-
centrifugation and resuspended in PBS. Exosomes were identified by
transmission electron microscope (TEM, HITACHI, H-6001V, Japan),
Nanoparticle Tracking Analysis (NTA, Malvern Instruments, UK) and
western blot.

2.4 In vitro functional assays

A Matrigel tube-formation assay and scratch assay were performed to
assess in vitro angiogenesis and migration of HUVEC:s after the cells were
treated with different exosomes. The apoptosis of HUVECs and H9C2
myoblasts were induced by hypoxia and serum deprivation (H/SD) con-
dition, and evaluated by flow cytometry assay after Annexin V/propidium
iodide (PI) staining.

2.5 Co-culture experiment

For co-culture experiment, we seeded HUVECs with EBM-2 medium
in the Transwell inserts and once cultures reached 70-80% conflu-
ence we added PBS, MSC-Exo or MSC*TV-Exo (2 pug/mL) with or
without 20 UM GW4869 treatment for 12 h. After that we cultured
H9C2 in 24-well plates and once reached 70-80% confluence imme-
diately the inserts with HUVECs or controls were placed onto the
H9C2 wells. After 12 h incubation, the cells were put in H/SD condi-
tion for 12 h, and evaluated by flow cytometry assay after Annexin V/
propidium iodide (PI) staining.

2.6 Ml model induction and exosome

delivery

Animal protocols were performed with approval of the Experimental
Animals Ethics Committee of Fuwai Hospital and all procedures con-
formed to the NIH guidelines. Animals were randomized into different
treatment groups. All surgeries and subsequent analyses were performed
in a blinded fashion for intervention. Female SD rats (200220 g weight)

were anaesthetized by intraperitoneal injection of 100 mg/kg ketamine
combined with 10 mg/kg xylazine and ventilated via tracheal intubations
connected to a rodent ventilator. Ml was induced by ligation of left ante-
rior descending coronary artery as previously described *** Exosomes
(10 pg, in 100 pL PBS) or PBS were injected into the border zone of in-
farcted heart at three sites. Transthoracic two-dimensional M-mode
echocardiography was performed at baseline and at 3, 7, and 28 days
post-surgery using Vevo 2000 high-resolution micro imaging system
(Visual Sonic) after rats were anaesthetized with isoflurane. Left ventricu-
lar ejection fraction (LVEF), fractional shortening (FS), left ventricular
end-diastolic volume (LVEDV), and left ventricular end-systolic volume
(LVESV) were measured and calculated as previously described.”**’

2.7 Histological analysis

All rats were sacrificed after endpoint echocardiography measurements
being recorded. Masson’s Trichrome stain and Sirius Red stain were
used to quantify the extent of fibrosis and infarct size in left ventricle.
Haematoxylin-Eosin (HE) stain was used to evaluate the degree of
inflammatory cell infiltration. At least three sections from each heart
were stained. Blood vessel density was assessed and quantified
using immunofluorescence of CD31 and o-SMA as described in
Supplementary material online, Methods. The number of apoptotic cells
and senescent cells in the tissue sections was counted by terminal deoxy-
nucleotidyl transferase dUTP nick end labelling (TUNEL) assay,
Cleaved Caspase-3 staining and p16™™® staining. H19+ cells in hearts
sections were labelled with a IncRNA-H19 probe (green, 5-FAM-
CCUUUGCUAACUGUCCUGCCUUUCUAUGUGCCAUUCUG-3)

using Fluorescent in site hybridization (FISH). Nucleus were counter-
stained with 4’, 6-diamidino-2-phenylindole (DAPI). The number of posi-
tive cells in the field was quantified.

2.8 Exosomal IncRNA sequencing

The IncRNA sequencing was performed in both MSC-Exo and
MSC"™V-Exo. Differentially expressed IncRNAs were identified
through fold change >1.5 and Q value <0.001 with the threshold
set for up- and down-regulated genes. IncRNA sequencing data have
been deposited in NCBI's Gene Expression Omnibus under accession
code  GSE113570  (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc=GSE113570).

2.9 Statistical analysis

Data were displayed with mean * standard error of mean (SEM) on a
bar or scatter dot plot (each dot represents one animal or independent
experiment). Continuous variables were compared by the Student’s t-
test. Comparison of more than two groups was performed by one-way
analysis of variance (ANOVA). Data were analysed with SPSS 22 (IBM)
or GraphPad Prism 7 for Windows, version 7.01 (GraphPad Software,
Inc.). Graphs were assembled in GraphPad Prism 7. A P-value <0.05 was
considered significant.

3. Results

3.1 Characterization of exosomes derived
from MSCs

MSCs were isolated from bone marrow of SD rats. MSCs at Passages 3—
4 were typically spindle shaped and adherent to the plastic dishes. There
was no significant difference in morphology of MSCs with or without
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Figure | Characterization and functional validation of exosomes derived from ATV-treated MSCs. (A) Cup-shaped morphology of purified MSC-Exo and
MSCATV-Exo (arrowhead) assessed by TEM. (B) The particle size, particle concentration, and video frame of MSC-Exo and MSCATV-Exo were analysed by
nanoparticle tracking analysis. There were no significant differences between MSC-Exo and MSCA™V-Exo. (C) Representative images of western blot show-
ing the exosomal protein markers. (D) Representative confocal images showing that red fluorescence dye PKH26 labelled exosomes were endocytosed by

HUVECs, H9C2s, and cardiac fibroblasts after 2 and 12 h incubation. (A-D) n=5.

treatment of ATV for 24h (Supplementary material online, Figure STA).
The identity of the MSCs were further confirmed by staining for the ca-
nonical surface markers probing as CD90+ CD29+ CD45- CD11-
(Supplementary material online, Figure S1B).

Transmission electron microscopy (TEM) imaging analysis demon-
strated that exosomes from ATV-pretreated MSCs morphologically re-
sembled a typical cup-shaped structure and were around 100 nm in size
(Figure TA). NTA was performed to characterize the size distribution of
exosomes (Figure 1B). The particle size and concentration were similar
between MSC-Exo and MSC*™-Exo (Figure 1A and B). Western blot
analyses showed that exosomes were positive for the exosome-specific
markers Alix, TSG101, CD81, and CDé63 (Figure 1C). To evaluate the in-
CA™V-Exo by cardiovascular cells, we pre-labelled the
exosomes with PKH26 (a red fluorescent cell linker for general cell mem-

ternalization of MS

brane labelling) and added theses exosomes to cultured recipient cells, in-
cluding endothelial cells (ECs), cardiomyocytes (CMs), and cardiac
fibroblasts. Confocal images taken at 2 and 12 h after exosome addition
showed that HUVEC: efficiently internalized exosomes at 2 h after incu-
bation and uptaked significant amount of labelled exosomes by Hour 12
(Figure 1D, left panel). However, minimal PKH26+ exosomes could be
detected in CMs and fibroblasts during the first 2 h. By Hour 12, whereas
exosome uptake by the CMs were still minimal, most fibroblasts internal-
ized detectable amount of PKH26+ exosomes (Figure 1D, middle and
right panels). These data demonstrated that ECs and cardiac fibroblasts
more efficiently internalize MSC-derived exosomes than CMs.

3.2 MSC”T™Y.Exo enhances tube formation,
migration, and survival of endothelial cell
Promoting neovascularization is one of the well-documented mecha-
nisms underlying the therapeutic benefits conferred by stem cell-derived
exosomes. To assess the optimal dosage of exosomes, different concen-
trations of MSCTV-Exo were applied to HUVECs to evaluate their ability
to promote vessel formation and EC migration. Treatment of exosomes
at a concentration of 0—2 pg/mL resulted in a dose-dependent increase in
the total length of tubes and migration rates. Instead, no significant differ-
ence was observed when MSC*™-Exo was applied between 2 and 4 ug/
mL (Figure 2A and B; Supplementary material online, Figure S2). Thus, we
used the concentration of 2 ug/mL for the following in vitro assays.
Consistent with previously published, our control MSC-derived exo-
(MSC-Exo) promoted vessels of HUVEGCs.
Importantly, treatment with MSC*™V-Exo further promoted HUVEC
tubulogenesis, compared to MSC-Exo and MSC*™-Exo with ruptured

somes formation

membranes by exposing to ultrasound [MSC*™-Exo (Ultra), Figure 2C
and D]. Consistently, the migration distance of the HUVECs treated
with MSC*™-Exo was significantly greater compared to that of the
HUVECs treated with MSC-Exo or MSC*TY-Exo (Ultra) (Figure 2E and
F). MSC-derived exosomes also protected HUVECs from apoptosis
caused by H/SD. A significant reduction in apoptosis was observed in
MSCA™V-Exo group compared with MSC-Exo and MSC*™-Exo (Ultra)
group (Figure 2G—J). These data suggested that MSC*™-Exo exhibited
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(A, B) Representative images and quantification of flow cytometry assay for apoptosis in H9C2 cardiomyocytes after treated with PBS (Control), MSC-
Exo, MSC*™-Exo or MSC-Exo (Ultra), and H/SD. (n=5). (C) Representative immunofluorescent images showing that red fluorescence dye PKH26 la-
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protection experiment. (E) Schematic of the co-culture HUVECs with H9C2 cardiomyocytes experiment by using Transwell system. (F-/) Flow cytome-
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more significant protective effect on ECs than MSC-Exo under in vitro - As ECs demonstrated significantly more efficient MSC-derived exosomes
conditions we have tested so far. - uptake capacity than CMs, we wanted to investigate whether ECs could re-

© lay the protective effect of MSCA™-Exo on CMs. To this end, we first
3.3 MSCATV-EXO protected CMs from © detected the efficiency of CMs uptaking ECs derived exosomes and found
apoptosis under H/SD mediated b)’ that H9C2 cardiomyocytes can efficiently uptake the PKH26 labelled

HUVEC-Exo in 12h compared with MSC-Exo (Figure 3C). We then incu-
bated HUVECs with the aforementioned three types of MSC-derived exo-
somes and PBS, respectively, for 12 h before further culturing the cells on
exosome-free Endothelium Cell Medium with 5% FBS for an additional
24 h. Subsequently, the conditional medium was collected to isolate exo-
somes secreted by PBS, MSC-Exo, MSC*™-Exo, or MSC*™V-Exo (Ultra)

endothelial cell-derived exosomes

To investigate the biologic effects of MSC*TY-Exo on CMs, H9C2 cardi-
omyocytes were treated with MSC-Exo, MSC*™-Exo or MSCA™-Exo
(Ultra) and then subjected to H/SD. No significant difference was found
among the groups (Figure 3A and B). Hoechst 33342 staining also showed
no significant difference (Supplementary material online, Figure S3).
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Figure 4 MSCA™V-Exo improved cardiac function and ameliorated fibrosis after MI. (A) Distribution of MSC*T"-Exo pre-labelled with PKH26 in the in-
farcted heart on Day 3 and Day 7 post-injection. Scale bar = 100 um. (B) Representative echocardiogram of rat heart in different groups at 28 days post-MI.
(O Significantly enhanced LVEF, LVFS, LVEDV, and LVESV in rats transplanted with MSC*T"-Exo compared with other groups (n = 8-10 for each group). (D)
Representative transverse heart sections analysed with Masson Trichrome staining at 4 weeks after MI. Red, myocardium; blue, scarred fibrosis. Scale bar =
3 mm. (E) Quantitative data for the LV fibrotic area (n= 7-9 for each group). (F) Representative Sirius Red staining images for collagen analyse in each group
and the quantitative data (G) (n=7-9 for each group). Scale bar = 3 mm. All data are mean + SEM. Statistical analysis was performed with one-way ANOVA
followed by Tukey’s test. *P < 0.05, **P < 0.01, ¥¥+P < 0,001, ¥¥*+P < 0.0001 vs. AMI group; **P < 0.01, ##p < 0.001 vs. MSC-Exo group.

pretreated HUVECs (named as EC-Exo, EC™“BC.fxo, ECTSCATY-Bxe.
Exo, and EC"S“BeM3)_Eyxo, respectively). CMs were then treated with
EC-derived exosomes and exposed under H/SD condition to induce cell
apoptosis (Figure 3D). Flow analyses showed that the H/SD + EC™<Be.
Exo and EC"ATVE.Exo groups demonstrated a significant reduction in
apoptosis compared to the H/SD, H/SD + EC-Exo, and EC™SCBeUtm).
Exo groups (Figure 3F and G). Similar result was observed using Hoechst
33342 staining assay (Figure 3H and [). These results indicated that exo-
somes derived from MSC*™-Exo pretreated ECs significantly improved
the survival of the CMs subjected to H/SD.

Moreover, we performed a co-culture experiment to confirm this
transfer effect of EC-Exo to protect H9C2 from H/SD. We co-cultured
H9C2 with HUVECs and tested the beneficial effects of MSC-Exo with or
without GW4869, an exosome secretion inhibitor (Figure 3E).%% After 12 h

incubation under H/SD, we observed a huge decrease in apoptosis when
H9C2 were co-cultured with HUVECs compared to H9C2 alone group
(Figure 3) and K). In addition, MSC*™-Exo treatment further reduced the
apoptosis of H9C2 when co-culture with HUVECs. Nevertheless, when
HUVECs were pre-incubated with GW4869, the percentage of apoptotic
H9C2 cardiomyocytes was increased dramatically (Figure 3/ and K). Taken
together, ECs can act as a mediator of the protective benefit of MSCATY-
Exo on CMs through uptaking MSCs-derived exosomes and secreting
exosomes which in turn supports cardiomyocyte survival under H/SD.

3.4 MSCATV-Exo effectively preserved
cardiac function in a rat Ml model

To assess the beneficial potential of exosomes in vivo, MSC-Exo,
MSC*™-Exo or PBS (AMI control group) were intramyocardially
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Table I Haemodynamics, cardiac performance, and infarct size data of rat AMI models at 4-week post-infarction

Sham AMI MSC-Exo MSCATV.Exo
LVEDP (mmHg) 11.68 £ 2.76 1655 +7.18 1562+ 1.74 13.06 + 1.69%
Max dP/dt (mmHg/s) 7113.36 + 488.63 6054.66 + 512.57 6734.11 £ 582.16 7672.66 £ 1979.56
Min dP/dt (mmHgfs) -597445 + 228.14 -3866.98 + 261.84 -4776.72 + 481.86 -5461.53 + 1105.89*
LVEF (%) 71.50 £2.06 27.52 £2.75 3917 £ 1.31% 54.75 + 2.50%%*
LVFS (%) 4239 £ 1.65 13.69 + 148 20.00 + 0.80* 31.07 £ 2.07%%*
LVEDV (uL) 384.60 £ 23.88 644.94 +39.83 594.47 + 25.89 489.44 £ 25.57*
LVESV (uL) 115.58 + 1021 453.54 + 45.87 363.16 £ 1639 224.05 £ 23.36%%*
Infarct area (%) 0.95 £ 0.30 35.60 + 1.67 26.53 £ 1.25%¥* 17.41 £ 1790
Collagen area (%) 0.99 £0.33 13.18 £ 0.87 7.35 £ 1,014k 5.89 £ 0.6k

n=7-9 for each group. All data are mean + SEM. Statistical analysis was performed with one-way ANOVA followed by the Tukey'’s test.

LVEDRP, left ventricular end-diastolic pressure.
*P<0.05.

**%P < 0.001.

*#EP < 0,0001 compared with AMI group.

injected into the border zone of infarcted rat hearts 30 min after injury.
Distribution of PKH26-labelled MSC"™V-Exo (Exo-PKH26) in infarcted
heart was monitored on Day 3 and Day 7 after injury. Large areas posi-
tive for Exo-PKH26 can be detected in the myocardium, around the en-
dothelium and fibroblast cells on Day 3 after MI. On Day 7, minimal
red fluorescent spots were detected (Figure 4A). Echocardiography
revealed that injection of MSC*™V-Exo mitigated Ml-induced left ven-
tricular (LV) dilation (Figure 4B). Though on Day 7 after Ml the
MSC*™V-Exo group showed a moderate yet not statistically significant
enhancement in LVEF compared to the AMI group, the improvement
of LVEF and LVFS by MSC-Exo or MSC*™-Exo were highly significant
on Day 28 post-Ml. In addition, MSC*™-Exo demonstrated a therapeu-
tic superiority to MSC-Exo in systolic function improvement (Figure
40). Between the MSC-Exo and MSC*™-Exo groups, MSC*™-Exo
treatment moderately decreased LVEDV and LVESV of infarcted heart
compared to MSC-Exo group at 7 and 28days after Ml (Figure 4C).
Haemodynamic data at 4 weeks after AMI showed that left ventricular
end-diastolic pressure (LVEDP) was also lower in MSC*™-Exo group
(Table 7). Histological analysis indicated significantly decreased scar size
in MSCA™-Exo group (17.41+474%) compared to AMI
(35.60£4.73%) and MSC-Exo groups (26.53 £ 3.75%) (Figure 4D and
E). Collagen area also decreased significantly in MSC*™-Exo group
compared to other groups (Figure 4F and G). These results suggested
that ATV pretreatment significantly promoted the beneficial effects of
MSC-derived exosomes on functional recovery of infarcted hearts.

3.5 MSCATV-Exo promoted angiogenesis
and cardiomyocyte survival in Ml hearts

To uncover the mechanism underlying the augmented cardiac function
conferred by exosomal therapy on Ml hearts, we performed immunoflu-
orescence using antibodies against a-SMA and CD31 to stain arteriole
and capillary. Arteriole density was significantly increased in the
MSCA™V-Exo group compared to MSC-Exo and AMI groups 4 weeks af-
ter infarction (Figure 5A and B). Similar trends were observed in capillary
density (Figure 5A and B).

To explore the anti-apoptotic effect of exosomes on myocardial cells,
TUNEL and Cleaved Caspase-3 staining was performed on 4 weeks Ml
hearts. The number of apoptotic cells was significantly reduced in the
myocardial boarder zone treated with different exosomes compared to

that treated with PBS. Importantly, the MSC*™-Exo group was found to

have the lowest number of TUNEL+ (Figure 5A and B) and Cleaved
Caspase-3+ cells (Figure 5C and D). These results indicate that the
MSC”™V-Exo led to enhanced angiogenesis and increased cell survival
which may contribute to the enhanced cardiac reparative ability.

3.6 MSCATV.Exo decreased inflammation

and fibrosis genes expression

Inflammation and subsequent fibrosis are important pathological reac-
tions during the formation of scar post-Ml. We, therefore, assessed the
degree of inflammation in the infarcted hearts using HE staining. We ob-
served decreased infiltration of inflammatory cells in the MSC*™-Exo
group compared to other groups (Figure 5E). Furthermore, 3 days after
exosome delivery cytokines such as IL-6 and TNF-o. were decreased in
the MSC*TV-Exo group compared to others (Figure 5F and G).

We then investigated whether MSCATV-Exo could alter the expres-
sion of fibrosis-related genes in vitro. We found that the expression level
of Col1a1 and Col3a1 in cardiac fibroblasts was significantly down-regu-
lated after treatment with MSCA™V-Exo compared to TGF-f and TGF-8
-+ MSC-Exo groups (Supplementary material online,Figure $4). As intrin-
sic cardiac aging is considered to highly influence the pathogenesis of car-
diovascular disease and regeneration'z‘a'30 we also investigated the level
of cellular senescence in the hearts after exosomes therapy by p16"™*
staining, a senescence biomarker also known as Cdkn2a.*" Remarkably, a
significant increase of senescent cells (4-8%) was found in all of the in-
farcted groups compared with Sham group. However, no significant dif-
ference was found after exosomes therapy (Supplementary material
online,Figure S5). Taken together, the exhibited enhanced therapeutic
effects of MSC*TY-Exo may be partly attributable to its role in suppres-
sion of inflammation and fibrosis genes.

3.7 ATV pretreatment increased MSCs
IncRNA H19 expression and its release via
exosomes

Accumulating evidence showed that IncRNAs loaded in exosomes play an
important role in executing their cellular function.>** In order to investi-
gate the molecular mechanisms underlying the further enhancement of
MSCATV-Exo in cardiac protection, we performed IncRNA sequencing on
exosomes secreted from MSCA™ and MSC to identify differentially

expressed IncRNA. The molecule size range of RNA samples from
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Figure 5 MSCATV-Exo promoted angiogenesis and reduced cardiac apoptosis and inflammation after infarction. (A) Neovascularization at the border
zone on Day 28 post-MI was identified by staining with a-SMA and CD31 (green) and nuclei (blue). TUNEL staining at the border zone on Day 28 post-Ml
with TUNEL (green) and nuclei (blue). Scale bar =100 um. (B) Quantification of a-SMA+- cells, CD31+ cells and TUNEL+ cells in A (n=15). (C) Cleaved
Caspase-3 staining at the border zone on Day 28 post-Ml. Scale bar =100 pm. (D) Quantification of Cleaved Caspase-3+ cells in C (n=5). Apoptosis rate
was quantified as the percentage of cells that were positive for TUNEL and Cleaved Caspase-3 staining. (E) HE staining at the border zone on Day 28 after
MI. Scale bar =200 um. (F and G) Quantification of IL-6 and TNF-o. expression level in the infarct border zone tissue of rat heats using ELISA method (n =5).
All data are mean + SEM. Statistical analysis was performed with one-way ANOVA followed by Tukey’s test. %P < 0.01, ¥&P <0.001 vs. Sham or Control
group; *P < 0.05, P < 001, **tP < 0,001, ****P < 0.0001 vs. AMI group; *P < 0.05, #*P < 0.01, ##P < 0.001, #*#P < 0.0001 vs. MSC-Exo group.

exosomes was established by Agilent 2200 TapeStation Instrument and
was showed in Supplementary material onlineFigure Sé. In total, 450
IncRNAs were identified to be upregulated (over 1.5-fold change) in
MSCA™-Exo compared to MSC-Exo (Figure 6A and B and Supplementary
material online, Table S2). However, most of these IncRNAs have
not been functionally characterized, such as LOC108350691,
LOC102551940, ENSRNOG00000024294, and LOC108352067. Among

the remaining candidate IncRNA, such as Mall, Ftx, Mroh2a, Skint10, and
Thumpd3-as1, none of them have been reported to be involved in cardio-
vascular cellular function regulation, so we focused on IncRNA H19, ex-
pression of which has been previously shown to be associated with
exosome-mediated angiogenesis and cardiovascular disease regulation.>*
38 The Reads of RNA-seq of the exosomes samples covered the whole

length of IncRNA H19 sequence (Supplementary material online, Figure
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Figure 6 Exosomal IncRNA expression in MSC-Exo and MSC”T"-Exo. (A) Heat map based on raw IncRNA expression values (blue represents low ex-

pression and red represent high expression) with two-way hierarchical clustering.

olcano plot showing lo; Oold change -EXO VS. -EXO
B) Volcano plot showing log2 (Fold change) (MSCA™-E MSC-E

on the x-axis and -log10(Q value) on the y-axis. IncRNA H19 indicated in blue was significantly increased in MSC*™-Exo after correction for multiple com-

parisons. n=2. (C and D) Expression values for IncRNA H19 in MSCs treated by

PBS, ATV, H19 siRNA, or H19 overexpression lentivirus tested by qRT-

PCR (C) and exosomes derived from each kind of MSCs (D). n= 3, *P < 0.05, **P < 0.01, ***P < 0,001 vs. Control; *P < 0.05 vs. ATV group. (E) Expression
values for IncRNA H19 in HUVEC:s treated by different MSC-Exo (F and G) gRT-PCR analyses for expression level of miR-675-3p (F) and miR-675-5p (G) in
HUVECs treated with PBS (Control), MSC-Exo, MSCAT-Exo, MSCATY(Si)-Exo, and MSC(H19)-Exo. n =3 for each group. (H and I) qRT-PCR analyses for
VEGF (H) and ICAM-1 (I) were done on HUVECs 18 h after treatment with PBS (Control), MSC-Exo, MSC*™-Exo, MSC™(Si)-Exo, and MSC(H19)-Exo.
n=3 for each group; *P < 0.05, **P < 0.01, ¥**P < 0,001, ****P < 0.0001 vs. Control; *P < 0.05, #P < 0.01, ##P < 0,001, ¥*#p < 0.0001 vs. MSC-Exo group;
$P<0.05, *¥%P < 0.001, *¥*5p < 0.0001 vs. MSCAT-Exo group. (J) Expression values for IncRNA H19 in various of MSC-Exo-pretreated HUVECs derived
exosomes. *P < 0.05, **P < 0.01 vs. ECT®_Exo group; ##P<0.01 vs. ECTSATVE)IBx_ By oroup. All data are mean + SEM. Statistical analysis was per-
formed with Mann—Whitney U test for comparison of two groups and Bonferroni correction in volcano plot for multiplicity correction and one-way

ANOVA followed by Tukey’s test in qRT-PCR assay.

S7). After treating with 1 umol/L ATV for 24 h, MSCs increased H19 ex-
pression almost three-fold as confirmed by the real time-PCR (Figure 6C).
Moreover, H19 expression level in MSC™Y-Exo was about 13-fold higher
than that in MSC-Exo (Figure 6D). These data suggested that ATV pre-
treatment increased the expression level of INcRNA H19 in MSCs and its
release via exosomes.

3.8 LncRNA H19 mediates MSC”™"-Exo
function on promoting angiogenesis and
myocardial injury repair

Based on above-mentioned data, we surmised that IncRNA H19 may
function as a mediator of the observed beneficial effects of the MSC*T"-
Exo. To test our hypothesis, we silenced and overexpressed IncRNA

H19 in ATV pretreated or non-treated MSCs (Figure 6C), and then de-
rived exosomes from these MSCs (MSC*™(Si)-Exo and MSC(H19)-
Exo, Figure 6D). No apparent changes in morphological appearance were
discovered in the IncRNA H19 knocked down or overexpressed cells.
H19 exon1 encodes two conserved microRNAs, miR-675-3p and miR-
675-5p, both of which have been implicated in cell differentiation and an-
giogenesis.>® In addition, INcRNA H19 together with miR-675-3p and
miR-675-5p were reported to regulate the expression of vascular endo-
thelial growth factor (VEGF) and intercellular adhesion molecule-1
(ICAM-1) in HUVEC and cancer cells.*** Interestingly, we found that
treating HUVECs with MSC*™-Exo augmented the expression of
IncRNA H19, miR-675-3p, and miR-675-5p as well as VEGF and ICAM-1
in HUVEC:s (Figure 6E-). Consistently, inhibition of H19 led to a signifi-
cant decrease in the expression of above-mentioned miRNAs and genes
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CATV_Exo treatment

and overexpressing H19 mimicked the effects of MS
group (Figure 6E—). As EC-Exo mediated the protective effects of
MSCATV-Exo on cardiomyocytes (Figure 3), we also tested the expres-
sion of INcRNA H19 in exosomes derived from MSC-Exo-pretreated
HUVECs. Intriguingly, a significantly higher level of IncRNA H19 (about
two-fold), though relatively low, was still detectivable in ECMSCATYExe.
Exo and ECMSCH19-Be gy compared to ECM*“®°.Exo and EC-Exo
control (Figure 6)).

We then further explored the effects of H19 silencing and overexpression
on EC function. MSC*™(Si)-Exo failed to improve angiogenesis (Figure 7A
and B) and cell migration (Figure 7C and D) on HUVEGCs. H19 silencing also
abrogated MSCAT-Exo-mediated anti-apoptosis effect on HUVECs (Figure
7E and F). In contrast, MSC(H19)-Exo can simulate the pro-angiogenesis and
anti-apoptosis effects of MSC*™-Exo on HUVECs (Figure 7A-F).

To explore if INcRNA H19 mediates MSCATV-Exo’s beneficial effects
on in vivo heart function improvement, we delivered MSC*™-Exo,
MSCATV(Si)-Exo and MSC(H19)-Exo into acutely infarcted rat hearts.
LVEF were evaluated at 4 weeks after indicated treatments. MSCTY(Si)-
Exo groups showed significantly lower and MSC(H19)-Exo groups
showed similar level of LVEF and LVFS at fourth-week post-Ml com-
pared to MSCA™V-Exo group (Figure 7G). Infarct size in animals treated
with MSCATV(Si)-Exo failed to be reduced compared to those treated
with MSC*™-Exo and MSC(H19)-Exo (Figure 7H and I). Moreover, we
detected the INcRNA H19 expression in the treated hearts by using
IncRNA FISH and qPCR. The results showed that H19 was significantly
increased in both MSC*™-Exo and MSC(H19)-Exo groups and de-
creased in MSCATY(Si)-Exo-treated hearts (Figure 7/-L). Taken together,
these results indicated that MSC*"V-Exo positively regulate angiogenesis
and myocardial injury repair at least partially through IncRNA H19, and
H19 can be transferred to the infarcted hearts through MSCATV-Exo
transplantation.

4. Discussion

Stem-cell therapy was previously considered to regenerate injured heart
by replenishing new cardiomyocytes through replication and then differ-
entiation. However, recent studies indicated that MSCs achieved their
cardioprotective effect mainly through secreting paracrine factors in-
cluding exosomes.®? Over the past few years, exosomes derived from
MSCs have been shown to reduce myocardial ischaemia injury and im-
prove cardiac function after MI, suggesting that exosome-based
approaches hold great promise as a potential novel cell-free therapy for
cardiac repair.'**"*? Results described here indicated that (i) MSC*™"-
Exo promoted ECs tube-like structure formation, migration, and inhib-
ited ECs apoptosis under H/SD condition; (ii) ECs mediated the protec-
tive benefit of MSC*™-Exo on CMs under H/SD; (i) MSC*™-Exo
showed a higher efficiency in improving cardiac function and reducing fi-
brosis of AMI rat hearts; and (iv) the beneficial effect of MSCATY
might be partially mediated by IncRNA H19 that could be secreted to
ECs via exosomes to stimulate angiogenesis in peri-infarct region
(Figure 8). To the best of our knowledge, this is the first study that investi-
gated a pro-cardioprotective effect of ATV on MSC-derived exosomes.
Compared with stem cell transplantation therapy, exosome treat-
ment for Ml have yielded similar results and showed the advantages of

-Exo

no teratoma formation, low tumorigenic potential, and minimal immuno-
genicity. However, successful exosome therapeutics for myocardial re-
pair will require much more extensive testing and validation to ensure
their safety and improve their efficacy. In recent years, there has been

significant effort to develop modified stem cells-derived exosomes that
could bring superior effect on repairing the infarcted heart. Yu et al*®
demonstrated that exosomes derived from GATA4-overexpressing
MSCs were enriched in anti-apoptotic mMiRNAs and when injected into
rat MI model conferred cardioprotective effects. Another recent study
by Ma et al** demonstrated that exosomes obtained from Akt-modified
human umbilical cord MSCs had the ability to augment cardiac regenera-
tion and promoted angiogenesis via activating platelet-derived growth
factor D. Although these genetic approaches appear to be effective in in-
creasing the expression of specific cytokine or microRNA in MSC-Exo,
currently, they are still infeasible in clinical practice. Instead, our ap-
proach of pre-treating MSCs with ATV is more straightforward and clini-
cally feasible. Therefore, our findings may result in immediate
translational implications for the treatment of AMI patients. To our
knowledge, there has been limited studies that explored this kind of ef-
fect with commonly used medications.

In addition, heart function improvement is the main goal of cardiac re-
generation medicine and the major factor related to the outcome of
therapies in both preclinical and clinical studies. Compared to only mod-
est benefit was found in heart function (LVEF improved 2-5%) after
MSCs transplantation in clinical trials, preclinical studies about MSC exo-
somes therapy reported a significant improvement in heart function
(LVEF improved 10-15%) and a superior augment in genetic modified
exosomes (LVEF improved 20—25%).7'43'44 Consistently, we also realized
an improvement of heart function after AMI in both MSC-Exo and
MSC”TV-Exo-treated groups, in which LVEF modestly increased 11%
and remarkably elevated 27% separately (Table 7). Thus, our strategy of
ATV pretreatment is comparable or even better in heart function recov-
ery compared with current reported gene modified methods.

Angiogenesis is a process of developing new blood vessels from the
existing vessels. Stimulating angiogenesis in the infarct area can help sal-
vage myocardium by clearing apoptotic cells, decreasing scar tissue, and
recruiting progenitor cells for tissue regeneration.*> Recent studies dem-
onstrated that exosomes isolated from stem cells, such as MSCs, CPCs,
ESC, and CD34+ stem cells can stimulate angiogenesis both in vitro and
in vivo, 14649 Consistently, we also found MSC-derived exosomes pro-
moted angiogenesis and stimulated anti-apoptosis ability of ECs.
Moreover, ATV-pretreated MSC-derived exosomes showed a greater
angiogenic potential compared to non-pretreated MSC-Exo (Figure 2).
Together with the facts that various kinds of vascular active factors have
been found in exosomes and ECs have an efficient ability to uptake the
MSC-Exo, angiogenesis could be a common and key function of stem
cells derived exosomes.

Some early studies showed that CMs can internalize PKH26 labelled
exosomes after incubation for 12 or 24 h,"”* but barely any study has
examined the internalization mode of CMs during first several hours and
performed the head to head comparison with ECs and fibroblasts. We
found that CMs uptake MSC-Exo very inefficiently compared to ECs and
fibroblasts in the first 2h and even in 12 h. (Figure 1D). Consistent with
our findings, Yu et al*? investigated the mode of PKH26 labelled exo-
somes delivery to CM using a time-lapse imaging system. They found
that no clear exosomes could be detected in CMs during the first 2h
and negligible red fluorescent spots indicating exosomes appeared in
CMs by Hour 3. In contrast, we found that H9C2 cardiomyocytes uptake
much more PKH26 labelled EC-Exo in 12h compared to MSC-Exo
(Figures 3C and 1D). The mechanism for this is unclear, but may relate in
part to the connexins and integrins embedded in the exosomal mem-
branes from different cell types.*®*" Such kind of delivery mode of exo-
somes to CMs is important for their function. In this study, we
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investigated the effect of MSC-derived exosomes on CMs under H/SD
and found that no significant anti-apoptosis effect was observed by incu-
bation of CMs directly with MSCATV-Exo, while exosomes derived from
ECs treated with MSC*T"-Exo conferred beneficial effect on HIC2 car-
diomyocytes challenged with H/SD. These results demonstrated that
exosome uptake efficiency varies from cell to cell and clinical application
of therapeutic exosomes may rely on an in-depth understanding of the
mechanism of uptake and action to fully harness their beneficial effects.

It is well known that exosomes contain proteins, mMRNAs, miRNAs,
etc., which can be transferred to cells to regulate intracellular signalling
pathways in the recipient cells.*>>? In recent years, increasing evidence
suggested that exosomal IncRNAs mediate the effect of exosomes on
many biological processes.32 However, the role of the IncRNAs con-
tained in stem cell-derived exosomes played in cardiovascular repair has
remained unexplored. In this study, expression profile of IncRNA in
ATV-pretreated MSC-derived exosomes revealed that IncRNA H19
was significantly higher in MSC*™-Exo than in MSC-Exo. Moreover, the
expression level of miR-675-5p and miR-675-3p encoded by IncRNA
H19 exon 1 as well as H19 itself was also increased in ECs upon treat-
ment with MSC*™-Exo. Of note, H19 level in EC-Exo and the infarcted
hearts also can be elevated by MSCATV-Exo treatment. These results
showed that the level of increased expression of H19 in MSC*™-Exo,
ECMSCATV-Bxo ECMSCATV-Exe_Ey 5 and infarcted hearts gradually reduced
from about 13-fold to seven-fold and ended up with about two- to
three-fold compared to non-treated groups, which indicates the effi-
ciency of H19 transfer from ATV treated MSC to hearts tissue in the me-
diation of ECs and EC-Exo (Figures 6C-E, | and 7L).

The IncRNA H19, a 2.3 kb IncRNA transcribed from the H19 gene, is
highly expressed in several tissues of foetus, but the expression is signifi-
cantly reduced after birth.>>** MiR-675 is found to be embedded in
H19’s first exon and both of the H19 IncRNA exon structure and miR-
675 are conserved between rodents and humans.>> Researchers have
reported multiple functions of H19 in cancer and cardiovascular diseases
as well as its diverse downstream pathway mechanisms in the target
cells, such as INncRNA H19/miR-675 axis, HIF1a/Mdm2-p53, NOTCH]1,
and STAT3/p21 pa‘chway.yrw'53 Recently, it has been reported that
IncRNA H19 is an essential regulator of endothelial senescence and pro-
motes proliferation in endothelial cells.*®*° In addition, recent study
demonstrated that CD90+ liver cancer cells modulate phenotype of
ECs and promote angiogenesis through exosome-contained H19
IncRNA. The mRNA levels of the proangiogenic factor VEGF and inter-
cellular adhesion molecules ICAM-1 also increased in ECs after exosome
treatment.>* In this study, we examined the expression level of VEGF
and ICAM-1 in ECs treated by various kinds of MSC-derived exosomes,
and found a significantly higher level of VEGF and ICAM-1 expression as
well as miR-675 in MSC*™-Exo and MSC(H19)-Exo treating groups
than in MSC-Exo and MSC”TY(Si)-Exo treating groups (Figure 6H and |).
Based on these and other observation, we propose that IncRNA H19/
miR-675 axis mediated the effect of MSC*V-Exo in promoting angio-
genesis and endothelial survival through regulating proangiogenic factors.
The promotion of EC function in vitro and cardiac protection in vivo in-
duced by MSC*™-Exo was markedly abolished when (ncRNA H19 ex-
pression in MSCs was silenced and can be mimicked by overexpressing
H19 in MSCs, supporting that exosomal IncRNA H19 targeting on func-
tional regulation on ECs plays an important role in MSC*™-Exo-medi-
ated cardiovascular protection.

Aging is a major independent risk factor for the progress of cardiovas-
cular disease.2”* Aging leads to cellular senescence and increased

inflammatory activation which result in thickened intima, increased arte-
rial stiffness, endothelial dysfunction, and chronic vascular inflamma-
tion.>” Recent studies showed that IncRNA H19 is expressed in the
adult endothelium, valve interstitial cells, and aortic smooth muscle cells
(SMCs) and is decreased during aging.>*® Of note, H19 depletion in
ECs led to cellular senescence and dysfunction while overexpression of
H19 ameliorates endothelial function in aged aortas.® In this study, we
also investigated the level of cellular senescence marker in the hearts af-
ter exosomes therapy. Interestingly, although a significant increase of se-
nescent cells (4-8%) was found in all of the infarcted groups, no
significant difference was found among MSC-Exo, MSC*™-Exo and AMI
groups (Supplementary material onlineFigure S5). Therefore, here, we
did not observe the effects of elevated H19 on the senescence of the in-
farcted hearts which may due to the acute course of AMI mainly leading
to cell necrosis and apoptosis. Nevertheless, further investigations on
the role of H19 contained in MSC*™-Exo during the process of aging
cardiovascular diseases, such as calcific aortic valve disease, aortic aneu-
rysm and atherosclerosis, are still needed in the future studies.

A successful exosome therapeutic regimen for cardiac repair would
likely elicit a combination of beneficial effects capable of attenuating car-
diac fibrosis, promoting angiogenesis and improving cardiac function.
Although MSC*™-Exo showed a much-improved therapeutic effects
compared to MSC-Exo, further preclinical studies are required to vali-
date its efficacy and safety before this strategy could move forward as
potential cell-free therapeutics for myocardial repair. On the other hand,
successful cardiac repair post-MI requires tissue regeneration in order to
restore cardiac function and decrease LV remodelling. Combined treat-
ment of MSC*™V-Exo with cardiomyocyte inducible stem cells or loading
exosomes with cell fate reprogramming factors could be prospective
strategies to achieve this goal.

5. Conclusions

ATV pretreatment promotes the function of MSC-derived exosome in
enhancing angiogenesis, protecting cardiomyocytes and improving car-
diac function after infarction. LncRNA H19 and its downstream signalling
pathways mediate the cardioprotective effects of MSCATV-Exo
angiogenesis.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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