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Abstract

Exosomes (Exo) secreted from hypoxia-conditioned bone marrow mesenchymal stem cells
(BM-MSCs) were found to be protective for ischemic disease. However, the role of exosomal
miRNA in the protective effect of hypoxia-conditioned BM-MSCs-derived Exo (Hypo-Exo) remains
largely uncharacterized and the poor specificity of tissue targeting of Exo limits their clinical
applications. Therefore, the objective of this study was to examine the effect of miRNA in Hypo-Exo
on the repair of ischemic myocardium and its underlying mechanisms. We further developed
modified Hypo-Exo with high specificity to the myocardium and evaluate its therapeutic effects.

Methods: Murine BM-MSCs were subjected to hypoxia or normoxia culture and Exo were
subsequently collected. Hypo-Exo or normoxia-conditioned BM-MSC-derived Exo (Nor-Exo) were
administered to mice with permanent condition of myocardial infarction (Ml). After 28 days, to
evaluate the therapeutic effects of Hypo-Exo, infarction area and cardio output in Hypo-Exo and
Nor-Exo treated M| mice were compared through Masson's trichrome staining and
echocardiography respectively. We utilized the miRNA array to identify the significantly
differentially expressed miRNAs between Nor-Exo and Hypo-Exo. One of the most enriched
miRNA in Hypo-Exo was knockdown by applying antimiR in Hypoxia-conditioned BM-MSCs. Then
we performed intramyocardial injection of candidate miRNA-knockdown-Hypo-Exo in 2 murine Ml
model, changes in the candidate miRNA’s targets expression of cardiomyocytes and the cardiac
function were characterized. We conjugated Hypo-Exo with an ischemic myocardium-targeted
(IMT) peptide by bio-orthogonal chemistry, and tested its targeting specificity and therapeutic
efficiency via systemic administration in the MI mice.

Results: The miRNA array revealed significant enrichment of miR-125b-5p in Hypo-Exo compared
with Nor-Exo. Administration of miR-125b knockdown Hypo-Exo significantly increased the
infarction area and suppressed cardiomyocyte survival post-MIl. Mechanistically, miR-125b
knockdown Hypo-Exo lost the capability to suppress the expression of the proapoptotic genes p53
and BAKI in cardiomyocytes. Intravenous administration of IMT-conjugated Hypo-Exo (IMT-Exo)
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showed specific targeting to the ischemic lesions in the injured heart and exerted a marked

cardioprotective function post-MI.

Conclusion: Our results illustrate a new mechanism by which Hypo-Exo-derived miR125b-5p
facilitates ischemic cardiac repair by ameliorating cardiomyocyte apoptosis. Furthermore, our IMT-
Exo may serve as a novel drug carrier that enhances the specificity of drug delivery for ischemic

disease.
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Introduction

Myocardial ischemia is the leading cause of
mortality worldwide and is often responsible for
sudden death [1]. A growing number of studies have
demonstrated the therapeutic potential of bone
marrow mesenchymal stem cells (BM-MSCs) [2].
MSCs are multipotent and, when transplanted into an
ischemic heart, can differentiate into endothelial cells,
vascular smooth muscle cells, and even cardiac-like
myocytes [3]. Preclinical and clinical studies on MSCs
have shown their promise for the repair and
regeneration of cardiac tissues. However, the major
hurdles of MSC-based therapies for ischemic heart
disease (IHD) are the low survival of transplanted
cells in the ischemic region and the risk of embolism.
Endogenous factors, such as the recipient’s
inflammatory response, may also contribute to the
challenge of MSC-based therapies [4]. Interestingly,

an increasing number of studies found that
MSC-secreted exosomes (Exo) exhibit functions
similar to those of MSCs [5,6]. Therefore,

MSC-derived Exo may be harnessed as a new and
alternative approach for the treatment of IHD.

Exo are 40-150 nm extracellular vesicles of
endosomal origin and are secreted by all cell types
[7,8]. Exo are surrounded by a bilayer lipid membrane
that can protect their contents from degradation and
allow the transfer of signaling molecules between
cells and tissues [9]. As such, numerous studies have
explored the role of Exo in ischemic diseases as a
mediator for different cell types [10,11,12,13]. A recent
study suggests that a direct transfer of stable and
functional CD34* exosomal miR-126-3p enhances
angiogenesis in a mouse model of hindlimb ischemia
[14].

Notably, MSC-derived Exo exhibit distinct
functions due to  differences in  MSCs
microenvironments [15]. One recent study indicates
that Exo isolated from MSCs grown in medium
similar to the environment of peripheral arterial
disease (0% FBS, 1% O.) contain a panel of
pro-angiogenic factors that may be salutary for tissue
ischemia. Indeed, hypoxia-conditioned
BM-MSCs-derived  Exo  (Hypo-Exo)  possess
components that facilitate ischemic tissue recovery

[16]. Although most of the current studies on Exo
have profiled the protein and RNA content [16], the
miRNA content in Hypo-Exo and the underlying
mechanisms by which these miRNAs contribute to
ischemic heart repair in vivo remain unclear.

Exo manifest several favorable features, such as
low immunogenicity, reduced biodegradability, low
toxicity, natural encapsulation of endogenous
bioactive molecules, and optimal protection of cargo
[17,18]. However, recent biodistribution studies of
unmodified Exo after intravenous injection show
rapid accumulation in mononuclear phagocyte
system (MPS) organs, such as the liver and spleen,
and very few reach the heart after systemic
administration  [19,20]. Thus, the targeting
characteristics of Exo require improvements before
they can be used for therapeutic delivery for
myocardial infarction.

The targeting specificity of Exo can be enhanced
by surface modifications. Recently, several reports
demonstrated that Exo can be modified using
biochemical conjugation, a process known as the “Exo
engineering” method [21,22,23]. Tian ef al. found that
the ¢(RGDyK) peptide can be easily and rapidly
conjugated to the Exo surface via bio-orthogonal
chemistry. Furthermore, they found that ¢(RGD)-Exo
were enriched in the ischemic lesions of an affected
brain following systemic administration [24].

Nowadays, myocardial reperfusion using either
percutaneous coronary intervention or thrombolytic
therapy is the standard treatment for acute
myocardial infarction (MI). However, there are still
15-25% patients who are not reperfused in a timely
manner due to contraindications or logistic issues
[25]. In order to mimic this clinical situation, in the
present study, we investigated the beneficial role of
Hypo-Exo in cardiac repair using a mouse permanent
MI model. We also performed a miRNA array and
found that Hypo-Exo is enriched with miR-125b-5p,
which exhibits an anti-apoptotic effect in vivo and in
vitro. We showed that knockdown (KD) of
miR-125b-5p in Hypo-Exo, by promoting apoptosis of
cardiomyocytes, augments the size of the ischemic
lesions in mice subjected to left ascending artery
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ligation. Furthermore, we improved the targeted
delivery of Hypo-Exo by conjugating them with a
“CSTSMLKAC” peptide (a derivative of the ischemic
myocardium-targeted (IMT) peptide) as employed by
several studies [26], and tested the therapeutic
efficiency of these Exo via systemic administration in
the mouse MI model.

Methods

An expanded methods section is available in
Supplementary Material.

Exo isolation and characterization

a-minimal  essential medium  (a-MEM)
containing 20% FBS was centrifuged at 200,000 xg for
18 h to deplete Exo. MSCs from passages 4-6 were
cultured wusing 10% Exo-removed FBS for Exo
collection. 2x10¢ MSCs were cultured in 100 mm
dishes in normoxia and hypoxia condition for 72 h
and 10 mL supernatant was collected. Exo were then
isolated from the harvested supernatant according to
a previous study [27]. Briefly, the supernatant was
centrifuged at 300 xg for 10 min, 1200 xg for 20 min,
then 10,000 xg for 30 min at 4 °C and then filtered
using a 0.22 um filter (Millipore, Billerica, MA, USA)
to remove cells and debris. The filtrate was
centrifuged at 140,000 xg for 90 min at 4 °C using a
Type Ti70 rotor using an L-80XP ultracentrifuge
(Beckman Coulter, Brea, CA, USA). Applying PBS to
resuspend the Exo pellet and centrifuged again at
140,000 xg for 90 min. Afterwards, the pelleted Exo
were resuspended in PBS and tested using a BCA
Protein Assay kit (Thermo Fishier Scientific, USA). To
detect Exo markers and the negative markers,
Western blotting was applied with anti-Alix and
anti-TSG101 antibodies (Abcam, Cambridge, UK) [28].

Mouse myocardial infarction (MI) model

Animal care and experimental procedures were
approved by the Animal Research Committee of
Central South University. Mice (C57BL/6, 6-8 weeks,
18-25 g) were anesthetized by intraperitoneal injection
of pentobarbital sodium (60 mg/kg), ventilated via
tracheal intubations connected to a rodent ventilator,
and subjected to MI by ligation of the left anterior
descending coronary artery using an 8-0 nylon suture.
Echocardiographic studies were performed 28 days
after MI using a Vevo 2100 ultrasound system
(VisualSonics) [29].

Co-culture of Exo and cells

To investigate the role of exosomal miR-125b on
H9C2 cells, 50 pg/mL of the Exo isolated from
miR125b knockdown hypoxia-conditioned BM-MSCs
(miR-125bXP-Hypo-Exo) or the Exo from negative

control-hypoxia-conditioned BM-MSCs (NC-Hypo-
Exo) were incubated with HIC2 cells at 37 °C for 24
hrs. Then, the cells were subjected to hypoxia for 2 h
and apoptosis was measured by flow cytometry,
proliferation by cell counting kit-8 (CCK8) and target
expression by Western blotting or qRT-PCR. To test
the uptake of IMT-conjugated Hypo-Exo (IMT-Exo)
by HIC2 cells, Hypoxia HIC2 cells were incubated
with 50 pg/mL of Cy5.5 labeled scrambled control
modified Hypo-Exo (Cy5.5-Scr-Exo) or Cy-5.5 labeled
IMT-Exo (Cy5.5-IMT-Exo) at 37 °C for 0.5 h. During
the last 5 min, DAPI (5 pg/mL) was applied to stain
cell nuclei. Fluorescence images were captured by
confocal microscopy and processed and analyzed
using Image]J software.

Conjugation of ligands to Exo

Reactive dibenzylcyclootyne (DBCO) were
merged in amine-containing molecules on Exo
applying a hetero-bifunctional crosslinker. 3 uM
dibenzocyclooctyne-sulfo-N-hydroxysuccinimidyl
ester (DBCO-sulfo-NHS; Sigma, St. Louis, MO, USA)
was added to 0.5 mg/mL Exo in PBS and react at RT
for 4 hrs. The DBCO-conjugated Exo (DBCO-Exo)
were then ready for interact with azide-containing
molecules via copper-free click chemistry. IMT
peptide (CSTSMLKAC) and scrambled IMT peptide
(CSKTALSMC) with an azide group on the lysine
were purchased from Scilight Biotechnology Co.
(Beijing, China). Cy5.5 azide was purchased from
Sigma (USA). Specifically, 0.3 pM IMT peptide or
scrambled IMT peptide with azide was added to
DBCO-Exo in PBS, and subsequently added 0.3 uM
Cy5.5 azide if needed. The reaction was performed on
a rotating mixer at 4 °C for 12 h. Then, floated the Exo
on a 30% sucrose/D20O cushion and centrifuged at
164,000 xg for 90 min using a SW41Ti rotor (Beckman
Coulter) to remove uncombined ligands. After
washing with PBS, the IMT-Exo were resuspended
and stored at -80 °C for further use. To assess the
successful conjugation of Exo and IMT peptide,
Cy5.5-conjugated Exo were applied to coverslips and
imaged by fluorescence microscopy (Leica, USA).
0.5% BSA as an unmodified control was imaged [24].

Statistical analyses

The data are presented as mean + SEM. In
comparisons of two groups, 2-tailed Student’s t-test
was used for parametric data, and Mann-Whitney
U-test for non-parametric data. LSD method was used
for multiple comparisons when a statistically
significant difference was found. All experiments
were repeated at least 3 times, and representative
experiments are shown. Differences were considered
significant at P < 0.05.
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Results

Preparation and characterization of Hypo-Exo

Mouse BM-MSCs were isolated and cultured for
72 h under one of the following two culture
conditions: normoxic (10% FBS, 21% O-) and hypoxic
preconditioning (10% FBS, 1% O). Exo were isolated
from their conditioned medium by
ultracentrifugation. We examined the diameter of
both types of the MSC-derived Exo using
transmission electron mMicroscopy.
Normoxia-conditioned BM-MSC-derived Exo
(Nor-Exo) and Hypo-Exo were identified to have
diameters of 40-150 nm (Figure 1A). Next, the
morphology of Nor-Exo and Hypo-Exo was assessed
by laser scattering microscopy (LSM) (Figure 1B-C).
Nor-Exo was round in shape, with an average
diameter of 107.3 + 6.45 nm, while the mean diameter
of Hypo-Exo was slightly larger at 136.5 + 4.05 nm.
Western blot analysis showed that the levels of
TSG101 and Alix (known exosomal markers) were
enriched in Hypo-Exo but were less pronounced in
Nor-Exo, and almost no expression was observed in
the supernatant of both the normoxic and hypoxic
conditioned medium (Figure 1D).

Intramyocardial delivery of Hypo-Exo reduces
the infarct size and improves cardiac function

To test the therapeutic effect of Hypo-Exo, we
made an acute MI mouse model via permanent left
anterior descending artery ligation as previously
described [29]. Hypo-Exo was intramyocardially
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administered to mice at the time of MI, whereas sham,
PBS and Nor-Exo served as controls (Figure 2A).
Histological analyses of the hearts 4 weeks post-MI
indicated that mice injected with Hypo-Exo had a
smaller infarct size than PBS-injected mice (6.60% *
0.98% vs. 42.37% £ 6.96%, P<0.01) or Nor-Exo-injected
mice (6.60% + 0.98% vs. 15.83% * 1.475%, P<0.01)
(Figure 2B). To evaluate whether Hypo-Exo enhances
cardiac repair post-MI, we measured myocardial
contractile parameters at 28 d after ML
Echocardiography (Figure 2C-D) revealed that
Hypo-Exo treatment reduced left ventricular injury,
as indicated by the end systolic chamber volume
(ESCV) and end systolic left ventricular internal
diameter (LVID), compared with the PBS or Nor-Exo
treatments (ESCV: 62.73 + 1.46 pL vs. 85.00 + 2.89 pL
and 74.33 = 2.33 pL, P<0.01 and P<0.05, respectively;
LVID: 2.97 + 0.09 mm vs. 4.77 + 0.15 mm and 3.60
0.06 mm, both P<0.01). By contrast, Hypo-Exo
improved systolic function compared with the PBS
and Nor-Exo controls, as indicated by the higher
ejection fraction (EF%) and fraction shortening (FS%)
(EF%:49.67% + 0.88% vs. 26.33% +2.03% and 40.67% *
1.76%, P<0.01 and P<0.05, respectively; FS%: 31.67% +
0.88% vs. 15.33% + 1.76% and 23.67% * 2.03%, P<0.01
and P<0.05, respectively).

Hypo-Exo is enriched with the antiapoptotic
miR-125b-5p

To identify factors and the mechanism
responsible for the beneficial effects of Hypo-Exo, we
examined the exosomal miRNA content. We isolated
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be. s Los g T
,—b. gt _*‘v "'ka:__'—__‘ S I i
I e R R
Tl R LY
C
—su;l)\fa%ant-suggpr?ant Nor-Exo Hypo-Exo
Nor-Ex —
ALIX R———
Hypo-Ex ok
] L] T L] 1
S @ & @ & Tsgl01 - ’

Size of exosome by LSM (nm)

Figure 1. Characterization of Nor-Exo and Hypo-Exo. (A) Transmission electron micrographs of Nor-Exo and Hypo-Exo. Scale bar, 200 nm. Arrows,
representative Exo. (B) Representative light scattering microscopy (LSM) images of Nor-Exo and Hypo-Exo. (C) Size distribution of Nor-Exo and Hypo-Exo
based on LSM images. (D) Western blot analysis of Alix and TSG101 expression in Nor-Exo and Hypo-Exo. Supernatants obtained during Exo isolation by
ultracentrifugation were used as negative controls. **P<0.01 for Hypo-Exo vs. Nor-Exo. Nor-Exo: normoxia-conditioned bone marrow mesenchymal stem

cells- derived exosome; Hypo-Exo: hypoxia-conditioned bone marrow mesenchymal stem cells-derived exosome.
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RNA from Hypo-Exo and Nor-Exo, performed
microarray profiling of the miRNAs in the Exo, and
compared the content between the two groups.
Because Exo carry cell-specific proteins or
mRNAs/miRNAs that mediate their biological effect,
we focused on the miRNAs upregulated in Hypo-Exo
compared with Nor-Exo. The miRNA microarray
analysis (Figure 3A) showed the significantly
upregulated miRNAs in Hypo-Exo (>3-fold, q<0.5).

Based on the miRNA profiling data from microarray
sequencing, we further validated the expression of the
12 upregulated miRNAs by gqRT-PCR according to
their low g-values. In all, 6 miRNAs—mmu-miR-5112
(P<0.05), mmu-miR-711 (P<0.05), mmu-miR-125b
(P<0.01), mmu-miR-92a (P<0.05), mmu-miR-7025
(P<0.01) and miR-7045 (P<0.05)—of the 12 were
significantly upregulated in Hypo-Exo compared
with Nor-Exo (Figure 3B).
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Figure 2. Enhanced cardiac function after myocardial infarction in mice transplanted with Hypo-Exo. (A) Schematic of the intracardiac injection with
Nor-Exo and Hypo-Exo in a mouse model of MI. (B) Masson’s trichome-stained myocardial sections at 28 days from M| mice treated with sham, PBS, Nor-Exo, or
Hypo-Exo. Scar tissue and viable myocardium are identified in blue and red, respectively. Scale bar, | mm. The bar chart on the right quantifies the extent of fibrosis
in each treatment group. (C-D) Representative M-mode images (C) and quantification (D) of EF%, FS%, ESCV, and LVID measured by echocardiography of sham,
PBS-treated, Nor-Exo-treated, and Hypo-Exo-treated mice at 28 days after MI. ¥P<0.05, **P<0.01 for PBS vs. sham; #P<0.05, ##P<0.01 for Nor-Exo or Hypo-Exo vs.
PBS; 1P<0.05, 11P<0.01 for Hypo-Exo vs. Nor-Exo. MI: myocardial infarction. EF%: ejection fraction%; FS%: fraction shortening%; ESCV: end systolic chamber volume;

LVID: left ventricular internal diameter.
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Figure 3. Profiling and identification of upregulated miRNAs in Nor-Exo and Hypo-Exo. (A) Heat map and supervised hierarchical clustering of the 12
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Decreased miR-125b-5p expression impairs
Hypo-Exo-mediated cardioprotection

To gain further mechanistic insights into the role
of exosomal miR-125b-5p in Hypo-Exo-induced
cardioprotection in the murine MI model,
miR-125b-5p loss-of-function studies were performed
in Hypo-MSCs. We knocked down miR-125b
expression  using miR-125b  antimiR, and
administered negative antimiR controls. Exo were
then isolated from the resulting conditioned medium.
As shown in Figure 4A, the Exo isolated from
miR125b KD  hypoxia  conditioned = MSCs
(miR125bXP-Hypo-Exo) had decreased expression of
miR-125b-5p compared with the Exo isolated from
negative  control-hypoxia  conditioned = MSCs

(NC-Hypo-Exo) (0.1670 + 0.01-fold, P<0.01).
miR125bXP-Hypo-Exo or NC-Hypo-Exo was injected
at multiple points into the infarct area at the time of
MI induction. At 28 days post MI, transduction of the
MI areas with miR125bXP-Hypo-Exo resulted in
decreased miR-125b-5p expression compared with
that in mice injected with NC-Hypo-Exo (0.7333 +
0.107, P<0.05, Figure 4B). As shown in Figure 4C,
mice treated with miR125bXP-Hypo-Exo showed a
larger increase in the scarred area (20.82% +1.34% vs.
13.43% =+ 1.81%, P<0.05). Furthermore, Figure 4D
shows that miR125bXP-Hypo-Exo-treated mice had a
significantly decreased EF% (43.00% * 2.08% vs.
52.33% + 1.86%, P<0.05) and FS% (22.33% + 2.96% vs.
32.67% + 2.19%, P<0.05), with a higher ESCV (77.67 +
1.45 3 pL vs. 70.00 £ 1.16 pL, P<0.05) and LVID (3.300
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£ 017 mm vs. 2.667 £ 0.09 mm, P<0.05) compared myocardial apoptosis. Figure 4E illustrates that in
with NC-Hypo-Exo-treated mice. As cardiomyocyte = miR125bXP-Hypo-Exo-treated mice, apoptotic cells
apoptosis contributes to MI injury, and miR-125bisa  were significantly increased in the border zone (BZ)
known anti-apoptotic miRNA [30,31], we tested the  compared to apoptosis in the NC-Hypo-Exo-treated
effect of miR125bXP-Hypo-Exo on Ml-induced  mice (24.67 +£2.60 vs. 12.33 + 2.85, P<0.05).
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Figure 5. The effects of miR125bkP-Hypo-Exo on the apoptosis and proliferation of H9C2 cells and changes in its targets’ expression levels.
(A-B) The effects of miR125bkP-Hypo-Exo on H9C2 cell apoptosis (A) and proliferation (B) as determined by flow cytometry and CCK8 assay, respectively. (C-D)
The effects of exosomal miR-125b on p53 and BAKI mRNA (C) and protein (D) expression in HIC2 cells treated with miR125bkP-Hypo-Exo or NC-Hypo-Exo. (E)
The effects of exosomal miR-125b on p53 and BAKI mRNA expression in the ischemic regions of hearts treated with miR125bkP-Hypo-Exo or NC-Hypo-Exo. Each
experiment was repeated 3 times. *P<0.05, **P<0.01 for miR125bkD-Hypo-Exo vs. NC-Hypo-Exo.

miR-125b-5p is critical for Hypo-Exo-mediated
protection of injured H9C2 cardiomyoblasts

To determine whether miR-125b contributes to
the protective effects of Hypo-Exo against
hypoxia-induced cell injury, miR-125bKP-Hypo-Exo
studies were performed in hypoxia injured H9C2
cells. miR-125bXP-Hypo-Exo or their NC-Hypo-Exo
were administered to cells before the cultures were
subjected to hypoxia. As shown in Figure 5A and 5B,
compared with the NC-Hypo-Exo,
miR125bXP-Hypo-Exo significantly increased the

percentage of late apoptotic cells (UR%), as revealed
by flow cytometry analysis (Figure 5A; 72.67 + 6.042
vs. 53.77 £ 2.275, P<0.05) and decreased proliferation,
as determined by the CCKS8 assay (1.298 + 0.114 vs
1.908 + 0.184; P<0.05).

To understand the mechanism by which
miR-125bXP-Hypo-Exo impaired Hypo-Exo-mediated
HO9C2 survival in the hypoxic environment, we
examined the protein and mRNA levels of
proapoptotic effectors, including the direct targets of
miR-125b-5p: p53 and BAKI [32,33]. As shown in
Figure 5C-D, we observed a significant increase in the
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mRNA and protein levels of p53 (both P<0.05) and
BAK1 (P<0.01 and P<0.05, respectively) in
miR125bKP-Hypo-Exo compared with control cells.
Furthermore, to determine the mechanism by which
miR125bXP-Hypo-Exo attenuated myocardial
apoptosis in vivo, we examined the mRNA levels of

proapoptotic targets p53 and BAKI in the
myocardium of BZ. Compared with the
NC-Hypo-Exo-treated myocardium, the

miR125bXP-Hypo-Exo-treated myocardium exhibited
significantly increased mRNA expression of p53 and
BAKI1 (Figure 5E, P<0.05).

Preparation and characterization of IMT-Exo

To improve the therapeutic effects of Hypo-Exo
in our mouse model of MI, we enhanced their
targeting specificity via surface modification. To
conjugate Hypo-Exo with IMT or its scramble control,
we performed a two-step reaction that is simple, rapid
and flexible. First, dibenzyl cyclooctyne (DBCO)
groups were introduced to the surface of Hypo-Exo

by cross-linking with DBCO-sulfo-NHS. The NHS
groups were combined with amino groups on either
the exosomal proteins or phosphatidylethanolamine
to form covalent bonds. Second, the DBCO groups on
the Exo were interacted with azide-functionalized
IMT to form stable triazide linkages by copper-free
click chemistry. To track the Exo, the Cyb5.5-labeled
azides were also conjugated to the DBCO groups.
(Figure 6A).

The size distributions of unmodified and IMT
modified Hypo-Exo were evaluated by nanoparticle
tracking analysis (NTA), which showed that the peak
of both profiles were less than 150 nm (Figure 6B). To
estimate the degree to which the peptide was
presented on modified Exo, a fluorescent cyclic
peptide [(Cy5.5) IMT] was conjugated, and Figure 6C
shows that most of the Exo were successfully
conjugated with the IMT peptide compared with
unmodified Hypo-Exo.
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Figure 6. Characterization of targeting Hypo-Exo. (A) Schematic diagram of the conjugation of “CSTSMLKAC” peptide (IMT peptide) and Cy5.5 fluorophore
to exosomal amine groups by a two-step reaction. (B) Size distribution of unmodified Hypo-Exo and IMT conjugated Hypo-Exo (IMT-Exo) by NTA measurements.
(C) Fluorescence images of unmodified-Hypo-Exo or Cy5.5-IMT-Exo. Red, Cy5.5. Each experiment was repeated 3 times. Scale bar, 5 um. IMT: ischemic

myocardium-targeted; IMT-Exo: IMT-conjugated Hypo-Exo; Cy5.5-IMT-Exo: Cy5.5 labeled IMT-Exo.
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Figure 7. Ability of IMT-Exo to target the affected region of the ischemic heart. (A) Schematic representation of intravenous injection of targeting Exo in
the mouse model of MI. (B) Representative in vivo images of mouse hearts that were subjected to M| and administered sham, Cy5.5-labeled Scramble-Hypo-Exo
(Cy5.5-Scr-Exo), or Cy5.5-IMT-Exo. Hearts were dissected 24 hrs after Exo administration. (C) Quantification of the relative fluorescence intensity in the lesion
region. (D) Representative in vivo images of organs dissected from mice that were subjected to MI and administered Cy5.5, Cy5.5-Exo, Cy5.5-Scr-Exo, or
Cy5.5-IMT-Exo. Organs were dissected 24 hrs after administration. (E) Quantitation of fluorescence intensity in various organs. (F) Fluorescence images of hearts
subjected to Ml at 24 hrs after intravenous injection of Scr-Exo or IMT-Exo. Arrows show some of the colocalization of Exo (green) and cardiomyocytes (red). (G)
Fluorescence intensity ratio of LV to RV after Scr-Exo or IMT-Exo administration. *P<0.05, **P<0.01 for Cy5.5 vs. Exo in the lung; *P<0.05, **P<0.01 for Cy5.5,
Cy5.5-Exo, Cy5.5-Scr-Exo vs. Cy5.5-IMT-Exo in the heart; *P<0.05, **P<0.01 for IMT-Exo in LV vs. RV; #P<0.05, ##P<0.01 for Cy5.5-Scr-Exo, Cy5.5-IMT-Exo vs.
sham. LV: left ventricle; RV: right ventricle. Scr-Exo: Scrambled control modified Hypo-Exo; Cy5.5-Exo: Cy5.5 labeled Hypo-Exo; Cy5.5-Scr-Exo: Cy5.5 labeled

Scr-Exo.

The ability of IMT-Exo to target the ischemic
myocardium

To evaluate the ability of IMT-Exo to target
ischemic myocardium in vivo, mice were subjected to
an acute MI model, and then IMT-Exo or Scrambled
control modified Hypo-Exo  (Scr-Exo)  was

intravenously injected immediately after surgery, 4
hrs, 24 hrs, 48 hrs post-MI, and 7 d post-MI (Figure
7A). At 24 h after MI, hearts were dissected and
analyzed using an in vivo imaging system. As shown
in Figure 7B-C, the fluorescence intensity of the
injured region was significantly higher in mice
administered Cy5.5-IMT-Exo than in sham controls
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and in mice administered Cy5.5-Scr-Exo (13.05 *
0.97-fold vs. 1.84 + 0.43-fold and 7.15 + 0.59-fold; both
P<0.01). This result indicates that IMT conjugation
significantly increases accumulation of Hypo-Exo in
the lesion of the ischemic myocardium.

Next, different mouse organs (heart, lungs, liver,
spleens, kidneys, e.g.) were dissected and
quantitatively analyzed by an in vivo imaging system
to observe the biodistribution of IMT-Exo. Figure
7D-E show that Cy5.5-Scr-Exo primarily accumulated
in the liver, followed by the kidneys, lungs and the
heart. Interestingly, Cy5.5-IMT-Exo injection resulted
in increased accumulation in the heart compared to
Cy5.5-Exo (P<0.05) or Cy5.5-Scr-Exo injection
(P<0.05). The excessive signal accumulation in the
liver of mice injected with either Cy5.5-IMT-Exo or
Cy5.5-Scr-Exo is consistent with the recent report
about the distribution of Cy5.5 labeled drugs after in
tail injection [34].

To histologically investigate the potential for
IMT-Exo to specifically target the ischemic
myocardium, PKHé67-labeled Scr-Exo or IMT-Exo
were intravenously administered to mice subjected to
MI. After 24 hrs of blood circulation, heart tissues
were sectioned and analyzed by confocal microscopy.
As shown in Figure 7F-G, PKH67-labeled IMT-Exo
were primarily enriched in the ischemic myocardium
of the left ventricle (LV) versus the right ventricle
(RV) (11.13 £ 2.08-fold change, P<0.01); no significant
differences were detected between the LV and RV of
the Scr-Exo group. These results indicated that
IMT-Exo, but not Scr-Exo, can target the ischemic
heart and be retained in the ischemic myocardium
following intravenous administration.

Cellular localization of IMT-Exo in vitro and in
vivo

We further tested the ability of IMT-Exo to target
hypoxia-challenged H9C2 cells, a condition to mimic
ischemic injury. Cyb5.5-Scr-Exo- or Cy5.5-IMT-Exo
treated H9C2 cells after it was subjected to hypoxia
for 2 h. As shown in Figure 8A-B, significantly higher
fluorescence signals were observed in
Cy5.5-IMT-Exo-treated hypoxia injured cells than in
the Cy5.5-Scr-Exo-treated group (3.98 + 0.32-fold vs.
1.15 + 0.29-fold, P<0.01). Furthermore, according to a
previous report [26], the IMT peptide specifically
localizes to and is retained at the ischemic
myocardium after intravenous delivery due to its
interaction with cardiac troponin I (cTnl), which is
exposed extracellularly after MI [35]. To further verify
this result in vivo, we assessed the accumulation of
IMT-Exo in the ischemic region 24 h after intravenous
injection. PKH67-labeled IMT-Exo was abundantly
present in the ischemic cardiomyocytes of LV with

cTnl enrichment compared to levels in the
nonischemic RV (Figure 8C-D, 4.96 £ 1.06-fold vs. 0.77
t 0.22-fold, P<0.05). These results indicated that
IMT-Exo bind cTnl on myocytes and enter the lesions
of the myocardium.

Intravenous injection of IMT-Exo markedly
alleviates cardiac damage following Ml

To confirm the therapeutic potential of IMT-Exo,
we injected them via the tail vein (as shown in Figure
7A) immediately after MI surgery, and at 4 hrs, 24 hrs,
48 hrs and 7 days post-MI, and analyzed cardiac
function on day 28. Echocardiography images
indicated that the EF% and FS% were significantly
higher in the IMT-Exo group than in the PBS and
Scr-Exo control groups (Figure 9A, EF%: 47.67% +
1.45% vs. 28.33% + 2.19% and 38.33% * 1.45%, P<0.01
and P<0.05, respectively; FS%: 32.33% + 1.45% vs.
19.33% + 2.33% and 24.67% * 2.03%, P<0.01 and
P<0.05, respectively). At the same time, Masson’s
trichrome  staining revealed that IMT-Exo
significantly reduced infarct size compared with PBS
or Scr-Exo treatment (Figure 9B, 8.14% + 1.03% vs.
41.00% * 7.37% and 18.83% + 1.82%, P<0.01 and
P<0.05, respectively). Interestingly, as shown in
Figure 9C, treatment with IMT-Exo attenuated
apoptosis (6.26% = 1.17% vs. 20.50% * 1.63% and
12.27% + 1.52%, P<0.01 and P<0.05) in the BZ
compared with those treated with PBS or Scr-Exo 4
weeks after MI. These results indicated that IMT-Exo
achieve better cardioprotective response and
promote-cardiomyocyte survival after myocardial
ischemia. Finally, in order to highlight the role of MSC
derived exosomal miR-125b, we  modified
miR125bXP-Hypo-Exo with IMT peptide. Figure S1
shows that the EF% and FS% were significantly lower
in IMT-miR125bXP-Hypo-Exo-treated mice than in
IMT-NC-Hypo-Exo-treated mice. And, Masson’s
trichrome staining suggests
IMT-miR125bXP-Hypo-Exo significantly increased the
infarct size compared with IMT-NC-Hypo-Exo.

Discussion

Although numerous strategies for MSC-based
cardiac repair have been tested in patients with IHD,
the benefits of such therapies in clinical trials remain
modest [36]. Accumulating evidence indicates that
Exo released from MSCs protect ischemic
cardiomyocytes from death, promote their
remodeling, and preserve cardiac function [37].
Hypoxic preconditioning of MSCs is a useful
approach to increase their therapeutic potential in a
mouse model of hindlimb ischemia. Our study further
characterized the Exo derived from murine hypoxic
MSCs, and we show that specific targeting of Exo
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achieves an improved effect on cardiac recovery
following ML

Many studies employed the myocardial ischemic
reperfusion (I/R) model to study cardiac therapy
following ischemia. We instead used the permanent
MI model because: 1. Our studies explored the
representative clinical situation where MI patients are
not subjected to reperfusion. 2. We focus on
myocardial changes, such as remodeling, which occur
over an extended period of time post-MI, whereas the
I/R model is generally used to examine the short-term
effects of ischemic injury [38]. 3. The effects of
interventions on post-MI remodeling can be studied
using nonreperfused MI that is dependent on the
formation of collateral vessels but not regular
capillaries as in the I/R model [39]. 4. The reperfusion
procedure per se can expand the damaged area,

A

50 pm

which introduces a confounding effect on cardiac
repair.

In the current study, we analyzed miRNA
content, biological effects, and cardioprotective
function of Hypo-Exo in vitro and in a mouse model of
MI. Our results show that (1) intramyocardial
administration of Hypo-Exo after MI improved LV
function and decreased infarction size; (2) hypoxic
MSC-derived Exo were enriched with miR-125b-5p;
(3) Hypo-Exo-derived miR-125b-5p documents a
profound  antiapoptotic = effect on  ischemic
cardiomyocytes in vitro and in vivo via suppressing
p53 and BAKI; and (4) Hypo-Exo with covalently
attached IMT peptide significantly improved the
targeting efficiency of Exo in the ischemic heart region
and reduced cardiomyocyte apoptosis post-MI.
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Figure 8. Evaluation of the cellular localization of IMT-Exo in vitro and in vivo. (A-B) Representative fluorescence images (A) and bar graph (B) of
hypoxia-injured H9C2 cells treated with Cy5.5-Scr-Exo or Cy5.5-IMT-Exo. Scale bar, 7.5 um. (C-D) Bar graph (C) and colocalization images (D) of IMT-Exo (green;
PKH67) with cTnl (red) in RV and LV. Scale bar, 50 um. Each experiment was repeated 3 times. *P<0.05, **P<0.01 for Cy5.5-IMT-Exo vs. Cy5.5-Scr Exo; *P<0.05,

*##p<0.01 for IMT-Exo in LV vs. RV.
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Figure 9. The role of IMT-Exo in cardia protection post-MI. (A) Quantification of EF% and FS% measured by echocardiography of sham, PBS, Scr-Exo, and
IMT-Exo groups in the mouse model of MI. (B) Bar graph of ventricular fibrosis and representative Masson’s trichome-stained myocardial sections of hearts from
mice in the sham, PBS, Scr-Exo, and IMT-Exo groups at 28 days after MI. Scale bar, | mm. (C) Quantification and representative images of the apoptotic area in the
hearts of Ml model mice treated with sham, PBS, Scr-Exo, and IMT-Exo. Scale bar, | mm. n=6 mice per group. *P<0.05, **P<0.01 for PBS vs. sham; #P<0.05, ##P<0.01

for Scr-Exo or IMT-Exo vs. PBS; 1P<0.05, 1+1P<0.01 for IMT-Exo vs. Scr-Exo.

Recent studies have uncovered a new cell-to-cell
communication mediated by Exo, which acts as a
surrogate for many of the beneficial effects of MSC
[40,41]. One recent study contained proteomic
analysis of Exo derived from MSCs exposed to
peripheral arterial disease (PAD)-like conditions, and
revealed an enrichment of proangiogenesis proteins,
including the VEGF, FGF and PDGF pathways.
Although the cardio-protective function of hypoxia
MSC-derived Exo have been reported in some IHD
studies [42], the role of miRNA in mediating
Hypo-Exo function in vivo and in vitro still remains
elusive. In our present study, we demonstrate for the
first time that miR125b-5p in Hypo-Exo bolster
ischemic heart repair and decrease the infarct size in a
mouse model of MI.

Numerous studies have reported that in
ischemic tissue diseases certain stem cell-originated

Exo can directly communicate with their target cells
through specific miRNA. One study demonstrated
that CD34-derived Exo can directly transfer stable and
functional exosomal miR-126-3p to ischemic hindlimb
and enhance angiogenesis by suppressing the
expression of its target SPRED1[14]. Another study
showed that the beneficial effects of mouse embryonic
stem cell-derived Exo on cardiac progenitor cell (CPC)
survival and proliferation were associated with
delivery of embryonic stem cell-specific miR-294 to
CPCs [43]. However, an unbiased analysis of the
miRNA profile of mouse Hypo-Exo and a mechanistic
study for the miRNA-mediated cardioprotective
effects have not been reported. Our studies found that
Hypo-Exo expressed high levels of miR-125b-5p,
elevated levels of which were also observed in the BZ
in ischemic heart tissue after treatment with
Hypo-Exo. miR-125b-5p is a homologue of lin-4,
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which was the first miRNA discovered and is an
important regulator of C. elegans development [44].
miR-125b-5p impedes apoptosis by repressing p53
and BAKI expression. Furthermore, increased
expression of miR-125b-5p in macrophages attenuates
hypoxia/reperfusion -induced cell injury. Increased
expression of miR-125b-5p in the myocardium
significantly reduces myocardial infarct size and
prevents I/R-induced cardiac dysfunction [32].
Consistent with this, we observed that treatment with
miR-125bXP-Hypo-Exo impaired the survival of
ischemic cardiomyocytes in vitro and in vivo by
increasing the expression of miR-125b-5p target genes
p53 and BAKI. Thus, exosomal miR-125b-5p exerts a
cardioprotective function in myocardial infarction by
downregulating the expression of apoptotic genes p53
and BAKI. These results are in concordance with
studies reporting that miR-125b modulates
cardiomyocyte proliferation and survival [32,33]. One
recent study indicates that miR-125b-5p is critical for
fibroblast-to-myofibroblast differentiation. In that
study, miR-125b-5p inhibited p53 to induce fibroblast
proliferation, which exacerbated MI-induced scarring
in an Angll infusion-induced cardiac fibrosis mouse
model [45]. Fibrosis is the pathological end point of
both hypertension overload and I/R; the two distinct
pathological progresses may contribute to the
different roles of miR-125b-5p. For instance,
hypertension overload-induced reactive cardiac
fibrogenesis was initiated by increased stress in the
myocardial wall, whereas our study induced fibrosis
via cardiomyocyte death due to ML Thus, it is not
surprising that the regulation of miR-125b is
dependent on its environment. Additionally, we
cannot exclude contributions from other miRNAs in
Hypo-Exo, alone or in combination, to the
anti-apoptosis and therapeutic effects. The complete
molecular content of Hypo-Exo and the underlying
mechanism of its cardioprotective function will be
explored in our future studies.

Hypo-Exo is considered a promising therapeutic
approach for tissue ischemia; however, specific
targeting of Exo to the ischemic heart remains a
challenge following systemic delivery. Our previous
study applied a universal strategy to modify the Exo
surface with the c(RGDyK) peptide via bio-orthogonal
chemistry, and the resulting Exo specifically targeted
brain ischemic lesions [24]. Inspired by this “Exo
engineering” method, we modified Hypo-Exo in this
study with the IMT peptide so that it will
preferentially target ischemic-injured cardiomyocytes
and minimize possible off-target side effects.
Although the size of Exo is increased after
modification, IMT-Exo maintain an intact vesicle
shape and show pronounced targeting efficiency in

our mouse MI model. Our results suggest that the
targeting specificity of IMT-Exo was achieved by its
interaction with cTnl, which is specifically expressed
in ischemic myocytes and is released into the
extracellular matrix [35]. Our results are consistent
with a previous study that applied IMT-VEGF to
enhance angiogenesis and improve cardiac function
in a rat I/R injury model [26].

In conclusion, our studies highlight a novel
mechanism by which cell-free Hypo-Exo facilitate
ischemic heart repair via the antiapoptotic
miR-125b-5p. Furthermore, we report a novel, rapid
and safe method to modify Hypo-Exo to improve
their selective targeting to ischemic heart tissue,
which increased their therapeutic efficiency in a
mouse MI model.
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