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Abstract

Rationale: Cardiac stem cell-derived exosomes have been demonstrated to promote cardiac
regeneration following myocardial infarction in preclinical studies. Recent studies have used
intramyocardial injection in order to concentrate exosomes in the infarct. Though effective in a
research setting, this method is not clinically appealing due to its invasive nature. We propose the
use of a targeting peptide, cardiac homing peptide (CHP), to target intravenously-infused exosomes
to the infarcted heart.

Methods: Exosomes were conjugated with CHP through a DOPE-NHS linker. Ex vivo targeting was
analyzed by incubating organ sections with the CHP exosomes and analyzing with fluorescence
microscopy. In vitro assays were performed on neonatal rat cardiomyocytes and H9C2 cells. For the
animal study, we utilized an ischemia/reperfusion rat model. Animals were treated with either saline,
scramble peptide exosomes, or CHP exosomes 24 h after surgery. Echocardiography was
performed 4 h after surgery and 21 d after surgery. At 21 d, animals were sacrificed, and organs
were collected for analysis.

Results: By conjugating the exosomes with CHP, we demonstrate increased retention of the
exosomes within heart sections ex vivo and in vitro with neonatal rat cardiomyocytes. In vitro studies
showed improved viability, reduced apoptosis and increased exosome uptake when using
CHP-XOs. Using an animal model of ischemia/reperfusion injury, we measured the heart function,
infarct size, cellular proliferation, and angiogenesis, with improved outcomes with the CHP
exosomes.

Conclusions: Our results demonstrate a novel method for increasing delivery of for treatment of
myocardial infarction. By targeting exosomes to the infarcted heart, there was a significant
improvement in outcomes with reduced fibrosis and scar size, and increased cellular proliferation
and angiogenesis.
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Introduction

Due

to the limited regeneration of Numerous clinical trials—such as APOLLO [2],

cardiomyocytes [1], stem cells have been the premier

C-Cure [3], CADUCEUS [4], and SCIPIO [5]—have

choice for promoting myocardial regeneration. demonstrated the cardiac regenerative potential of
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various stem cells. Subsequent studies demonstrated
the lack of long term stem cell engraftment and
differentiation [6-8]. The majority of the beneficial
effects of stem cells come from the secretome [9],
which includes extracellular microvesicles (EMVs).
There are three known types of EMVs: apoptotic
bodies, microvesicles, and exosomes. All are
composed of a lipid bilayer, yet exosomes are
differentiated by being formed within endosomes
[10]. Acting as mediators of paracrine signals,
exosomes protect and carry proteins and miRNA
between cells [11-16].

Exosomes produced by cardiosphere-derived
stem cells (CDCs) have been proven to induce
myocardial regeneration via transportation of miRNA
to the myocardium [17-19]. Despite the efficacy of
exosomes, the methods for delivery to the heart are
less than ideal. Previous studies have used both
intracoronary and intramyocardial injections, with
intramyocardial delivery being the more effective of
the two [20]. While intramyocardial injections are
acceptable in animal studies, in a clinical setting it is a
much more serious procedure requiring a physician to
perform the catheterization procedure [21]. Ideally,
exosomes would be delivered intravenously, but it
has been shown that the majority of intravenous
injected exosomes are absorbed within the liver
[22-24]. To offset the non-specific delivery, in our
previous study [25] we utilized a dosage that was
approximately ten times greater than what was used
for intramyocardial studies [18] as shown in Table 1.
In this study, we create infarct-targeting exosomes,
through the use of a cardiac homing peptide (CHP)
[26,27], to increase the efficacy and decrease the
effective dose of intravenously delivered exosomes.

Methods

Exosome isolation

Exosomes were isolated as previously described
[25,28] using ultrafiltration. Briefly, cells were grown
to confluency in fetal bovine serum (FBS; Corning;
Corning, NY)-supplemented Iscove's Modified
Dulbecco's Medium (Gibco; Waltham, MA) then the
media was changed to media without FBS. The media
was conditioned on the cells for an extended period of
time: 14 days for cardiosphere-derived cells (CDCs)
[18,20], 5 days for HT1080 [29] (MilliporeSigma; St.
Louis, MO). The HT1080-XOs were only used for the
ex vivo targeting experiment; all other experiments
used CDC-XOs. The conditioned media was filtered
through a 0.22 pm sterilization filter to remove any
cell particulates or apoptotic bodies, then
concentrated and buffer exchanged to PBS using a 100
kDa ultrafiltration column (EMD Millipore; Billerica,

MA). Sizes and concentrations of the isolated
exosomes were ascertained using mnanoparticle
tracking analysis (NTA; NanoSight, Malvern,
Worcestershire, United Kingdom). For electron
microscopy, exosomes were stained using uranyl
oxalate following a previously described protocol
[30]. SDS-PAGE and Western blotting was performed
using 5 pg of protein on 4-15% gradient gels (Bio-rad;
Hercules, CA) and transferred using a wet transfer
method.

Exosome tagging

The exosomes were tagged with a peptide
shown to target the infarcted heart known as Cardiac
Homing Peptide (CHP; CSTSMLKAC) or a Scramble
peptide (Scr; CSKTALSMC) that is chemically
identical but has a randomized internal sequence [26].
Both peptides were synthesized by GenScript
(Piscataway, NJ). The peptide was conjugated to the
exosomes using modifications of previously described
methods [31]. DOPE-NHS (dioleoylphosphatidyle-
thanolamine N-hydroxysuccinimide; COATSOME®
FE-8181SU5, NOF America; White Plains, NY) and the
peptide were combined with a 100-fold molar excess
of peptide and allowed to react for 1 h to form the
DOPE-peptide. The DOPE-peptide was then
incubated with the exosomes with a lipid:exosome
ratio of 6000:1 (i.e., 6000 molecules of DOPE-peptide
for each exosome; see Supplementary Methods for
rationale). An illustration of the conjugation reactions
is shown in Figure 1A. Following labeling with the
lipophilic dyes Dil (1,1-Dioctadecyl-3,3,3',3'-
Tetramethylindocarbocyanine Perchlorate;
ThermoFisher Scientificc Waltham, MA) or DiR
(1,1'-Dioctadecyl-3,3,3',3'-Tetramethylindotricarbocya
nine lodide; ThermoFisher Scientific; Waltham, MA),
excess reagents were then removed through the use of
a 100 kDa ultrafiltration spin filter and adjusted to the
final concentration using PBS.

Ex vivo targeting studies

Exosomes derived from HT1080 cells were
tagged with CHP peptide then labelled with Dil.
Exosomes were incubated with fixed cryosections of
rat organs for 1 h, followed by 3x5 min washes with
PBS and DAPI labeling. To visualize the entire organs,
images were stitched using Image] [32]. To avoid
animal-to-animal variation on exosome binding, the
infarcted heart sections and the other organs were
acquired from a single rat for the ex vivo targeting
assay. All images were acquired using the same
exposure time to allow for the use of quantitative
measurements.
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Table 1. Comparison of exosome dosage administered in previous studies. * indicates weight was not listed in cited paper but was

extrapolated from our own measurements of this strain of animal.

Study Delivery Method Animal Weight (kg) Exosomes Injected Dosage (XO/kg)  Relative Dosage
Vandergriff et al. 2015 [25] v SCID Mice 0.03 3.0x1010 1.0x1012 5000%

Ibrahim et al. 2014 [18] ™M SCID Mice 0.03* 2.8x109 9.3x1010 467%

Gallet et al. 2016 [20] 1c Yucatan Pig 80t 3.3x1012 4.1x1010 206%

Gallet et al. 2016 [20] ™M Yucatan Pig 80t 1.65x1012 2.1x1010 103%

This study v SD Rats 0.3 6.0x107 2.0x1010 100%

T indicates weight was not listed in paper but was acquired from other sources [79].

In vitro study

Fresh neonatal rat cardiomyocytes (NRCMs)
were isolated as previously described [33,34]. The
cells were cultured for 2 days in 4-well culture slides.
To stress the cells, serum-free medium containing
either 2.50x108 CHP-XOs, Scr-XOs, or PBS was added,
and cells were incubated for 24 h prior to fixation for
analysis. Cells were stained for alpha-Sarcomeric
Actinin (a-SA) to label the muscle fibers of the
cardiomyocytes. To determine viability, cells that
were positive for a-SA, contained DAPI-labelled
nuclei, and were rounded up were counted as viable
cells. To simulate ischemic injury, H9C2 cells (Sigma
Aldrich; St. Louis, MO) were incubated with 500 pM
H2QO2 for 2 h followed by 24 h of treatment with either
Scr-XOs or CHP-XOs. Cell apoptosis was assessed by
TUNEL staining.

Animal housing and care

All procedures performed for this study were
approved by the North Carolina State University
Institutional Animal Care and Use Committee and
were conducted within AAALAC International-
accredited facilities. 5-7 week-old female SD rats
(Charles River Laboratories; Worcester, MA) were
utilized. All of the rats were clinically healthy prior to
the study and were free of recognized pathogens (rat
coronavirus, rat parvovirus, rat minute virus, Kilham
rat virus, Toolan's H-1 virus, rat theilovirus, Sendai
virus, pneumonia virus of mice, mycoplasma
pulmonis, pneumocistis carinii). Rats were housed in
static microisolator cages on direct-contact corn cob
bedding (The Andersons, Inc; Maumee, OH). The
room was maintained in controlled environmental
conditions with a 12:12 h light:dark cycle and
temperature between 68-72 °F. Rats were provided
with standard rodent chow (Formula 5001; LabDiet,
St. Louis, MO) ad libitum and provided continuous
access to water using suspended water bottles.

Surgical procedures

Thirty female SD rats were anesthetized through
intraperitoneal administration of 0.8-09 pL/g
anesthetic combination of a 2:1 mixture of ketamine
and xylazine. The depth of anesthesia was tested by

performing a withdrawal reflex test of at least 2 toes,
with absence of reflex confirming sufficient
anesthesia. Under artificial ventilation with a rodent
ventilator (SAR-1000 Small Animal Ventilator, CWE,
Inc.; Ardmore, PA), an ischemia/reperfusion surgical
operation was performed. The left coronary artery
(LAD) was ligated using a 10 cm length of 7-0 silk
suture through a 15 mm opening at the 4th intercostal
space. A plain knot was tied and left in-situ for 30
min. Ischemia was confirmed in all rats by the
appearance of discoloration of the heart surface. After
30 min, the ligature was released and reperfusion was
verified by reddening of the previously discolored
area of the heart muscle. The chest was closed under
negative pressure. Rats were then extubated and
observed for approximately 10 min until they were
able to move.

Echocardiography

Echocardiograms were acquired at 4 h and 21
days after ischemia/reperfusion surgery with a
Philips CX30 ultrasound system and L15-7io
transducer (Philips; Amsterdam, Netherlands). The
individual who performed the echocardiography and
analysis was blinded to the treatment each animal
received. Animals were anesthetized with 1.5%
isoflurane during echocardiography. Ejection fraction
was measured using Simpson’s method using B-mode
images to measure ventricular volume.

Administration of exosomes and animal
randomization

Animals were transferred into cages following
an observational period. The rats were treated with
PBS (n=6), scramble peptide exosomes (Scr-XO; n=7),
or CHP targeted exosomes (CHP-XO; n=7) via tail
vein injection. In all three groups, the injection
volume was 200 pL. In both the Scr-XO- and
CHP-XO-treated groups, the treatments were 6x10°
Scr-XO or CHP-XO in 200 pL PBS, respectively.
Animals from each group were distributed equally
between all cages. For randomization, the sequence of
treatments was predetermined in a cyclical manner so
as to keep group sizes the same. Animals were
randomly drawn from cages and assigned to one of
the three treatment groups. As predicted based on our
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previous studies, 6 animals died due to complications
during or shortly after surgery. No animals died
following delivery of treatment. Due to several deaths
of animals assigned to one group, the predetermined
sequence was adjusted towards the end of the study
to rebalance the groups. The group sequence was
determined by an individual whom was not present
for surgery nor the echocardiography. For ex vivo
imaging, 4 animals were sacrificed at 24 h following
injection. The animal mortality rate was 20% for this
study.

Histology and microscopy

All rat specimens were sacrificed at day 21.
Hearts were excised, transversely bisected across the
infarct area, and equilibrated with increasing sucrose
solutions up to 30% overnight. Hearts were then
embedded in Optimal Cutting Temperature
compound (OCT; Tissue-Tek; Torrance, CA), snap-
frozen in liquid nitrogen, and then cryosectioned with
a thickness of 5 pm for Masson's Trichrome staining
and 10 pm for haematoxylin and eosin staining (H&E)
and immunohistochemistry  (IHC).  Masson's
Trichrome staining was performed using HT15
Trichrome Staining (Masson) Kit (Sigma Aldrich; St.
Louis, MO). H&E staining was performed using
traditional methods and chemicals (Sigma-Aldrich; St.
Louis, MO).

For immunohistochemistry (IHC), heart sections
were then fixed in 4% paraformaldehyde solution,
permeabilized with 0.01% saponin (Sigma-Aldrich, St.
Louis, MO), and blocked using Protein Block solution
(Dako; Glostrup, Denmark). Primary antibodies were
incubated overnight at 4 °C, and subsequently
secondary antibodies at room temperature for 1.5 h.
Samples were then treated with DAPI (LifeTech,
Carlsbad, CA) and mounted in Prolong Gold
Mounting Media (LifeTech, Carlsbad, CA). Images
were acquired using an Olympus IX81 fluorescence
microscope and Zeiss LSM710 confocal microscope.
Image processing and analysis was performed using
Image]. For analyzing Dil uptake, nuclear staining
was subtracted prior to measurement to avoid
detection of Ki67 labelling.

Statistics

All figures display the mean with the standard
deviation as the error bar. Statistical analysis was
performed using GraphPad Prism (GraphPad
Software, Inc.; La Jolla, CA). For all analyses, two-way
ANOVA with Tukey’s multiple comparison test was
used to analyze the data. A p<0.05 was considered
significant and is indicated on all figures with an
asterisk. Technical replicates were acquired for each
portion as follows. For echocardiograms, three
technical replicates (image sequences) were acquired

and analyzed. For microscopy, at least two sections
were imaged for each specimen, and for high
magnification images (not whole heart) at least three
images were acquired and analyzed.

Results

Peptide labeling of exosomes increases
retention to infarcted heart sections

To determine proper isolation of hCDC-XOs
without cellular contamination, exosomes were
characterized using both Western blotting, NTA, and
TEM. Western blots confirmed exosome presence
with the exosome marker CD81, and a lack of cellular
contamination was verified using the nuclear protein
PCNA (Figure 1B). Exosome size was confirmed to be
95 nm via NTA and TEM imaging confirmed the
round morphology of exosomes (Figure 1C-D). It was
not possible to directly determine the exosome
labelling; NTA was not able to differentiate between
labelled and unlabeled exosomes (Figure 1C). Instead
we used indirect methods to test whether the addition
of a targeting peptide would increase retention of
exosomes. To do so, exosomes were incubated on
slide sections of rat kidney, liver, lung, spleen, and
infarcted heart. Exosomes were tracked and
quantified by Dil labelling. It has been shown that
exosomes demonstrate innate homing abilities [35].
Based upon the fluorescence integrated density taken
from a series of images, CHP-tagged exosomes
exhibited improved targeting to the infarcted heart
(Figure 1E-F). In the other organs, the liver showed a
decreased signal of CHP-XOs when compared to
Scr-XOs. These data indicate that CHP conjugation is
able to increase on-target and decreases off-target
delivery of systemically administered exosomes.

CHP-XOs and Scr-XOs increase viability of
NRCMs via increased uptake

Prior to carrying out studies in an animal model,
the targeted exosomes were tested on NRCMs
cultured in vitro. In order to stress the NRCMs, the
medium was switched to serum-free medium, and
2.50x108 exosomes were administered to each well of
a 4-well culture slide. Overall viability of NRCMs
were analyzed by counting viable a-sarcomeric
actinin-positive cells. The results of counting
indicated that the CHP-XO group had increased
viable NRCMs compared to the PBS group (Figure
2A-B). Qualitative analysis of Dil-labelled exosomes
showed uptake of exosomes whether tagged with the
scramble or CHP peptides, though the CHP-tagged
group had a significant increase in retention. This also
confirmed that the CHP peptides were nontoxic to
cardiomyocytes. Exposing HIC2 cardiac cells to a
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simulated infarction with hydrogen peroxide apoptotic cells when compared to the Scr-XOs.
demonstrated that CHP-XOs reduced the number of
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Figure 1. Study overview. (A) Myocardium-targeting exosomes were produced by reacting DOPE-NHS to Cardiac Homing Peptide (CHP). The lipophilic tails of
the DOPE-CHP then spontaneously insert into the exosomal membrane, coating the exosome in CHP peptide. The exosomes were then intravenously injected into
rats following I/R injury. (B) Western blot for PCNA verifies absence of cell particulates in purified exosomes and CD-81 shows presence of exosomes. (C)
Nanoparticle tracking analysis shows that tagging the exosomes with CHP resulted in no significant changes in exosome size, with a modal exosome size of ~95 nm.
(D) Transmission electron microscopy confirms the exosome structure. (E-F) Ex vivo labelling of infarcted rat heart sections showed increased retention of both
CHP-tagged exosomes compared to Scr-tagged exosomes (DAPI in blue and Dil-labeled exosomes in red). Scale bars: D = 50 nm, E = 1 mm.
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Figure 2. In vitro analysis of targeted exosomes. Following stress by serum starvation, treatment with CHP-XOs increased cardiomyocyte viability (A-B; n=3).
CHP-XOs also demonstrated a significant increase in uptake in cardiomyocytes compared to Scr-XOs as shown with confocal microscopy (C-D; n=6). In H9C2
cardiac cells, treatment with CHP-XOs showed a significant reduction in TUNEL-positive cells (E-F). Scale bars A-E = 100 ym. Scale bar C =20 ym.

CHP-XOs treatment increases cardiac
function and reduces cardiac fibrosis following
ischemia/reperfusion injury

After a 4 h recovery period following the
ischemia/reperfusion injury, the ejection fraction of
all animals was indistinguishable in all groups,
indicating a similar degree of initial injury. The
animals were given 21 days for the treatments to take
effect and repair the myocardial damage. Heart
function was again measured by echocardiogram and
tissues were collected for histological analysis.
Echocardiography results demonstrated that CHP-XO
treatment resulted in increased heart function over
both other groups (Figure 3A-C). As cardiac fibrosis

contributes to the reduction of cardiac function,
Masson’s Trichrome staining was used to measure the
size of the fibrotic region. Upon measuring the
images, injection of CHP-XOs led to a decrease in the
infarcted tissue area and consequently an increase in
viable tissue in the at-risk region (Figure 3D-F).

CHP-XOs improve cellular survival and
vascular growth in myocardium

In order to determine the cellular response to the
CHP-XO  therapy, immunohistochemistry was
performed with several targets. To distinguish
between cardiomyocytes and other cells, a-SA was
used as a co-stain for immunofluorescence. Imaging
of Ki67 showed that there was increased
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cardiomyocyte proliferation following CHP-XO
treatment (Figure 4A-B). Angiogenesis was measured
by imaging of Von Willebrand factor (VwF) and
showed significant increases with CHP-XO treatment
(Figure 4C-D). As the exosomes were from human
origin, negative effects by an immune response were
possible. To test for this, T-cells were stained for CD3
and there was no difference between the groups
(Figure 4E-F).
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Figure 3. Heart function and morphology. Echocardiography results
showed that after 21 days, animals receiving CHP-XOs showed an increase in
ejection fraction much greater than both the PBS and Scr-XO groups (A-C; PBS
n=6, Scr-XO and CHP-XO n=7). Data from graphs A-B are based upon
measurements via Simpson’s method using B-mode images. M-mode images in
C are only for illustrative and qualitative purposes. Morphological analysis of the
heart performed using Masson's Trichrome staining showed a significant
reduction of fibrotic lesions (blue) in specimens from the CHP-XO group (D-F;
n=3). Scale bar = 1 mm.

Discussion

After a long period of dormancy since the
discovery of exosomes in the 1980’s [36-40],
researchers have begun to understand the value of
exosomes and their importance in cell-to-cell

signaling. Exosomes secreted by cardiosphere-
derived stem cells have been shown to promote
cardiac regeneration [18,20,41]. It has been indicated
that the beneficial effects of exosomes are due to its
ability to shuttle miRNA between cells [11-16].
CDC-XOs contain numerous miRNAs, in particular
miR21 and miR146a [18], both of which have been
shown to have beneficial effects on the injured
myocardium [42-46]. miR21 reduces myocardial
apoptosis by modulating expression of programmed
cell death 4 (PDCD4), FasL, and AKT pathways
[47-49]. miR146a represses interleukin-1 receptor-
associated kinasel (IRAK1) and tumor necrosis factor
(TNF) receptor-associated factor 6 (TRAF6), reducing
activation of nuclear factor kB (NF-xB) [18,44]. The
effects of the miRNAs do not appear to be the result of
any single miRNA, but rather the effects are
dependent upon multiple miRNAs working in
tandem [18,49]. When combined, miR21 and miR146a
result in significant reduction of p38 mitogen-
associated kinase phosphorylation (p-p38 MAPK)
[49]. As miRNAs do not require an exact match to the
target mRNA, miRNAs can repress many different
proteins [50-56]. When co-expressed or inhibited, this
leads to multiple interactions and alterations as
overlapping portions of pathways are modulated
[50,57-59]. Of the many possible outcomes of the
miRNA modulation, we demonstrate that CHP-XOs
promote cardiac repair through reduced scar size
(Figure 3D-E), increased cardiac proliferation (Figure
4A-B), and increased angiogenesis (Figure 4C-D).

The nano-scale size of exosomes has a
dichotomous effect on the therapeutic potential of
exosomes. Their small size allows exosomes to
traverse capillary beds in the lungs and other tissues,
which can trap cells or larger particles, but
simultaneously reduces the rate of extravasation of
the exosomes to the hypothesized target tissue [60].
When delivered intravenously, large amounts of
exosomes have been shown to accumulate in off target
organs such as the liver [22-24]. Thus far, no studies
have definitively shown any side effects of excess
exosome injection, though one study did report death
of one animal when receiving large doses of
intravenous exosomes, possibly due to pulmonary
embolism [60]. Drug targeting has primarily been
studied as a means to reduce the negative off-target
effects of chemotherapeutic drugs [61-63], although
there has been an increased interest in drug targeting
for cardiac regeneration [64-73]. Following
myocardial infarction, the myocardium undergoes
several changes that can be exploited for targeting.
One such change is an increase in vascular
permeability, analogous to the enhanced permeability
and retention (EPR) effect in cancer, allowing for
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Figure 4. Myocardial proliferation and angiogenesis. Cardiomyocyte proliferation was measured using Kié7 (A; red, indicated with arrows), and angiogenesis
was measured with VwF (B; red). Co-staining with 0-SA (green) was used to differentiate myocardium from other cardiac tissues. When analyzed quantitatively,
CHP-XOs promoted both cellular proliferation (B) and angiogenesis (D), both key factors of myocardial regeneration. Despite being of human origin, the exosomes
did not illicit an immune response, as verified by CD3 staining for T-cells (E-F). Scale bars = 100 um.

increased extravasation of liposomes [74]. Changes in
protein expression as well as exposure of normally
intracellular proteins such as myosin have been
utilized for targeting. Due to their high specificity,
antibodies and antibody fragments have been the
targeting molecule of choice [75]. Recent studies also
showed that platelet membranes could be utilized to
target cells to the infarct heart [76]. Recent
developments in phage display have yielded many
new targeting molecules such as the CHP [26,27].
Though the exact mechanism by which CHP interacts
with the myocardium is unknown, by conjugating it
to exosomes it amplifies the regenerative effects of the
exosomes. A limitation of our study is that the
mechanisms underlying the regenerative properties of
exosomes were not fully elucidated. Nevertheless,
recent studies from our group and others have
demonstrated pro-angiogenic, pro-myogeneic, anti-
apoptotic, and anti-inflammatory roles of stem cell
secretome [77, 78].

Conclusions

Our results demonstrate an effective method for
increasing the potency of CDC-XOs for cardiac
regeneration through the use of Cardiac Homing
Peptide. The use of DOPE-NHS allows for peptides or
other molecules to be conjugated to exosomes and
possibly  other membrane-based nanoparticles.
Targeting the exosomes resulted in increased uptake
in cardiomyocytes in vitro, as well as increased
functional recovery in an animal model by reducing
fibrosis, inducing cardiomyocyte proliferation and
increasing angiogenesis. The use of cardiac-targeted
exosomes represents a promising method for the
treatment of myocardial infarction.

Abbreviations
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cardiosphere-derived cell; DOPE: dioleoylphospha-
tidylethanolamine; EMV: extracellular microvesicle;
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