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1 | INTRODUCTION

| Sean M Davidson!

Abstract

Myocardial infarction requires urgent reperfusion to salvage viable heart tissue.
However, reperfusion increases infarct size further by promoting mitochondrial dam-
age in cardiomyocytes. Exosomes from a wide range of different cell sources have
been shown to activate cardioprotective pathways in cardiomyocytes, thereby re-
ducing infarct size. Yet, it is currently challenging to obtain highly pure exosomes in
quantities enough for clinical studies. To overcome this problem, we used exosomes
isolated from CTXOEO3 neuronal stem cells, which are genetically stable, condition-
ally inducible and can be produced on an industrial scale. However, it is unknown
whether exosomes from neuronal stem cells may reduce cardiac ischaemia/rep-
erfusion injury. In this study, we demonstrate that exosomes from differentiating
CTXOEOS cells can reduce infarct size in mice. In an in vitro assay, these exosomes
delayed cardiomyocyte mitochondrial permeability transition pore opening, which
is responsible for cardiomyocyte death after reperfusion. The mechanism of MPTP
inhibition was via gp130 signalling and the downstream JAK/STAT pathway. Our re-
sults support previous findings that exosomes from non-cardiomyocyte-related cells
produce exosomes capable of protecting cardiomyocytes from myocardial infarction.
We anticipate our findings may encourage scientists to use exosomes obtained from
reproducible clinical-grade stocks of cells for their ischaemia/reperfusion studies.
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transferred through complex | in reverse, generating reactive oxy-
gen species (ROS).% Excess mitochondrial ROS and calcium result in

Acute myocardial infarction is typically caused by a coronary artery
blockage.! Timely reperfusion is necessary to salvage ischaemic myo-
cardium. However, reperfusion itself causes a degree of injury and is
responsible for ~50% cell death caused by ischaemia and reperfusion
(IR) in the heart.? Upon reoxygenation of cardiomyocytes, electron
flow returns to the electron transport chain but electrons are initially

opening of mitochondrial permeability transition pore (mPTP), which
causes cardiomyocyte death. Therefore, prevention of mitochondrial
injury is one important aspect of therapies aiming to reduce infarct
size.* mPTP opening can be prevented by direct chemical inhibition
of the regulatory protein cyclophilin D,’ or by certain protein kinases
that have been shown to limit mPTP formation.®” These pro-survival
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kinases, such as PIBK/AKT and JAK/STAT, are defined as the reper-
fusion injury salvage kinase (RISK) pathway and the survivor activat-
ing factor enhancement pathway, respectively.®? However, to date,
no treatment specifically targeting IR injury has been successfully
translated from laboratory to patients (reviewed in ).

There is currently great interest in the potential for cardioprotec-
tion by exosomes. Exosomes are nano-sized, extracellular vesicles that
are able to signal between cells. Exosomes from a range of different
types of stem cells have been shown to reduce infarct size caused by
cardiac IR injury, including those produced by mesenchymal stem cells
(MSC), cardiac progenitor cells, embryonic stem cells, W8B2+ stem
cells, amniotic fluid stem cells and bone-marrow-derived stem cells. !+ %4
Furthermore, cardioprotection can also be seen with exosomes pu-
rified from non-stem-cell origins such as endothelial cells, dendritic
cells, adipose stem cells and blood plasma.***>"Y” Importantly, many
types of exosomes have been shown to activate kinases of the RISK
pathway.'>82! These data suggest that the specific source of exo-
somes is not a major factor in determining their ability to protect the
heart, so long as they activate cardioprotective signalling pathways.
On the other hand, some cell culture or growth conditions can affect
exosome activity. For example, type |l diabetes and hyperglycaemia
can prevent exosomes from being able to protect the heart.?>%

Given the clinical need for an effective treatment for cardiac IR
injury, and the fact that cardioprotection has been seen using exo-
somes from various cell-type including non-cardiac cells, we decided
to investigate whether cardioprotection could be achieved using
a clinical-grade preparation of exosomes obtained from a human,
neural stem cell line called CTXOEQ3. Despite being neural, exo-
somes from these cells were attractive for a number of reasons.
First, the exosome-producing stem cells are grown in a high-yield,
GMP-grade production facility, offering the potential for future ex-
pansion for routine production of GMP-grade exosomes that can
be directly used in patient studies. Second, the CTXOEO3 cell line
is genetically stable, conditionally immortalized and conditionally
proliferating,?* which facilitates the isolation of exosomes from ei-
ther proliferating or differentiated cells (referred to as ExoPrO and
ExoDiff, respectively)—this is useful for the comparison of exosomes
from different conditions. Third, the sequential isolation procedure
we developed, consisting of tangential flow filtration followed by
size exclusion chromatography, is expected to result in highly pu-
rified exosomes. Furthermore, during this entire isolation process,
the exosomes remain in solution in a standard physiological buffer,
which avoids the use of harsh and potentially damaging techniques
such as ultracentrifugation or precipitation. The combination of
these techniques can potentially achieve high exosome purity by re-
moving particles larger or smaller than exosomes, respectively, with-
out compromising exosome functional properties.25

CTXOEOQ3 cells, themselves, have previously been demonstrated
to be beneficial in IR injury in the setting of ischaemic stroke.?¢?’
Interestingly, CTXOEO3 cells were also shown to induce angiogen-
esis in mouse models of hind limb ischaemia, which involves activa-
tion of the same pro-survival RISK pathway known to be involved in

cardioprotection.!* The mechanism of action of the CTXOEO3 stem

cells is believed to involve the transfer of exosomes to the injured
cells. %7

We, therefore, hypothesized that ExoPr0O and ExoDiff would pro-
tect cardiomyocytes from cell death by activating cardioprotective
pathways that protect mitochondria, thereby limiting infarct size
following ischaemia and reperfusion. We first characterized the exo-
somes to determine their size, appearance and expression of protein
exosomal markers, in accordance with recommendations by minimal
information for studies of extracellular vesicles 2018 (MISEV2018).%
We then evaluated the potential of ExoDiff and ExoPrO exosomes to
reduce cardiac ischaemia/reperfusion injury in vivo and delay mPTP
opening caused by ROS in vitro. We also investigated the mechanism
of protection by using inhibitors of the RISK pathway and other car-
dioprotective kinases.

2 | MATERIALS AND METHODS
2.1 | Exosome isolation

Small extracellular vesicles (hereafter: exosomes) from differentiat-
ing (ExoDiff) and proliferating (ExoPr0) CTXOEO3 human neuronal
stem cell (hNSC) cultures were isolated from tissue culture medium
conditioned by CTXOEOQ3 cells, using a previously described, sequen-
tial method of tangential flow filtration followed by size exclusion
chromatography.?8% In brief, cells were cultured using either T
flasks (ExoPr0Q), as described previously,31 or Integra CELLine bio-
reactors (ExoDiff) in a chemically defined growth media (Dulbecco's
Modified Eagles Medium:F12 medium (Invitrogen) (DMEM:F12),
supplemented with human albumin solution (0.03%; Grifols), L-
glutamine (2 mmol/L; Gibco), human transferrin (5 pg/mL; Sigma),
putrescine dihydrochloride (16.2 ug/mL; Sigma), human insulin (5 pg/
mL; Sigma), progesterone (60 ng/mL; Sigma), sodium selenite (40 ng/
mL; Sigma), epidermal growth factor (20 ng/mL; Sigma) and basic fi-
broblast growth factor (10 ng/mL; Invitrogen). ExoPro conditioned
media (CM) was collected from 80% to 90% confluent hNSC in ster-
ile conditions, and filtered using a filter unit (Millipore, SCGPUO5RE)
with a 0.22 pm membrane to remove intact cells and cell debris.®! To
allow the cells to partially differentiate in the case of ExoDiff, Integra
CELLine cultures were allowed to grow for between 6 and 15 weeks
prior to harvesting the CM. The CM for both ExoPrO and ExoDiff
were then concentrated, and buffer changed by diafiltration into PBS
using a 100 kDa molecular weight cut-off hollow-fibre polyethersul-
fone (MPES) (Repligen, S02-E100-05-N) membrane followed by size
exclusion chromatography (IZON, gEV) to eliminate non-vesicular

material following the manufactures recommendations.

2.2 | Nanoparticle tracking analysis

Particle quantity and size in exosome samples were determined by
nanoparticle tracking analysis using a NanoSight LM10-HS instru-

ment with a 488nm laser unit, syringe pump and charge-coupled
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camera (Malvern Panalytical).®? Dilutions of ExoDiff or ExoPrO in
water were injected at speed 20 and illuminated with the laser. The
scattered light was recorded as three videos of 90sec. The detec-
tion level was set at 5. NanoSight software (v.3.1) was used for data

analysis.

2.3 | Spectrophotometry

Exosome samples or bovine serum albumin (BSA) diluted in water
were loaded on a low-volume microplate LVis (BMG Labtech).
Protein absorbance was read at 280nm with a FLUOstar plate
reader (BMG Labtech). Protein concentration in ExoDiff and
ExoPrO was calculated using the equation of the BSA standard

curve.33

2.4 | Dissociation-enhanced lanthanide
fluorescence immunoassay (DELFIA)

Exosome markers were detected with DELFIA.3* Specifically,
ExoDiff or ExoPrO dilutions or their diluent, phosphate buffer
saline (PBS), were loaded in duplicates on high-binding 96-well
plates (R&D Systems, DY990) and incubated at 4°C. Next day,
the plates were washed three times with DELFIA washing buffer
before any reagent was added to wells (PerkinElmer, 1244-114).
First, plates were blocked with 1% BSA in PBS for 1 h at room
temperature. Then, plates were incubated with anti-CD9 (1:500),
CD63 (1:200) or CD81 (1:500; BD Biosciences, 555 370, 556 019,
555 675). After 2 h, plates were incubated with appropriate sec-
ondary antibodies (1:2,000; Abcam, ab98691, ab97073) for 1 h.
Afterwards, streptavidin-europium conjugate in assay buffer
(1:1,000) was added to wells for 1 h (PerkinElmer, 1244-106 and
1244-30). Finally, plates were washed six times and incubated
with enhancement solution, while being shaken at 300rpm for
10 min (PerkinElmer, 1244-104). The samples were analysed with
a PHERAstar plate reader with the following settings: 337 nm ex-
citation, 620 nm detection, 200 ps integration time and 60 ps lag
time (BMG Labtech). Fluorescence value of each control, that is
PBS incubated with both primary and secondary antibodies was

subtracted from sample fluorescence.

2.5 | Single particle interferometric reflectance
imaging (SP-IRIS)

The presence of exosome markers in ExoDiff and ExoPrO was con-
firmed by using ExoView Tetraspanin SP-IRIS chips (NanoView
Diagnostics).35 The samples were diluted with 0.05% Tween20 in
PBS. Dilutions (35 puL) were added in triplicates on the chips pre-
coated with mouse anti-CD9, CD63 and CD81 antibodies (NanoView
Diagnostics). Mouse IgG was used as a negative control. The chips

were incubated at room temperature for 16 h. After three washes

with PBS, CD9/Alexa488, CDé63/Alexaé47 and CD81/Alexa555
secondary antibodies were added on the chips for 2 h (NanoView
Diagnostics). Then, the chips were washed once with 0.05%
Tween20 in PBS, three times with PBS, and once with water. After
drying chips with blotting paper, interferometric images of the chip
were acquired with an ExoView reader using the ExoScan software.
Fluorescence was quantified with ExoViewer software with sizing
threshold set to 50-200 nm. Then, mean fluorescence of sample rep-

licates, particle size, number and subtype was determined.

2.6 | Transmission electron microscopy

Exosome samples were imaged by Joel 1010 electron microscope
(Joel Ltd.).%® Formvar-carbon coated grids stayed on sample drops
at room temperature overnight (Agar Scientific, S138A6). Next
day, grids were washed on PBS, contrasted with 50 pL uranyl-
oxalate for 30 s and then dried with blotting paper (Thomas
Scientific, C993L46). Afterwards, grids were air-dried for 5-10 min
and imaged at 80 kV. Immunostaining of CD63 was performed
on whole-mounted exosomes followed by a gold-labelled goat
anti-mouse IgG secondary antibody, followed by post-fixation and

staining.36

2.7 | Lipid assay

The lipid content of exosomes was determined using the improved,
high-sensitivity 96-well plate format lipid quantification assay, de-
veloped by Visnovitz et al %7 for experiments with EVs. In brief, 1.2-
Dioleoyl-sn-glycero-3-phosphocholine (DOPC) liposomes were pre-

d % and used to construct a standard curve. 200

pared as describe
uL of 96% sulphuric acid was added to 40 L standards or exosome
samples in in 1.5 mL test tubes (Safe-Lock tubes, 1.5 ml, 0030 120-
086, Eppendorf AG, Germany). After drying, 120 uL of phospho-
vanillin reagent (50 mg vanillin in 50 mL of 17% phosphoric acid) was
added to each tube and vortexed. Next, 280 L of each sample was
transferred to a 96-well plate and the colour reaction was allowed to
develop for 1 h at 37°C. Absorbance at 540 nm was determined with
a fluostar plate reader (BMG Labtech), and lipid content determined
with reference to the standard curve.

2.8 | Ethical approval

All animals received humane care in accordance with the Animal
Welfare and Ethical Review Body, and in vivo work was conducted
according to the UK Home Office Guide on the Operation of Animals
(Scientific Procedures) Act 1986, under Project Licence number PPL
70/8556. The experiments were performed according to the guide-
lines from Directive 2010/63/EU of the European Parliament on the
Protection of animals used for scientific purposes or the National

Institutes of Health guidelines.
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2.9 | Invivo ischaemia-reperfusion injury

Male wild-type C57BI/6 mice (12- to 15-week-old) were anaesthe-
tized intraperitoneally with 80 mg/kg pentobarbital. They were
placed in supine position on a heating pad (36.5-37.5°C). After tra-
cheostomy, artificial ventilation was established using a 19G can-
nula connected to a MiniVent type 845 animal ventilator (Harvard
Apparatus). Flow rate was 1.0 L/min with stroke volume 200 pL at
130strokes/min. An expiratory tube was submerged in water to apply
2 cmH, 0 positive end-expiratory pressure. Electrocardiogram (one
lead) was recorded continuously until the end of the experiment with
PowerlLab/4SP system using LabChart 7 software (ADInstruments).
An incision was made at the fourth intercostal space. Equal volumes
of saline containing the indicated numbers of ExoDiff, ExoPrO or
PBS were injected via a jugular vein 5 min prior to heart ischaemia.
The assignment of animals to groups was randomized, and the in-
vestigator was blinded to the treatments. Myocardial IR injury was
induced by ligation of the left anterior descending artery with a silk
suture for 40 min followed by 2 h reperfusion‘38 Myocardial ischae-
mia was confirmed by changes in electrocardiogram and blanching
of myocardium distal to the suture.

The hearts excised post-reperfusion were cannulated and
washed with saline. The previously blocked artery was re-closed
with the suture and the heart was perfused with 1% Evan's blue dye
in saline (w/v) to determine the area at risk using standard meth-
0ds.%® Consequently, hearts were frozen, sectioned and stained with
1% triphenyl tetrazolium chloride in phosphate buffer (w/v; pH7.4)
at 37°C for 15 min. Heart sections were fixed with 4.0% formalde-
hyde solution in water (v/v) overnight. The sections were scanned
with CanoScan LiDE 220 scanner (Cannon) and analysed. The area
atrisk (Evan's Blue-negative), the infarct size (not stained with Evan's
Blue and triphenyl tetrazolium chloride) and the non-risk area (Evan's
Blue-positive) were determined using ImageJ (National Institutes of
Health). The infarct size was measured as a percentage of the area at

risk. Hearts with <30% risk area were excluded from analysis.

2.10 | Cell cultures

HL-1 cardiac muscle cells were grown in flasks coated with fibronec-
tin and gelatine using supplemented Claycomb medium as previously
described (Sigma-AIdrich).39 Cells were incubated in humidified at-
mosphere (95% air, 5% CO,, 37°C).

2.11 | Mitochondrial permeability transition pore
opening assay

HL-1 cells were seeded 100 000 cells per glass bottom dish (Greiner
One, 627965). The following day, the sensitivity of the mitochondrial
permeability transition pore to stress-induced opening was assessed
by using an oxidative stress model.*® Specifically, cells were incu-
bated with 3 pmol/L tetramethylrhodamine (TMRM) in recording

buffer for 15 min (ThermoFisher Scientific, T668). Due to its posi-
tive charge, TMRM is rapidly sequestered within mitochondria in a
Nernstian fashion. At this dye concentration, the fluorescence signal
is initially quenched, but mPTP opening causes the mitochondria to
depolarize, and TMRM diffuses into the larger volume of the cyto-
sol, in which it dequenches, becoming brighter. In HL-1 cells, this re-
sults in a gradual increase in signal until maximal dye dequench. The
known mPTP inhibitor, cyclosporine A, was used as a positive con-
trol. The recording buffer contained 156 mmol/L NaCl, 10 mmol/L
HEPES, 10 mmol/L glucose, 3 mmol/L KCI, 2 mmol/L MgSO,.7H,0,
2 mmol/L CaCl, and 1.25 mmol/L K,HPO, in water (pH7.4). Cells
were treated with 0.2 uM cyclosporin A (Cell Guidance Systems,
SM43), DMSO, 10 - 10 particles/mL ExoDiff or ExoPr0, 15
pmol/L LY294002, 50 pmol/L PD98059, 1 pmol/L SC144, 0.1 umol/L
Ruxolitinib or 5 pmol/L TAK242 (compounds are from Tocris unless
otherwise indicated) during and after the 15 min TMRM loading
period. Time-lapse recordings of cells were made using a Leica TCS
SP5 confocal microscope equipped with a 20x objective, 543 nm
laser line of a Helium-Neon laser for excitation (Leica Microsystems).
The settings were as follows: 4 s time interval, 40% laser power and
standard Leica TRITC emission settings. The fluorescence intensity
at three separate locations per dish, each containing ~100 cells, was
analysed using LAS AF software and the average intensity calcu-
lated. The half-time taken for TMRM to maximally dequench was de-
termined and used as an index of mPTP sensitivity. Using this assay, a
longer time to mitochondrial depolarization indicates greater resist-
ance of the mPTP to opening. The resultant value was considered as
one replicate, and the experiment was repeated using different cell

preparations.

2.12 | Statistical analysis

Data are shown as mean +SEM. For statistical analysis, one-way
ANOVA was followed by post-test analysis by the Tukey test for
multiple comparisons. P <.05 was considered significant. *P <.05;
**P <.01, ***P <.001.

3 | RESULTS
3.1 | Exosome characterisation

Exosomes were quantified and characterized both in the bulk sample
and as single nanovesicles in accordance with the latest guidelines pro-
duced by the International Society for Extracellular Vesicles.?> Sample
particle number and size were measured by nanoparticle tracking anal-
ysis. The particle size distribution of ExoDiff and ExoPrO suggests that
particles were predominantly within the exosome size range (Figure 1A,
B). The modal particle size was similar in both samples (89.5 vs 87.3 nm
in ExoDiff and ExoPr0). The particle concentration was ~4 times higher
in ExoDiff compared with ExoPr0 (4.13 x 102 vs 1.09 x 102 par-

ticles/mL, respectively). To confirm the difference in exosome
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FIGURE 1 ExoDiff and ExoPrO
exosome characterisation. (A, B)
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TABLE 1 The presence of CD9, CD63 Secondary antibod
. . . Y 1 Yy
and CD81 was confirmed in ExoDiff and
S | | back d CD9 CDé63 CD81
ExoPr0O samples by DELFIA i alone (background)
ExoDiff 2,639 +483 31,916 + 3,942 104,477 + 13,225 157,990 + 18,255
ExoPro 35,035 + 2,762 245,297 + 19,033 273,792 + 22,977

Note: The data are shown as mean signal of triplicates from one sample; arbitrary units.

concentrations, protein concentration was determined with spectro-
photometry. Indeed, ExoDiff contained more protein than ExoPr0 (490
vs 190 pg/mL, respectively). The particle per protein unit ratio, which
is an alternative measure of exosome purity, was 8.5 x 10° particles/ug
for ExoDiff and 5.9 x 10” particles/ug for ExoPr0.** We also measured
the ratio of protein to lipid content, as an alternative method of as-
sessing purity37 and found that it was approximately two times greater
in ExoDiff compared with ExoPrO (33.3 + 2.6 ug protein/ug lipid and
17.2 + 4.9 pg protein/pg lipid, respectively).

Next, the presence of CD9, CD63 and CD81 in ExoDiff and
ExoPr0O samples was confirmed with an ELISA-based DELFIA assay.

These tetraspanin family proteins have been validated as extra-
cellular vesicle (EV) and exosome markers.?>#2 Positive signal for
each of these tetraspanins was detected relative to control vehicle
(Table 1). To verify the co-localization of tetraspanins on the puta-
tive exosomes and compare their relative expression, single parti-
cle interferometric reflectance imaging (SP-IRIS) was used to image
EVs incubated with a mixture of fluorescent antibodies against the
three tetraspanins.®>*3 This technique allows a comparison between
relative levels of exosome marker proteins at the level of individual
exosomes and is useful both as a ‘fingerprint’ of exosome type and
subtypes within a sample. Both ExoDiff and ExoPrO were found to
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contain exosomes that were double-positive for the various tetra-
spanin combinations (Figure 1C, D). Non-specific binding of EVs to
mouse IgG was negligible. The relative expression ratios were similar
between ExoDiff and ExoPr0 suggestive of similar exosome content
in the samples. We confirmed the presence of ‘cup-shaped’ EVs the
size of exosomes in both ExoDiff and ExoPrO samples by electron
microscopy (Figure 1E, F). Finally, to further confirm the presence
of CD63 on EVs, we performed electron microscopy imaging on
EV samples immune-labelled with an antibody recognizing CD63
(Figure 1G,H). Collectively, the characterization data suggest that
both samples contained purified exosomes.

3.2 | ExoDiff are cardioprotective in a mouse
ischaemia/reperfusion model

ExoDiff and ExoPrO were investigated for their ability to limit in-
farct size in an in vivo model of cardiac IR injury. Wild-type mice
were injected with equal volumes of ExoDiff, ExoPrO or vehicle
(PBS) via the jugular vein, 5 min prior to regional myocardial ischae-
mia, which was achieved by ligation of the left anterior descending
artery. After 40 min, the ligature was removed and the heart was
reperfused. After 2 h reperfusion, the hearts were excised and the
area at risk (AAR) and infarct size were determined (Figure 2A). The
AAR was equivalent in all groups, demonstrating that the surgery
was equivalent in each group (Figure 2B). Control mice, which were
administered vehicle, had an infarct size of 44.5 + 6.9% of the AAR
(Figure 2C). The infarct size was significantly reduced to 29.9 + 9.0%

(P <.05) by the administration of 0.7 x 10'° particles of ExoDiff.
Administration of 0.7 x 10° particles ExoPrO caused an increase in
infarct size to 63.9 + 4.1% (P <.01) (Figure 2C). Interestingly, when
the concentration of ExoDiff administered was doubled, it no longer
had any effect on infarct size (51.0 + 5.1% infarct / AAR) (Figure 2C).

3.3 | ExoDiff delays ROS-mediated mPTP opening
in cardiomyocytes by activating gp130/JAK pathway

To elucidate the mechanism of cardioprotection conferred by
ExoDiff, the effect of ExoDiff and ExoPrO on mPTP opening was
evaluated in vitro. Specifically, HL-1 cardiac muscle cells were incu-
bated with the fluorescent potentiometric mitochondrial dye, TMRM
(Figure 3). TMRM sequesters in mitochondria in which it initiates sin-
glet oxygen (ROS) production upon laser illumination.*® During and
after TMRM incubation, cells were co-incubated with exosomes, ve-
hicle (DMSO) or the positive control of cyclosporin A (CsA), a known
mPTP inhibitor. The sensitivity to mPTP opening was detected as
an increase in fluorescent signal due to dequenching of the dye as it
diffused out of the damaged mitochondria (Figure 3). As expected,
mPTP opening was significantly delayed by CsA by more than 50%
(Figure 4). Treatment with 10'° particles/mL ExoDiff delayed mPTP
opening by more than 2.5-fold (Figure 4A). A lower concentration of
ExoDiff (107 particles/mL) did not delay mPTP opening (Figure 4A).
ExoPr0 had no effect at either concentration (Figure 4A). Therefore,
ExoDiff, and not ExoPrO, may reduce the infarct size by protecting

cardiomyocyte mitochondria from reactive oxygen species.

%%k
A B 80 1 C 30 - Tk # % ok Rk
o ’ O ° ¥ . by © °
° @
, S 6], ~& 8] =3
— % 0 (o] 60 ° °
s} x
’ ° ° o °\° ) ) % T %
S w0 * e :
— o (0] °
® N °
@900 =
[
& = °
s 6 0 ¥ S — )
i N & Q€ P L N Q©
N ; S & f N U
RS & & o© S SR R S
$© Q}“O (0.\.0 © NS o NN 3
O N QQ/ N W At AF W {\+
-\i\ *i\ _\'_\Q Q N
A ™
Q. '\. Q"\

FIGURE 2 ExoDiff, and not ExoPrO, reduced infarct size in in vivo model of ischaemia/reperfusion injury. Wild-type mice were injected
intravenously with the indicated numbers of ExoDiff, ExoPrO or vehicle (PBS), 5 min prior to regional myocardial ischaemia. (A) Following
40 min ligation of the left anterior descending artery and 2 h reperfusion, the hearts were excised, stained with Evan's Blue and TTC
(representative slices are shown). (B) The ischaemic risk area, as a percentage of the left ventricle (LV) area, was similar between all groups.
(C) Infarct size as a percentage risk area. The data are shown as mean +SEM. Each dot represents one mouse heart. *P <.05; **P <.01;

***P <.001, between indicated groups
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To discover how ExoDiff delays mPTP opening caused by ROS,
HL-1 cells were used as above, in the presence or absence of inhibi-
tors of two RISK pathway kinases, MAPK and PI3K. Both inhibitors
failed to reduce mPTP opening time in the presence of 10%° particles/
mL ExoDiff (Figure 4B, C). Next, we used TAK242, an inhibitor of
toll-like receptor 4 (TLR4), the receptor which responds to damage-
associated molecular patterns (DAMPs). We have previously shown
that TLR4 is involved in cardioprotection by plasma exosomes *°
(Figure 4D). However, TAK242 did not significantly affect the delay
to mPTP opening caused by ExoDiff. Another major cardioprotec-
tive kinase pathway, referred to as the Survivor Activating Factor
Enhancement (SAFE) pathway, involves JAK/STAT signalling.** To
investigate the role of the SAFE pathway in delaying mPTP opening
in our assay, cells were treated with a specific inhibitor of JAK sig-
nalling called ruxolitinib.*> Ruxolitinib completely and significantly
inhibited the delay to mPTP opening induced by ExoDiff (P <.001)
(Figure 4E). Because JAK/STAT signalling is commonly activated by
type | cytokines acting via the glycoprotein 130 (gp130) receptor, we
also investigated a specific inhibitor of gp130, SC144.%¢ Inhibition of
gp130 upstream with SC144 produced the same effect as inhibition
of JAK, eliminating the protective effect of ExoDiff on mPTP open-
ing (P <.01) (Figure 4F).

4 | DISCUSSION

In this study, we showed that exosomes from differentiated neuronal

stem cells can reduce infarct size induced by myocardial infarction.

WILEY-#¢

We also demonstrated that these exosomes delayed mPTP opening
in cardiomyocytes, via a gp130/JAK/STAT pathway rather than the
canonical RISK pathway (PI3K/AKT and ERK1/2). This extends pre-
vious studies that show exosomes from non-cardiac cells can protect
the heart 3% and suggests that these GMP-quality exosomes
may be useful in limiting infarct size.

The purification method we used, of sequential TFF and SEC, was
chosen to achieve optimal purity of exosomes.** There is currently
no consensus on the optimum way to determine exosome purity.
According to the commonly used measure of exosome-to-protein
ratio, in which a ratios > 3 x 10'° particles/pg is said to equate to
high vesicular purity, the purity of ExoDiff and ExoPrO is lower than
for ultracentrifugation, which is unexpected. However, the con-
centration and size range of the particles detected by NTA and the
presence of tetraspanin molecules demonstrates the presence of
significant numbers of exosomes in our preparations. The presence
of exosomes was further confirmed by electron microscopy, with
and without immunostaining for CD63. The background staining
seen by electron microscopy indicates that there may be some un-
identified contaminants, particularly in ExoPrO. On the other hand, it
has been reported that ultracentrifugation can damage vesicles and
cause aggregation,’ so it possible that the vesicles obtained using
TFF/SEC are less damaged than they would be if obtained by other
techniques.

Here, we used exosomes derived from human cells in rodents. It
is already well established that exosomes function across species,
with human-derived exosomes protective in mice.*®*’ This indicates

that they act either via a specific mechanism that is highly conserved
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FIGURE 3 Representative images from the mPTP assay in HL-1 cells. HL-1 cardiomyocytes were pre-loaded with a quenching
concentration of TMRM, then subject to repeated confocal scanning with a HeNe laser. The ROS generated cause mPTP opening,
mitochondrial depolarization and an increase in the fluorescent signal due to TMRM dequenching over time (horizontal). The top row
shows the time to mPTP opening (ie increase in red fluorescence) in cells treated with DMSO vehicle control (DMSO). The time to mPTP
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between species, or via a non-specific mechanism. An example of
the latter would be if exosomes behaved as ‘damage-associated
molecular patterns’ (DAMPs), stimulating the TLR receptors of the
innate immune system. Indeed, we have previously shown that
plasma-derived exosomes protect the heart via TLR4 as protection
was inhibited by TAK-242.'> However, TAK-242 had no effect in
the current study, which suggests that this is not a general mech-
anism of exosomal cardioprotection. It also must be appreciated
that, whereas we have demonstrated a differential effect between
ExoDiff and ExoPrO in an in vitro MPTP assay, we have not con-
firmed that this mechanism is involved in protection from ischaemia.

Interestingly, there was an opposite trend between the in vivo
and in vitro results in terms of protection with ExoDiff. In vivo,
only the lower dose (0.7 x 10'°) and not the higher dose of ExoDiff
(1.4 x 109, showed a cardioprotective effect (Figure 3C). However,
in vitro, treatment with 10%°/mL but not 10°/mL ExoDiff significantly
delayed opening of the mPTP (Figure 4A). It is difficult to make a
direct comparison between the concentrations of exosomes used in
for in vitro studies, and the quantity injected in vivo. We adminis-
tered 0.7 x 10'° and 1.4 x 10'° ExoDiff in vivo, assuming an approx-
imate blood volume of 1.4 mL in mice, as this equates to 0.5 x 10%°
and 1.0 x 10'° ExoDiff per mL. However, it must be recognized that
the effective plasma concentration achieved is unknown and is likely
to be highly dependent on pharmacokinetics, albumin binding, cell
receptor-binding characteristics, etc Furthermore, compared with
cardiomyocytes in vivo, the HL-1 cardiomyocyte cell line used for
in vitro studies may express different densities of the receptors that
ExoDiff binds to and activates.

There is substantial interest in the miRNAs carried by exosomes
and the role that they can have in recipient cells. However, in an
acute study such as this, it is more likely that the effects seen are
due to rapid ligand-cell surface receptor interaction and intracellu-
lar signalling. Exosomes from various sources have been shown to
activate the PISK/AKT or MAPK/ERK1/2 components of the RISK
pathway.?>182°% However, we found that the delay in mPTP open-
ing caused by ExoDiff did not require the RISK pathway but did
require the gp130/JAK pathway. Gp130 is associated with Janus ki-
nases (JAKs): JAK1, JAK2 and TYK2. Upon gp130 activation, JAKs
auto-phosphorylate and activate STAT1, STAT3 and tyrosine phos-
phatase SHP-2. Both JAK and STAT3 are kinases of a cardioprotec-
tive pathway known as the survivor activating factor enhancement
(SAFE) pathway, which has previously been implicated in some car-
dioprotective strategies.50 Additionally, gp130 and SHP-2 activate
constituents of the RISK pathway, PISK/AKT and MAPK/ERK path-
ways.?? Activation of either of SAFE or RISK pathways can result
in inhibition of mPTP pore opening and improve cardiomyocyte
survival.>>? Furthermore, there is crosstalk between these two car-
dioprotective pathways, such that if one is inhibited, the other is ac-
tivated.*® Therefore, it seems that exosomes from different sources
are able to activate different signalling pathways that can lead to
cardioprotection—the SAFE pathway in the case of ExoDiff, and the
RISK pathway in the case of some other exosomes. A limitation of

our study is that we did not examine ROS production in vivo in mice
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and, therefore, cannot conclusively state that the reduction in ROS
seen with ExoDiff treatment in vitro also occurs in vivo. In addition,
we have not performed longer follow-up experiments to assess the
functional recovery of the heart post-MI. Nevertheless, it would be
interesting in the future to investigate whether combinations of exo-
somes from different sources would be more protective than those
from a single source.>*

Protection by ExoDiff required gp130 signalling and the down-
stream JAK/STAT pathway. A number of major cytokines can bind
to gp130 including interleukin-6 (IL-6), leukaemia inhibitory factor
(LIF), cardiotrophin-1, ciliary neurotrophic factor, oncostatin M and
interleukin-11. This might suggest that ExoDiff exosomes display
one or more of these cytokines on their surface. Alternatively, the
IL-6 receptor itself could be transferred on exosomes, as it has pre-
viously been shown to be shed from cells and found in circulating
EVs.> Interestingly, IL-6 induces cardioprotection and preserves
mitochondrial function in cardiomyocytes.’® However, we were un-
able to detect IL-6 in conditioned medium using an ELISA (data not
shown). Thus, the precise mechanism by which ExoDiff activate the
gp130 pathway will require further investigation.

One important conclusion from our study is that exosomes from
non-cardiac stem cells also have the potential to be used to protect
against myocardial infarction. Interestingly, though exosomes from
a range of different sources have been reported to be cardioprotec-
tive, very few studies have reported a type of exosome not capable
of protecting the heart. The one exception seems to be exosomes
derived from dermal fibroblasts, which have been used as negative
controls in some studies as they were not found to be protective.'’
Certain conditions such as diabetes/hyperglycaemia can impair the
exosome function.?>%” On the other hand, exosomes isolated from
cardiomyocytes cultured in conditions simulating ischaemia have
been found to have an enhanced ability to promote cardiac angio-
genesis.’® Although ExoDiff exosomes, which are isolated from
differentiated cells, were cardioprotective in vivo and prevented
mPTP opening in vitro, ExoPr0, which are isolated from proliferating
cells, did not have these effects. The reason for this difference is not
known, but in the future studies, we intend to examine their respec-
tive proteomes for clues that can explain this difference.
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