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Abstract

Recent studies have confirmed that cardiomyocyte-derived exosomes have many piv-
otal biological functions, like influencing the progress of coronary artery disease via
modulating macrophage phenotypes. However, the mechanisms underlying the cross-
talk between cardiomyocytes and macrophages have not been fully characterized.
Hence, this study aimed to observe the interaction between cardiomyocytes under
hypoxia and macrophages through exosome communication and further evaluate the
ability of exosomes derived from cardiomyocytes cultured under hypoxic conditions
(Hypo-Exo) to polarize macrophages, and the effect of alternatively activated mac-
rophages (M2) on hypoxic cardiomyocytes. Our results revealed that hypoxia facili-
tated the production of transforming growth factor-beta (TGF-p) in H9c2 cell-derived
exosomes. Moreover, exosomes derived from cardiomyocytes cultured under normal
conditions (Nor-Exo) and Hypo-Exo could induce RAW264.7 cells into classically ac-
tivated macrophages (M1) and M2 macrophages respectively. Likewise, macrophage
activation was induced by circulating exosomes isolated from normal human controls
(hNor-Exo) or patients with acute myocardial infarction (hAMI-Exo). Thus, our find-
ings support that the profiles of hAMI-Exo have been changed, which could regulate
the polarization of macrophages and subsequently the polarized M2 macrophages re-
duced the apoptosis of cardiomyocytes in return. Based on our findings, we speculate
that exosomes have emerged as important inflammatory response modulators regu-

lating cardiac oxidative stress injury.
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1 | INTRODUCTION

Myocardial infarction (Ml) occurs due to a mismatch of oxygen
and substrate supply in cardiomyocytes, which results in myocar-
dial ischaemia and ultimately cell death.® Despite advances in dis-
ease prevention, diagnosis and treatment, ischaemic heart diseases
remain the primary cause of death worldwide.?® The increasing
morbidity of ischaemic heart failure has become a global burden,?
highlighting the urgent need for novel therapeutic strategies to re-
pair damaged cardiomyocytes and alleviate pathological remodelling
of the postischaemic heart.

Acute myocardial infarction arising from obstruction of the cor-
onary circulation rapidly recruits an abundance of immune cells into
ischaemic sites, leading to the release of high levels of inflammatory
cytokines.5 The heart contains a population of macrophage56 that can
rapidly expand after ischaemic injury due to the rapid recruitment of
circulating monocytes that are mobilized from the bone marrow or
spleen.””? Previous studies have revealed that macrophages play a
significant role in the progress, pathology and repair of myocardial
infarction.”® The secretion of pro-inflammatory media following car-
diomyocytes injury leads to the recruitment of monocytes to the dam-
aged sites.'®'! In the dynamic post-MI environment, the macrophage
phenotypes may be tightly regulated by various cytokines and matri-
cellular proteins, ultimately leading to sequential generation of macro-
phage subsets with distinct functional properties.’?> Macrophages can
be divided into two sequential phases. In the first phase, which peaks
at day 3 after the onset of MI, pro-inflammatory M1-type macro-
phages accumulate around the infarcted myocardium to phagocytose
dead cells and matrix debris.***> In the second phase, which occurs
on day 6 after infarction onset, an increase in anti-inflammatory M2-
type macrophages supervenes and promotes the repair of tissues
through the release of anti-inflammatory cytokines.'***

Exosomes are membrane-encased vesicles ranging from 40
to 160 nm in size, and are released by prokaryotic and eukaryotic
cells.}®Y” Exosomes have gained increased attentions in recent years
as a result of their biological functions in intercellular communi-
cation, signalling and immune response regulating, as well as their
potential abilities in diagnosing diseases and delivering drugs.'®-%!
Previous studies have suggested that exosomes have major biologi-
cal roles in regulating intercellular communication!’ via their cargos,
which include aqueous, harbouring DNA, microRNAs, proteins and
lipids. Hypoxic cardiomyocyte-derived exosomes can activate naive
macrophages into the M2 subtype, which is involved in the progres-
sion and resolution of post—MI.ZZ'23 Nevertheless, the mechanisms
underlying the crosstalk between cardiomyocytes and macrophages
remain elusive and need to be further explored.

The present study demonstrates that cardiomyocyte-derived
exosomes can modulate macrophage polarization, and that polarized
M2 macrophages can alleviate hypoxia-induced cardiomyocytes in-
jury. To our knowledge, this is the first study to confirm that the
expression of TGF-f increased in Hypo-Exo. And Hypo-Exo could
induce RAW264.7 cells into M2 macrophages, which was further
demonstrated by hAMI-Exo. In return, M2 macrophages alleviated
oxidative stress injury of H9c2 cells. Our results show that Hypo-Exo

or hAMI-Exo may be a novel and promising therapeutic strategy for
the recovery of injured cardiomyocytes via modulating the timely

activation of M2 macrophages.

2 | MATERIALS AND METHODS

2.1 | Experimental animals and procedure

Animal protocols were approved by the experimental animal cen-
tre of Zhengzhou University. C57BL/6 mice (8-week-old male, 18-
22 g) were purchased from Zhengzhou University (Zhengzhou,
China). The mice were housed in the Animal Experiment Center in
Zhengzhou University (Zhengzhou, China), serviced with a 12:12-h
light-dark cycle, and provided a normal diet and purified water ad
libitum. Animals were acclimatized to the laboratory environment for
at least 1 week prior to the start of the experiment.

After intraperitoneal injection of pentobarbital for general an-
aesthesia, mice received endotracheal intubation and were artifi-
cially ventilated with room air. The chest was opened and the heart
was exposed. The mice in the control, hNor-Exo and hAMI-Exo
groups were intramyocardially injected with a suspension containing
50 pL phosphate-buffered saline (PBS; Biological Industries), 300 pg
of hNor-Exo in 50 pL PBS and 300 pg of hAMI-Exo in 50 pL PBS. The
suspensions were injected at four sites in the largest cross section
of the heart.

2.2 | Immunohistochemistry staining

After 48 h, the mice were sacrificed and the hearts were immediately
excised. A 0.9% sodium chloride solution was used to perfuse the
hearts. The hearts were fixed in 4% paraformaldehyde for 24 h at
room temperature, before dehydrating by immersing tissues through
graded ethanol, embedding in paraffin and cutting horizontally into
4-um slices. To observe the inflammatory environment in the cardiac
tissue, rabbit anti-iINOS (ab15323; Abcam, Cambridge, MA, USA), and
rabbit anti-CD206 (ab64693; Abcam, Cambridge, MA, USA) were
used to detect inflammation. The sections were incubated with the
above fluorescent dye-conjugated secondary antibodies and the nu-
clei were counterstained with 4',6-diamidino-2-phenylindole (DAPI).

2.3 | Cell culture

H9c2 cells were purchased from the Cell Resource Center of
Shanghai Institute and maintained in DMEM high glucose medium
with 10% fetal bovine serum (FBS; Biological Industries, Israel) in 5%
CO, at 37°C. Then, conditioned medium was collected for exosome
isolation. Briefly, H9c2 cells were seeded into T-75 flasks. When cul-
tures reached approximately 90% confluency, the cells were washed
thrice with PBS and blanked for 24 h with FBS-free DMEM high
glucose medium, followed by culturing for another 48 h with 8 mL
FBS-free DMEM high glucose medium under normal conditions or
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hypoxic conditions (<1% O,) until collection of the conditioned me-
dium for exosome isolation.

RAW264.7 cells were obtained from the Cell Resource Center
of Shanghai Institute and maintained under the same conditions. To
polarize M1 and M2 macrophages, RAW264.7 cells were cocultured
with LPS (100 ng/mL, Sigma-Aldrich, USA) or IL-4 (40 ng/mL, BD,
USA), respectively, for 24 h.

2.4 | Isolation of exosomes from cultured cells
ExoQuick-TC Exosome Precipitation Solution (System Biosciences,
USA) was used to extract exosomes from the conditioned medium
of cells according to the manufacturer's instructions. Briefly, cul-
ture supernatants were collected and spun in a Centrifuge 5810R
(Eppendorf, Germany) at 3000 g for 15 min at 4°C to remove cells
and debris. Then, 40 mL cell supernatants were mixed with 8 mL
ExoQuick-TC, mixed well and refrigerated overnight (at least 12 h).
The ExoQuick-TC/supernatant mixture was centrifuged at 1500 g
for 30 min and 1500 g for 5 min at 4°C to collect the exosomes.
Next, the pelleted exosomes were concentrated to 10'°/mL by re-
suspending in PBS and stored at —-80°C for further use after quan-
tification using a BCA Protein Assay Kit (PC0020; Solarbio, Beijing,
China) (the concentration of protein was about 0.5 pg/pL).

2.5 | Circulating exosome isolation from plasma

All of the patients were recruited from the First Affiliated Hospital
of Zhengzhou University and Nanyang central hospital, and sam-
ples were obtained according to the Declaration of Helsinki (2008),
and approved by the Ethic Committee of First Affiliated Hospital of
Zhengzhou University. And all the enrolled patients had signed the
informed consent form. The basic clinical data for these patients are
listed in Table S1. AMI was diagnosed according to the 2017 guide-
lines released by the European Society of Cardiology.24 Plasma
samples were collected from AMI patients within 24 h of admission.
Healthy patients were enrolled as controls. After centrifuging blood
samples at 3000 g for 10 min at 4°C, the 250 pL supernatant was
collected to obtain exosomes via adding 63 pL ExoQuick reagent
(System Biosciences, USA) and incubated for 1 h at 4°C. After cen-
trifugation at 1500 g for 30 min and 1500 g for 5 min at 4°C, the
pelleted exosomes were concentrated to 10'%/mL by resuspending
in PBS, and the exosome solution was stored at -80°C after quanti-
fication using a BCA Protein Assay Kit (the concentration of protein

was about 45 pg/pl).

2.6 | miRNA library construction and sequencing

Circulating exosomes from AMI patients (n = 6) and healthy con-
trol (n = 3) were used to perform miRNA sequencing to identify the
miRNA profiles of Nor-Exo and AMI-Exo by the lllumina HiSeq 2500

platform, which was conducted by a commercial service (Genesky

Biotechnologies, China).

2.7 | Transmission electron microscopy (TEM)

TEM (Tecnai G2 spirit Bio TWIN) was conducted to assess the mor-
phology of the exosomes as previously described.?®> A drop of exo-
some pellets (20 pL) was adsorbed onto 200-mesh carbon-coated
copper grids, and any excess fluid was blot-dried by filter paper.
After incubating for 5 min at room temperature and air-drying, the
exosomes were examined by TEM.

2.8 | Nanoparticle tracking analysis

Exosome preparations were diluted with PBS to gain the appropriate
detection concentration, and nanoparticle tracking analysis (NTA,
ZetaView PMX 110, Particle Metrix, Meerbusch, Germany) was used
to measure the size distribution.

2.9 | Uptake of exosomes by RAW264.7 cells
Exosomes was labelled with a PKH26 kit (PKH26 Red Fluorescent
Cell Linker Kit, Sigma, USA) following the manufacturer's instruc-
tions. In detail, 200 pL Solution C was added to 100 pL of exosomes
suspended in PBS. Another 200 pL of Solution C containing 1 pL
of PKH26 dye were mixed with the above solution and incubated
for 5 min at room temperature, and then the reaction was stopped
by adding 400 uL of a 5% BSA solution. Exosomes labelled with
PKH26 were isolated using ExoQuick-TC. Next, 100 pL of PKH26-
labelled exosomes were diluted in 400 uL DMEM and incubated with
RAW264.7 cells for 4 h.

To determine inhibition of exosomes taken up by RAW264.7 cells,
the PKH26-labelled exosomes were cocultured with RAW264.7
cells for 4 h after pretreatment with Dynasore (80 pmol/L) for
30 min, followed with DAPI (1:1000) staining at room temperature
for 20 min. After washing with PBS thrice, a Confocal Laser Scanning
Microscope (Nikon, A1 + R, Tokyo, Japan) was used to observe exo-
somes taken up by RAW264.7 cells.

2.10 | Different sourced exosomes treatment
on macrophage

To reveal the effect of different sourced exosomes on polarization
of naive macrophage, exosomes derived from H9c2 cells cultured
under normal conditions (Nor-Exo) or H9c2 cells cultured under hy-
poxic conditions (Hypo-Exo) and exosomes isolated from the plasma
of human healthy controls (hNor-Exo) or acute myocardial infarction
patients (hAMI-Exo) were cocultured with RAW264.7 macrophages
in vitro. Briefly, RAW264.7 cells were seeded into 6-well plates for a
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maximum of five passages. After cell adhesion, the cells were treated
with exosome-free medium containing PBS, Nor-Exo (100 pg/mL),
or Hypo-Exo (100 pg/mL) for 48 h. To further detect the effect of
circulating exosomes on modulating naive macrophage polarization,
hNor-Exo or hAMI-Exo were cocultured with RAW264.7 cells as de-
scribed above.

211 | Western blot analysis

Western blotting was performed to identify the exosome mark-
ers CD63 (ab108950/ab13405; Abcam, USA), HSP70 (ab2787;
Abcam) and Alix (92880; Cell Signaling Technology, USA), and
to determine the protein expression levels of TGF-B (ab92486;
Abcam), HIF-1a (ab179483; Abcam), iNOS (ab178945; Abcam),
Arg-1 (ab91279; Abcam), Bax (ab182733; Abcam), Bcl-2 (3498;
Cell Signaling Technology), GAPDH(ab8245; Abcam) and tubulin
(ab7291; Abcam). Briefly, RIPA lysis buffer (Solarbio, China) was
used to lyse cells and exosomes. Then, the samples were mixed with
loading buffer, heated at 95°C, loaded on SDS-polyacrylamide gels
for electrophoresis, and finally transferred onto PVDF membranes
(Millipore, USA). The membranes were blocked with 5% nonfat milk
(BD, USA) and then incubated with the following primary antibodies
at 4°C overnight: anti-CD63(1:1000), anti-HSP70 (1:1000), anti-Alix
(1:1000), anti-GAPDH (1:1000), anti-TGF-p (1:1000), anti-HIF-1«
(1:1000), anti-iINOS (1:1000), anti-Arg-1 (1:1000), anti-Bax (1:1000),
anti-Bcl-2(1:1000), and anti-tubulin (1:5000). Before incubating with
secondary antibodies (1:10,000) for 1.5 h at room temperature, the
membranes were carefully washed with TBST. A horseradish per-
oxidase kit (Thermo Fisher Scientific, USA) and Amersham Imager
600 (GE Healthcare Life Sciences, USA) were used to detect and
capture the proteins. All protein expression levels were assessed
by three independently repeated experiments and analysed using
ImageJ software (NIH, USA).

2.12 | Transwell assays

To evaluate whether polarized macrophages could alleviate oxida-
tive stress injury of H9c2 cells, RAW264.7 cells were cocultured
with PBS, LPS (100 ng/mL, Sigma-Aldrich, USA), or IL-4 (40 ng/mL,
BD, USA) for 24 h on the upper chamber. Then, the upper chamber
was moved into the Transwell system (six-well plate, Corning, New
York, NY, USA) for 48 h, where the lower chamber was seeded with
H9c2 cells. Next, the H9c2 cells were treated by 100 umol/L H,0,
for 4 h.

2.13 | Quantitative RT-PCR analysis

To evaluate the level of inflammatory cytokine gene expression in
vitro, RAW264.7 cells stimulated by differently sourced exosomes
were harvested, and total RNA was extracted using TRIzol reagent
(Thermo Fisher Scientific, USA). Then, the cytokine expression (IL-
1B, IL-6, iINOS, TNF-a, MCP-1, Arg-1, TGF-B, IL-10, Ym-1 and Fizz-1)
was determined using qRT-PCR. And the sequences of primers used
for gRT-PCR analysis are presented in Table S2.

2.14 | TUNEL assay

According to the manufacturer, TUNEL assay (Roche Applied Science,
Indianapolis, IN, USA) was conducted to detect apoptosis of H9c2 cells.
Briefly, H9¢c2 cells (bottom chamber) and M1 or M2 macrophages (upper
chamber) were cocultured in Transwell systems with 0.4-um pore size
for 48 h (24-well Corning). Then, the H9c2 cells were treated with
100 pmol/L H,0O, for 4 h. After fixing with 4% paraformaldehyde, the
cells were stained with 100 pL of the TUNEL reaction mixture (Roche
Applied Science, Indianapolis, IN, USA) for 60 min at 37°C. Nuclei were
stained with DAPI (1:1000). Finally, the cells were visualized under a
Confocal Laser Scanning Microscope (Nikon, A1 + R, Tokyo, Japan).

2.15 | Statistical analysis

The data are reported as the mean + SD. The normal distribution and
the homoscedasticity of the data were tested using the D’Agostino's-
Pearson normality test and the Bartlett's test, respectively. Two
group comparisons and multiple group comparisons were performed
by 2-tailed unpaired Student's t test and 1-way ANOVA followed
by Bonferroni post hoc correction respectively. All of the statisti-
cal analyses were conducted using GraphPad Prism 8.0 (GraphPad
Software, Inc., San Diego, CA, USA). p-Values < 0.05 were consid-
ered to be significant.

3 | RESULT

3.1 | Characterization and uptake of exosomes
derived from cardiomyocytes

To obtain Nor-Exo and Hypo-Exo, cardiomyocytes were cultured
under normal conditions or hypoxic conditions for 48 h. Nor-Exo

and Hypo-Exo were extracted from the conditioned media, and

FIGURE 1 The characterization and uptake of Exo derived from H9c2 cell lines cultured in normoxic or hypoxic environment. (A)
Morphological characterization of Nor-Exo and Hypo-Exo by transmission electron microscopy (scale bar = 100 nm). (B) The surface

makers (Alix, HSP70 and CD63) of Nor-Exo and Hypo-Exo were detected by western blotting. (C) The size distribution was measured using
NanoSight analysis, which indicated that the diameter of most of the particles was within the range of 40-160 nm. ‘ns’ indicates p = 0.05.
(D) A laser scanning confocal microscope captured the PKH26-labelled Exos (red fluorescence) taken up by RAW?264.7 cells stained by DAPI

(blue fluorescence) (scale bar = 20 pm)
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TEM was performed to assess the morphology of Nor-Exo and
Hypo-Exo, by showing presence of round, cup-shaped morphology
(Figure 1A). The specific exosome markers (Alix, HSP70 and CDé63)
were detected as shown in Figure 1B. Meanwhile, NTA revealed that
the vesicles size distribution was within the range of 40-160 nm
(Figure 1C).

To confirm whether macrophages could internalize
cardiomyocyte-derived exosomes, the isolated exosomes were la-
belled with PKH26 (red fluorescence), a fluorescent membrane dye.
After incubation with PKH26-labelled exosomes for 4 h, we as-
sessed the presence of fluorescently labelled exosomes within mac-
rophages. The results implied that both Nor-Exo and Hypo-Exo were

internalized by macrophages (Figure 1D).

3.2 | Cardiomyocyte-derived exosomes could
modulate the activation profiles of macrophages
in vitro

It has been reported that exosomes released by cardiomyocytes
during ischaemia transform macrophages into M2-type mac-
rophages, which are involved in cardiac repair.?? However, the
mechanisms underlying the crosstalk between cardiomyocyte-
derived exosomes and macrophages remain elusive. Moreover,
a recent study found that TGF-B-mediated Smad3 activation in
M2-type macrophages plays a critical role in cardiac repair.'?
Nevertheless, it is still uncertain that whether Hypo-Exo induces
macrophage polarization toward the M2 phenotype by increasing
the expression of TGF-f. To ensure hypoxic model stabilization, the
expression of hypoxia-inducible factor-1 alpha (HIF-1a), a known

hypoxic biomarker,?%?”

was measured in Nor-Exo and Hypo-Exo.
The result showed that the HIF-1a was highly expressed in Hypo-
Exo (Figure 2A). To make the result more reliable, we further
detected the expression of HIF-1a in H9¢2 cells cultured under nor-
mal and hypoxic conditions. Concordant with the result obtained
above, our results showed that the HIF-1a was highly expressed
in H9¢2 cells cultured under hypoxic conditions (Figure S1). To de-
tect the signalling pathway through which cardiomyocyte-derived
exosomes polarized macrophages, we detected the expression of
TGF-p between Nor-Exo and Hypo-Exo. As shown in Figure 2B,
higher expression of TGF-p was observed in the Hypo-Exo com-
pared to the Nor-Exo.

Because AMI rapidly recruits immune cells into ischaemic
sites,® numerous studies have suggested that macrophages have a
crucial role in the inflammatory response of post—MI.7'9 Moreover,
cardiomyocyte-derived exosomes can modulate the activation
profile of macrophages.22 To address this, we measured the ex-
pression level of inducible nitric oxide synthase (iNOS) and ar-
ginase-1 (Arg-1) (biomarkers of M1 and M2-type macrophages
respectively) in macrophages cocultured with Nor-Exo or Hypo-
Exo. The result showed that Hypo-Exo increased the expres-

sion of Arg-1 and decreased the expression of iNOS (Figure 2C).

However, the opposite result was observed in the Nor-Exo treat-
ment group (Figure 2C). We further investigated the genetic lev-
els of activation profiles when macrophages were cocultured with
Hypo-Exo or Nor-Exo by gqRT-PCR analysis. In Figure 2D, we ob-
served a significant decrease in the production of M1 biomarkers
IL-1B, IL-6, iNOS, TNF-a and MCP-1, and a remarkable increase in
the production of M2 biomarkers Arg-1, TGF-g, IL-10, Ym-1, and
Fizz-1 in the Hypo-Exo treatment group. In the Nor-Exo treatment
group, the expression of these biomarkers showed opposite re-
sults (Figure 2D).

To further detect the involvement on exosomes endocytosis
upon macrophage response, macrophages were pretreated with
Dynasore, an endocytic inhibitor, for 30 min, prior to incubation
with PKH26-labelled exosomes for 4 h. Figure S2 shows that exo-
some uptake by macrophages was inhibited by Dynasore. In addi-
tion, when macrophages were pretreated with Dynasore, followed
by incubation with exosomes, no change in iINOS and Arg-1 expres-
sion were observed 48 h after coculture (Figure 2E). Together, these
results show that cardiomyocyte-derived exosomes can modulate
the activation profiles of macrophages, and Hypo-Exo can induce
macrophages to exhibit the M2 subtype.

3.3 | Circulating exosomes regulate the activation
profiles of macrophages in vitro and in vivo

To translate the results to the human pathophysiological context,
we further explored the effect of circulating exosomes derived
from human plasma of patients with AMI (hAMI-Exo) or normal
controls (hNor-Exo) on macrophage activation. First, western blot-
ting was used to characterize the exosomes, showing that these
were enriched with exosome markers, such as CD63, HSP70 and
Alix (Figure 3A). The morphology and size of the circulating ex-
osomes were measured via TEM (Figure 3B), and NTA was used to
further evaluate the size distribution of exosomes (Figure 3C). The
interactions between macrophages and circulating exosomes were
evaluated, which showed that both hNor-Exo and hAMI-Exo were
internalized by macrophages (Figure 3D).

Next, to further assess the exosomes derived from human plasma
of patients with AMI, the biomarker of hypoxia HIF-1a was de-
tected, and the results revealed that HIF-1a was highly expressed in
hAMI-Exo (Figure 3E). Moreover, we evaluated whether circulating
exosomes could modulate the activation profiles of macrophages.
Concordant with the results obtained with cardiomyocyte-derived
exosomes, our results demonstrated that hAMI-Exo decreased iNOS
expression and increased Arg-1 expression compared with hNor-Exo
or the control group (Figure 3F).

To further evaluate the ability of hypoxic cardiomyocyte-derived
exosomes to induce M2 macrophage activation in cardiac tissue,
hNor-Exo and hAMI-Exo were injected into the myocardium. The
results showed that the hAMI-Exo decreased iNOS expression
(Figure 4A) and increased CD206 (Figure 4B) expression in cardiac
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FIGURE 2 Nor-Exo and Hypo-Exo derived from H9c2-polarized macrophages. (A) Quantitative analysis of hypoxia-inducible factor 1
alpha expression in Nor-Exo and Hypo-Exo as detected by western blotting. (B) Quantitative analysis of transforming growth factor beta
expression in Nor-Exo and Hypo-Exo as detected by western blotting. (C) M1-macrophage marker iNOS and M2-macrophage marker Arg-1
were evaluated in RAW 264.7 cells cocultured with PBS, Nor-Exo or Hypo-Exo for 48 h and assessed by western blotting. (D) The mRNA
expression levels of IL-1p, IL-6, INOS, TNF-a, MCP-1, Arg-1, TGF-B, IL-10, Ym-1 and Fizz-1 in RAW 264.7 cells were determined by qRT-PCR.
(E) Western blot analysis of Arg-1 levels in RAW264.7 cells pretreated with or without Dynasore, followed by the stimulation with PBS, Nor-
Exo or Hypo-Exo. At least three independent experiments were performed for each group. Data are expressed as the mean + SD, *p < 0.05,
**p < 0.01, ***p < 0.001; ‘ns’ indicates p = 0.05
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tissue compared to hNor-Exo or the control group, which is consis-
tent with the in vitro data. Based on our results, hAMI-Exo can also

modulate M2 macrophage activation.

3.4 | miRNAs might be the key role in regulating
naive macrophages polarization

Both the Hypo-Exo and hAMI-Exo have showed the ability of induc-
ing naive macrophages into M2 subtype according to the mentioned
above results. Mounting evidence suggests that the profiles of miRNAs
may change in the hypoxic condition and play a vital role in modulating
the polarization of macrophages.?®%’ To further explore the potential
mechanisms, Illumina HiSeq 2500 high-throughput sequencing was
conducted to determine the miRNA expression profiles between the
hNor-Exo and hAMI-Exo. And the 18 differently expressed microRNAs
were found (Figure 5A). Next, to elucidate the potential role of miRNAs
in hNor-Exo and hAMI-Exo, GO and KEGG analysis were performed.
As shown in Figure 5B, these differently expressed microRNAs are
mainly enriched in various biological process, such as chemokine (C-
X-C motif) ligand 2 production (GO:0072567), macrophage cytokine
production (GO:0010934), positive regulation of type 2 immune re-
sponse (GO:0002830) and macrophage differentiation (GO:0030225).
Target genes were mapped to KEGG pathways, and some representa-

tive pathways were shown in Figure 5C.

3.5 | M2 macrophages alleviate oxidative stress
injury in H9c2 cells in vitro

Recent studies have focused on the plasticity of macrophages, which
are considered as the therapeutic target of many diseases, particu-
larly ischaemic heart disease and cancer.®%3 |n addition, numerous
studies have suggested that M2 macrophages play a central role in
responses to parasites, wound repair, angiogenesis and allergic dis-
eases by secreting soluble chemokines, cytokines, growth factors
and exosomes.” %233 To address the effect of macrophages on oxida-
tive stress, we treated naive macrophages with LPS (100 ng/mL) or
IL-4 (40 ng/mL) for 24 h to polarized them into the M1 or M2 phe-
notype. The morphology of M1 and M2 macrophages was captured
by an inverted microscope (Figure 6A), and M1 and M2 macrophage
were detected using biomarkers iNOS and Arg-1 (Figure 6B).

Next, we also checked the expression of reactive oxygen spe-
cies (ROS) in H,O,-treated H9c2 cells (Figure S3). Then, the H9c2

cells (bottom chamber) and M1 or M2 macrophages (upper cham-
ber) were cocultured in Transwell systems with a 0.4-pm pore size
for 48 h (Figure 6C), after which the H9c2 cells were treated with
100 pmol/L H,O,. After 4 h of coculture, apoptosis-related marker
proteins (Bax and Bcl-2) were evaluated in H9c2 cells by western
blotting. Decreased expression of Bax and increased expression of
Bcl-2 were observed in the M2 macrophages treatment group, which
suggested that the M2 macrophages alleviate oxidative stress injury
of H9c2 cells, while M1 macrophages worsen the injury (Figure 6D).
We further evaluated the effect using a TUNEL assay and obtained
similar results (Figure 6E). Taken together, these findings indicated
severe anti-oxidative stress injury in M2 macrophages group.

4 | DISCUSSION

Our study further illustrates the interaction between cardiomyo-
cytes and macrophages through exosomes under hypoxic condi-
tions, which mimic the ischaemic environment after myocardial
infarction. In this study, to further confirm that exosomes were
derived from hypoxia-induced cardiomyocytes or human serum of
AMI patients, HIF-1a, a hypoxia biomarker, was detected. The result
suggested the expression of HIF-1a increased in either Hypo-Exo or
hAMI-Exo compared with Nor-Exo or hNor-Exo. This is concordant
with a recent study that showed that after hypoxia exposure, HIF-1a
protein expression was remarkably upregulated.?’

We also showed that the expression of TGF-p of Hypo-Exo
increased compared with Nor-Exo. In fact, previous works re-
ported that cultured primary mouse hepatocytes secreted latent-
TGF-B, which was activated when the hepatocytes were subjected
to hypoxic conditions.>* Previous studies have suggested that
cardiomyocyte-derived exosomes can activate macrophages to get
involved in the progression and resolution of post—MI.Zz'23 Moreover,
a recent study by Chen et al. reported that TGF-p has an indispens-
able role in repairing myocardial injury and promoting fibrosis by
activating both Smad-dependent and non-Smad pathways.'? We
further explored the effect of Hypo-Exo or hAMI-Exo on modulating
macrophage activation. Our results showed that Hypo-Exo or hAMI-
Exo increased the protein expression of Arg-1 and decreased iNOS
expression compared to Nor-Exo and hNor-Exo. Furthermore, simi-
lar results were confirmed at the genetic level by gRT-PCR, showing
a significant decrease in the production of M1 biomarkers and a re-
markable increase in the production of M2 biomarkers. According to

our data, hypoxia could alter the effects of cardiomyocyte-derived

FIGURE 3 Circulating exosomes modulate macrophage polarization in vitro. (A) The protein profile of hNor-Exo and hAMI-Exo was
evaluated by western blotting. (B) Morphological characterization of hNor-Exo and hAMI-Exo by transmission electron microscopy (scale
bar = 50 nm). (C) The size distribution of hNor-Exo and hAMI-Exo was measured using Nanosight analysis. ‘ns’ indicates p > 0.05. (D) A laser
scanning confocal microscope captured the PKH26-labelled hNor-Exo or hAMI-Exo (red fluorescence) taken up by RAW264.7 cells stained
by DAPI (blue fluorescence) (scale bar = 50 pm). (E) Western blot analysis of HIF-1a expressed in hNor-Exo or hAMI-Exo (n = 3). (F) RAW
264.7 cells were stimulated with PBS, hNor-Exo or hAMI-Exo for 48 h, the M1-macrophage marker iNOS and M2-macrophage marker Arg-1
were analysed by western blot (n = 3). Data are expressed as means + SD, *p < 0.05, **p < 0.01, ***p < 0.001; “ns” indicates p > 0.05
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FIGURE 4 Circulating exosomes modulate macrophage polarization in vivo. (A) Representative images of iNOS-positive staining: DAPI,
blue; iINOS, green (n = 6, scale bar = 20 um). (B) Representative images of CD206-positive staining: DAPI, blue; CD206, red (n = 6, scale
bar = 20 pm). Data are expressed as means + SD, *p < 0.05, **p < 0.01, ***p < 0.001; ‘ns’ indicates p = 0.05
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microRNAs. (B) GO analyses for target genes of the differentially expressed miRNAs. (C) KEGG pathway analyses of the target genes of the
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exosomes on macrophage activation and induce macrophages into
an anti-inflammatory subset to alleviate oxidative stress injury of
H9c2 cells. However, additional in vivo experiments are required to
assess the overall effect of exosomes released by cardiomyocytes
during ischaemia on disease outcome. And according to the results

from high-throughput sequencing, the miRNA expression profiles
are significantly different between hNor-Exo and hAMI-Exo. The
results suggested that miRNAs might play a vital role in modulat-
ing the polarization of macrophages, which is in accordance with the
previous study.?’
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FIGURE 6 M2 macrophages alleviate oxidative stress injury in H9c2 cells. (A) Optical image of RAW264.7 cells treated with PBS, LPS
(100 ng/mL) or IL-4 (40 ng/mL) for 24 h. (B) Western blot analysis of iNOS and Arg-1 expressed in RAW264.7 cells treated with PBS, LPS
(100 ng/mL) or IL-4 (40 ng/mL) for 24 h (n = 3). (C) Schematic image of H9c2 cells (bottom chamber) cocultured with M1 macrophages
[RAW264.7 cells treated with LPS] or M2 macrophages [RAW264.7 cells treated with IL-4] (upper chamber) in Transwell systems. (D)
Expression of apoptosis-related proteins (Bax and Bcl-2) were evaluated in H,0,-induced H9c2 cells cocultured with M1 macrophages or
M2 macrophages and assessed by western blotting (n = 3). (E) Representative TUNEL staining for apoptotic cells in H,0,-treated H9c2 cells
cocultured with M1 macrophages or M2 macrophages; the red fluorescence represents apoptotic cells (n = 4, scale bar = 100 um). Data are
expressed as means + SD, *p < 0.05, **p < 0.01, ***p < 0.001; ‘ns’ indicates p > 0.05

These results may have important clinical implications and raise
some intriguing hypotheses. Indeed, it has been shown that Hypo-
Exo and hAMI-Exo induce macrophages into an anti-inflammatory
type, potentially contributing to angiogenesis and postinfarc-
tion repair. In addition, emerging evidence has demonstrated that
M2 macrophages critically facilitate the repair of infarcted heart via
regulating fibroblast activation in a murine model,®> further sup-
porting our findings. Thus, increased recruitment and infiltration of
M2 macrophages by Hypo-Exo and hAMI-Exo after AMI may have
favourable effects on infarct healing.

Moreover, we evaluated the effect of macrophages on cardiomy-
ocytes under oxidative stress by building a M1 and M2 macrophages
model. M2 macrophages effectively alleviated oxidative stress in-
jury of cardiomyocytes, as indicated by the expression of apoptosis-
related marker proteins (Bax and Bcl-2). Moreover, the results of the
TUNEL assay showed that M2 macrophages significantly reduced
apoptosis, while M1 macrophages worsened the oxidative stress in-
jury. Our results are in line with those in a previous study35 that IL-4-
induced macrophages potentiate the effects of myocardial repair by
promoting capillary formation and formation of connective tissues in

36-40 5n myocar-

ischaemic areas. Although a large number of studies
dial repair have been reported, our results show that exosome derived
from hypoxic cardiomyocytes may be another novel and promising
therapeutic strategy for the recovery of injured myocardium via mod-

ulating the polarization profiles of macrophages.

5 | LIMITATIONS

There are still limitations in the study. First, our results did not
indicate which component(s) of exosomes play(s) a major role in
mediating macrophage activation. Second, although some differ-
ently expressed microRNAs were found in the present study, we
failed to identify and clarify the detailed mechanisms, and we only
simply stated and prudently interpreted our findings instead of
exaggerating them in order to be responsible for the conclusion.
We are exploring the potential mechanisms of how these 18 dif-
ferently expressed microRNAs between the hNor-Exo and hAMI-
Exo modulate the naive macrophages polarization, which must be
a very meaningful work. And we hope more researchers join the
work to make the work completer and more reliable. Furthermore,
although we demonstrated that M2 macrophages induced by
hNor-Exo and hAMI-Exo can alleviate oxidative stress injury in
vitro, the therapeutic potentials of M2 macrophages in improving

the cardiac function were not directly demonstrated considering
the previous studies, and the specific components produced by
macrophages, such as the soluble chemokines, cytokines, growth
factors or exosomes, could be confirmed and thus require further

investigation.

6 | CONCLUSION

Our results demonstrated that the interaction between cardio-
myocytes and macrophages is indispensable for maintaining heart
homeostasis via inducing the polarization of macrophages through
cardiomyocyte-derived exosomes, and the exosomes have emerged
as important inflammatory response modulators in regulating car-
diac oxidative stress injury.
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