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Abstract

Background: Interleukin 33 is known to have an important influence in the process of myocardial infarction, and
the immunoregulatory function of MSCs could be influenced by cell factors. In this study, we evaluated the
therapeutic efficacy of IL-33-overexpressing bone marrow mesenchymal stem cells (IL33-MSCs) on myocardial
infarction (MI) and detected the inflammatory level and cardiac function in rats.

Methods and results: First, we evaluated the proliferation of T cells and polarization of macrophages that had
been co-cultured with Vector-MSCs or IL33-MSCs. Co-culture experiments indicated that IL33-MSCs reduced T cell
proliferation and enhanced CD206" macrophage polarization. Second, we determined the inflammation level and
cardiac function of PBS-, Vector-MSC-, and I1L.33-MSC-injected rats. Echocardiography indicated that left ventricular
ejection fraction (LVEF) was enhanced in IL33-MSC-injected rats compared with Vector-MSC-injected rats.
Postmortem analysis of rat heart tissue showed reduced fibrosis and less inflammation in [L33-MSC-injected rats.

Conclusion: These studies indicated that the 1L.33-MSC injection improved heart function and reduces
inflammation in rats with MI compared with PBS or Vector-MSC injections.
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Background

Cardiovascular disease is the leading cause of human
death. An acute inflammatory response occurs following
myocardial infarction, and the abnormal heart remodel-
ing induced by strong inflammation is the main cause of
heart failure [1]. Myocardial infarction (MI) is an
important disease that leads to heart ischemia and myo-
cardial death. There are three main phases after MI, in-
cluding the inflammatory phase, the reparative and
proliferative phases, and the maturation phase. The early
inflammatory phase is complex and induces a strong
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innate immune response that mobilizes abundant
neutrophils and macrophages to migrate to the myocar-
dium, where they have important functions in determin-
ing the area of infarction [2, 3].

Mesenchymal stem cells (MSCs), a new cell therapy,
have been shown to have huge potential for regenerative
medicine and immunotherapy [4]. MSCs have wide-
spread applications in cardiovascular therapy. For ex-
ample, in patients with atherosclerosis, MSCs derived
from skin can transform M1 macrophages secreting
TNFa and IL-1p into M2 macrophages secreting IL-10
[5]. In clinical trials of patients with heart failure and an
animal model of rats with heart failure, MSCs improved
myocardial function in patients with severe ischemic
heart failure and improved the ventricular function
following stress-induced heart failure through an intra-
myocardial injection or coronary artery injection [6].
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MSCs have certain immunoregulatory functions and
have been used in many diseases [7, 8], but the current
problem is how to enhance their immunoregulatory
function. Biological materials and cell factors have
emerged to increase the cardioprotective effects of
MSCs; for example, MSCs coated with biological mate-
rials have stronger anti-inflammatory effects mediated
through the chemotaxis function of CD45" immune cells
(neutrophil, granulocyte, macrophage) [9]. We found
that overexpression of miR-133 in MSCs promoted their
therapeutic efficacy in MI at both the inflammatory level
and infarct size [10]. Accumulating evidence suggests
that modification of MSCs with genes or microparticles
can improve MSC-mediated immunosuppression [8, 11].

Interleukin 33 (IL-33), a recently described member of
the IL-1 superfamily, is a multifunctional immune cytokines
[12]. IL-33 participates in many inflammatory and immune
reactions. IL-33 has important functions in tissue repair,
organ transplantation, and maintenance of homeostasis
through increasing proportions of Th2 and Treg cells [13].
IL-33 can act as an inhibitor of transcription pathways and
as an alarm molecule for the immune system aimed at nec-
rotic cells. Another function of IL-33 is as an immunomod-
ulatory factor that regulates immune reactions [14]. In
cardiovascular research, IL-33 plays vital warning and miti-
gation roles and has variable functions among different
types of heart disease. For example, IL-33 can improve the
survival rate of cardiomyocytes via the P38-MAPK signaling
pathway and decrease the inflammation indexes by influen-
cing the expression level of the pro-inflammatory factor
HMGBI1 in ischemia reperfusion, ultimately protecting
cardiomyocytes [15]. IL-33 regulates the switch of T cells to
Thl or Th2 cells and the secretion of relative cytokines in
atherosclerosis to reduce the formation of atherosclerosis
plaque [16]. In cardiac xenotransplantation, IL-33 prolongs
transplant survival time by improving the cell number of
myeloid-derived suppressor cells and Treg cells [17].

In the present study, we investigated the therapeutic
effect of MSCs overexpressing IL-33 in acute MI induced
by ligation of the left anterior descending artery and the
underlying mechanism. We found that IL-33 promoted
the therapeutic efficacy of MSCs in MI by inducing
macrophage polarization to the M2 phenotype and redu-
cing proliferation. These findings indicated that IL-33
overexpression further enhanced the therapeutic efficacy
of MSCs against MI and that the polarization of macro-
phages and T cells was necessary for the protective effects
of MSCs. This study provides a novel therapeutic ap-
proach showing an improved therapeutic effect for ML

Materials and methods

Animals

All animal experiments in this study were approved by
the Ethics Committee of Soochow University (reference
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number: SZUM2008031233), and all experimental pro-
cedures were performed in accordance with protocols
approved by the Institutional Animal Care and Usage
Committee and conformed to the Guidelines for the
Care and Use of Laboratory Animals published by the
US National Institutes of Health. Rats were sacrificed by
intra-peritoneal injection of pentobarbital (60 mg/kg).
All male rats (4 2-week-old rats of used for the isolation
of MSCs, 20 2-day-old rats used for the isolation of
cardiomyocytes and fibroblasts, 2 2-week-old rats used
for the isolation of bone marrow-derived monocyte-
macrophages, 20 8-week-old rats used for time point ex-
periments, and 40 8-week-old rats used for surgical and
therapy experiments) were purchased from Model
Animal Research Center of Nanjing University.

Isolation and characterization of bone marrow-derived
mesenchymal stem cells (MSCs)

Bone marrow-derived MSCs were isolated from 2-week-
old Sprague-Dawley (SD) rats as previously described
[10]. In brief, femurs and tibias from 2-week-old rats
were used to collect the total bone marrow and were
then subjected to treatment with red blood cell lysis buf-
fer two times for 5 min at room temperature and washed
with PBS. Afterwards, the cells were cultured in Dulbec-
co’s modified Eagle medium: nutrient mixture F-12
(DMEM/F12) with 10% fetal bovine serum (FBS) and 1%
penicillin-streptomycin at 37 °C with 5% CO,. After 4-6
days of culturing, spindle cells reached 80% confluence
and were passaged. Passage 3 cells were identified by
flow cytometry with the following antibodies: anti-rat
CD105-PE (12-1051, eBioscience), anti-rat CD73-PE
(551123, BD), anti-rat CD90-PE (551401, BD), anti-rat
CD29-FITC (555005, BD), anti-rat CD45-PE (6828, BD),
and anti-rat CD11b/c-FITC (b141556, Biolegend).
Passage 3 cells were used for the following experiments.

Isolation and hypoxia conditioning of cardiomyocytes
and fibroblasts in vitro

The hearts were excised from 2-day-old neonatal SD rats
and then minced into 0.5-1-mm?> patches with sterile
scissors. The pieces were digested with 1 mg/ml collage-
nase II for 15 min at 37 °C three times in PBS. The cells
collected were seeded in 60-mm plates coated with gel-
atin (g5384, Sigma) in DF12 medium with 10% FBS. The
un-adhered cells were transferred onto another plate
coated with matrigel (Corning, 356,231) after 1h. On
the next day, the culture medium was switched, and
beating myocardial cells (CMs) were observed 24 h later.
Apart from the un-adhered cells, most of the adhered
cells were fibroblasts, and after passaging two to three
times with DF12 + 10%FBS, the spindle-shaped cells
were fibroblasts (HFs).
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For hypoxic culture, cells (CMs, HFs, and MSCs) were
cultured in a tri-gas incubator (Thermo Fisher Scientific,
Marietta, OH, USA) composed of 94% N,, 5% CO,, and
1% O, with the same culture medium (DF12 and 10%
FBS) for 24 h. Cells were then harvested for RT-qPCR
analysis of IL-33 levels.

Quantitative real-time PCR analysis

Total RNA was isolated from CMs, fibroblasts, MSCs, or
heart tissues using TRIzol™ reagent (Invitrogen, USA) as
described previously [4, 10]. Subsequently, RNA (500 ng)
was reverse-transcribed into single-stranded cDNA using
a PrimeScript™ RT reagent Kit (Takara, RR037A). The
relative expression levels of genes were analyzed using
SYBR Premix Ex Taq (Takara, RR42LR) in the ABI Step
One-Plus Detection system (Applied Biosystems™, USA)
according to the manuscript’s introductions. The
primers used in this study are presented in Table 1. The
relative gene expression levels were calculated using the
27°*“T method with GAPDH as an internal standard.
Each assay was performed in triplicate biologically.

Plasmid construction and lentivirus preparation

The vector pPCDH-CMV-MCS-EF1-copGFP was used as a
backbone plasmid to reconstruct the lentiviral vector con-
taining IL-33. Rat IL-33 mRNA was amplified from
mRNA using a reverse transcript kit (Takara, RR037A)
and PrimerSTAR HS DNA polymerase (Takara, RO10A).
The primers used for amplifying the IL-33 fragment were
as follows: sense, 5" TTAAGGATCCGCCACCATGAGA
CCTAGAATGAAGTATTCGAAC 3’; and antisense, 5
TTTTTCTAGATTACATCTTAGAGAGCTTAAACAT
GATAT 3. The IL-33 fragments were cloned into the lin-
earized vector (cut by Xbal and BamHI) and ligated with
T4 ligase (Takara). The fusion product (pCDH-IL33) was
subsequently transformed into competent Stbl3. Clones

Table 1 Primer sequences for real-time PCR
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were selected by ampicillin. The reconstructed plasmids
were verified by Sanger sequencing.

For lentiviral production, control vector or pCDH-
IL33 with psPAX and pMD2.G were co-transfected into
HEK293NT cells. The culture medium was collected at
24 h and 48 h after transfection and then filtered through
a 0.45-pm filter before incubation overnight with poly-
ethylene glycol 8000 (PEG 8000) and centrifugation
(4000xg, 20 min at 4°C; Thermo). Lentivirus particles
were stored at —80°C after titration using a titer kit.
The ratio of lentivirus-infected MSCs was observed
under an inverted fluorescence microscope (Olympus,
Tokyo, Japan).

ELISA

The concentrations of IL-33 and pGE2 in the cell cul-
ture supernatant were detected using the corresponding
rat enzyme-linked immunosorbent assay (ELISA) kit ac-
cording to the manufacturer’s instructions (R&D, USA).

Viability, apoptosis, and proliferation assay

To assess the basic function of MSCs infected with lenti-
virus, MSC viability, apoptosis, and proliferation were
determined using CCK8 (Dojindo Laboratories, Japan),
Annexin V-PE/7-AAD (BD, USA), and EdU (5-ethynyl-
2'-deoxyuridine, RiboBio, China) respectively, as de-
scribed previously [4, 10]. Briefly, MSCs in 96-well plates
were infected with vector or IL-33 lentivirus for 48 h.
Next, the culture medium was changed to fresh medium
with 10% CCK8. The absorbance at 450 nm, indicating
cell viability, was measured in the Multi-Mode Micro-
plate Reader (BIOTEK, USA). For apoptosis analysis,
MSCs were seeded in a 12-well plate and infected with
lentivirus for 48 h, and then, the cells were collected be-
fore staining with Annexin V-PE for 5min and 7-AAD
for another 5min. For proliferation assay, MSCs were
seeded in a 12-well plate and infected with lentivirus for

Gene names Forward primer sequences Reverse primer sequences
IL-33 TGACACACTGAGTATCCAAGG TATCTTTTTCTTGGTTTTTCC

IDO ATCTTGCCGTTCCCTACT CTGCGATTTCCACCATTA

cox2 CCTTCCTCCTGTGGCTGAT GGGCAAAGAATGCGAACA
T-bet AGCCGTTTCTACCCCGACCTT GCAGAGGGTAGGAGTGTGGGC
GATA-3 CTCCTCCTCTACGCTCCTTGC AAAAAAAAAGGAGGGAGAGA
FOXP3 CGAGCTTCCCAGAGAGAGAGT TGAGTTGTTGCCTGCCCCTCA
IL-6 CCTTCTTGGGACTGATGT ACTGGTCTGTTGTGGGTG

TNFa CCACGCTCTTCTGTCTACTG GCTACGGGCTTGTCACTC

IL-18 TGTGATGTTCCCATTAGAC AATACCACTTGTTGGCTTA
INOS CGGTGCGGTCTTTTCCTATG GAGGGGAGATGATGTGAGGG
Arg-1 GACATCAACACTCCGCTGAC TTGCCAATTCCCAGCTTGTC
GAPDH TTC TTG TGC AGT GCC AGC CTC GTC TAG GAA CAC GGA AGG CCA TGC CAG
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48 h, and then, the cells were cultured in EAU medium
for 2 h before staining with Alexa Fluor 647 probe. The
cells were detected by flow cytometry.

Co-culture of lymphocytes and MSCs

Mononuclear cells were obtained from spleens using
grinding and Ficoll Lymphocyte Separation Medium
(Hao Ocean Creatures, China) to isolate lymphocytes
according to the manufacturer’s instructions. Then, anti-
rat CD4-FITC and separation buffer (Miltenyi Biotec,
Germany) were used for the isolation of CD4+ T lym-
phocytes according to the manufacturer’s instructions.
One milliliter of T lymphocytes was seeded in the lower
layer of a transwell (concentration 2.5 x 10*/ml) with
RPMI 1640, 10% FBS, 2.5 pg/ml phytohemagglutinin,
and 10 ng/ml IL-2. The differently handled MSCs (MSC,
Vector-MSCs, and IL33-MSCs) were seeded in the
upper layer of a transwell (3-pm pore size; Costar, USA)
and co-cultured for 72h, and Edu (5-ethynyl-2'-deox-
yuridine) cell proliferation kit (RiboBio, China) for pro-
liferation assay was added for another 2 h before T cell
proliferation was analyzed using flow cytometry.

Isolation, differentiation, and co-culture of bone marrow-
derived macrophages (BMDMs) with MSCs

Monocytes were isolated from the bone marrow, and
erythrocytes were removed with Red Blood Cell Lysis
Buffer (Beyotime, China) for 5min and then washed
with RPMI 1640 + 10% FBS three times. The cells were
filtered with a 70-pm strainer and cultured for 2h in
RPMI 1640 + 10% FBS before being switched into RPMI
1640 + 10% FBS with 25ng/ml macrophage colony-
stimulating factor (M-CSF, AF-400-28, Peprotech) for 4
days. Then, the differentiated BMDMs were co-cultured
with MSCs infected with Vector or IL-33 lentivirus or
MSCs only at a 10:1 ratio with a transwell filter (3-um
pore size; Costar, USA). After 48 h of co-culture, the
macrophages were collected for flow cytometry analysis
of macrophage polarization with macrophage common
marker anti-rat CD68 (Bio-Rad, USA), anti-rat iNOS
(Abcam, USA) for M1, and anti-rat CD206 (Proteintech,
USA) for M2. Flow cytometry assays were conducted
using a Millipore Guava® easyCyte 8 (Millipore, USA),
and data were analyzed using Guava InCyte™ software.

Immunofluorescence

Cells were fixed in 4% paraformaldehyde (PFA) for 15
min at room temperature (RT) before permeabilization
in 0.1% Triton X-100 for 20 min at RT and blocking
with 3% BSA for 1 h. Cells were then incubated with the
following primary antibodies: rabbit anti-rat vimentin
(SC-5565, Santa Cruz) and goat anti-rat troponin T (SC-
8121, Santa Cruz) at 4°C overnight. Additionally, cells
were incubated with the following secondary antibodies:
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Donkey anti-rabbit-Alexa Fluor 488 (711-545-152, Jack-
son) and rabbit anti-goat-Alexa Fluor 594 (A-11012,
Invitrogen) for 1 h at RT. DAPI was used to counterstain
nuclei for 5min at RT. The immunofluorescence slides
were sealed by fluorescence quenching of the tablet and
visualized by a Zeiss LSM 880 confocal microscope.

Surgical model of Ml and cell delivery

Acute MI was induced as described previously [10]. In
brief, ligation of the left anterior descending (LAD) ar-
tery was performed in young male 8-week-old SD rats
(~250g) by a single experienced full-time technician.
MI was confirmed by myocardial apex blanching.
Following MI surgeries, rats were randomized into four
groups: received an intramyocardial injection of phos-
phate-buffered saline (PBS), MSCs infected with empty
lentivirus (Vector-MSCs), or MSCs infected with IL-33-
overexpressing lentivirus (IL33-MSCs) and the sham
group. A total of 1x10° passage 3 MSCs were trans-
planted in the peri-infarct zone at three different sites
with a total volume of 20 pl PBS in the free wall of the
left ventricle.

To evaluate cell survival of MSCs in vivo, MSCs in-
fected with empty lentivirus (Vector-MSCs) or IL-33-
overexpressed lentivirus (IL33-MSCs) were dyed with
chloromethylbenzamido (Cell-Tracker TM CM-Dil
11372053; Invitrogen) according to the manufacturer’s
instructions, followed by cell transplantation. Rats were
anesthetized for MSC survival detection day 3 after MI,
and CM-Dil+MSCs were observed via fluorescence
microscopy (Olympus, Japan).

Echocardiographic analysis of the left ventricular function
Echocardiography was performed after 28 days of LAD
ligation using the Vevo 2100 system (VisualSonics, Inc.,
Toronto, ON, Canada) with a 21-MHz probe and MS-
250 transducer, which was operated by an investigator
blinded to the group designation. Left ventricular end-
diastolic diameter (EDD) and end-systolic diameter
(ESD) were measured in the short axis and used to
calculate LV ejection fraction (LVEF) and LV fraction
shortening (LVES).

Immune cell assay

To detect the levels of inflammation in rats, spleens and
blood were collected at 3 days, 5days, 7 days, and 14
days after MI surgery. Single-cell suspensions were dis-
sociated by pressing spleen tissue and filtrating cells
through a 50-um nylon mesh and then centrifuging at
1300 rpm for 5min. Erythrocytes in splenic cells were
treated with red blood cell lysis buffer (B541001, Sangon
Biotech) for 2 min and washed with PBS three times.
Lymphocytes from the blood were collected by lysing
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erythrocytes with lysis buffer for 3 min x 3 times and
washing several times with PBS.

For surface marker anti-rat CD4-FITC (E0074-1633,
eBioscience) and anti-rat CD25-APC (380595B, Caltag)
staining, cells were incubated with primary antibodies for
30min at 4°C. For intracellular protein (anti-rat IFNy-PE,
anti-rat IL-4-PE, anti-rat Foxp3-PE) staining, primary anti-
bodies were washed to remove unbound antibodies and
cells were incubated in BD cytofix/cytoperm solution (BD,
Bioscience) for 20 min at 4 °C, followed by washing with 1 x
BD perm/wash buffer (BD, Bioscience). Subsequently, sam-
ples were incubated with secondary antibodies at 4°C for
30 min in the dark. Flow cytometry assays were conducted
using a Millipore Guava® easyCyte 8 (Millipore, USA), and
data were analyzed using Guava InCyte™ software.

Histological examination

Following MI surgery and cell injection, rats were anes-
thetized with 4% isoflurane (600 ml/min, y0000858,
Sigma) and maintained with 2.5% inhalation anesthesia.
Hearts from different groups were obtained, fixed in 4%
paraformaldehyde (PFA; PH 7.4) and then immersed in
optimum cutting temperature compound (OCT; 4583,
SAKURA). Serial frozen sections (5 pm thick) were proc-
essed via a freezing cryotome (CM1950) for H&E stain-
ing and Masson’s trichrome staining (Sigma, USA) to
determine the levels of inflammation and collagen de-
position in hearts. For each heart, eight to ten sections
from apex to base were produced perpendicular to the
axis of the left anterior descending coronary artery. The
severity of myocardial fibrosis was indicated by the blue
staining of collagen deposition. NIH Image] software
(National Institutes of Health, USA) was used to quan-
tify the cross-section area of fibrosis.

For polarization of macrophage and angiogenic re-
sponse in heart tissues, immunofluorescence was carried
out after unmask antigen with citrate buffer and blocked
with 5% BSA for 1h. Then, the sections were incubated
with primary antibodies mouse anti-rat CD68 (Bio-Rad,
USA), rabbit anti-rat iNOS (Abcam, USA), rabbit anti-
rat CD206 (Abcam, USA), and rabbit anti-CD31
(Abcam, USA) overnight in 4 °C. Subsequently, the sec-
tions were incubated with second antibodies Donkey
Anti-Mouse-Alexa Fluor 488 (Jackson, USA) and Don-
key anti-rabbit-Alex Fluor 594 (Thermo, USA) for 45
min in room temperature. DAPI was used to counter-
stain nuclei for 5min at room temperature. The im-
munofluorescence slides were sealed by fluorescence
quenching of the tablet and visualized by a Zeiss LSM
880 confocal microscope.

Statistical analysis
All experiments were performed at least in triplicate,
and statistical analysis was performed using one-way
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ANOVA for multiple comparisons. Pairwise compari-
sons were performed using Student’s ¢ test. P < 0.05 was
considered statistically significant. Numeric data (FACS
and qPCR) are presented as the mean+ SEM in the
figures. GraphPad Prism software (version 5.01; San
Diego, CA, USA) was used for statistical analyses.

Results

Isolation and identification of MSCs

To obtain MSCs, we isolated the bone marrow from the
femora of 2-week-old SD rats. Typical MSCs were
observed after 3 days of culturing with a spindle shape
(Fig. 1a). Flow cytometry indicated that MSCs were posi-
tive for CD105, CD73, CD90, and CD29 and negative for
CD45 and CD11b/c (Fig. 1b), showing typical rat MSC
phenotypes.

Assessment of the IL-33 expression level under hypoxic
conditions

To identify the expression level of IL-33 in CMs, HFs,
and MSCs under hypoxic conditions, we first isolated
CMs and HFs from neonatal rats. We tested fibroblasts
and cardiomyocytes by vimentin for fibroblasts and
troponin T for cardiomyocytes (Additional file 1: Figure
S1A, B). Then, we tested the IL-33 level using RT-qPCR
of MSCs, CMs, and HFs under normal and hypoxic con-
ditions. We found that MSCs and CMs under hypoxic
conditions had significantly depressed levels compared
with MSCs and CMs under normoxia conditions (Fig. 2a,
b) and that HF had no significant difference (Fig. 2c).

Construction and verification of IL33-MSCs

The CDS fragments were cloned into multiple cloning
sites (MCS) of pCDH-CMV-MCS-EF1-copGFP using the
Xbal and BamHI restriction sites (Additional file 2: Figure
S2A). The empty plasmid and the fusion plasmid were co-
transfected with a lentivirus package mixed into 293 NT
cells. The 293NT cells, which expressed green fluorescent
protein in the plasmid, showed successful lentivirus pack-
aging (Additional file 2: Figure S2B). After centrifugation
and titering, the MSCs were infected with lentivirus. The
MSCs expressing green fluorescent protein (GFP) indi-
cated a successful cell infection (Fig. 3a). The IL-33 levels
were determined by quantitative polymerase chain
reaction (PCR) and ELISA, and the expression level was
elevated significantly, as shown in Fig. 3b, c.

IL-33 enhanced the survival of MSCs

Viability and apoptosis were used as criteria to evaluate
the capacity of IL-33 to improve cell survival. To identify
the potential pro-survival function of IL-33 on MSCs,
we tested the cell viability, apoptosis, and proliferation
of MSCs after lentivirus infection. After infection with
lentivirus for 24 h, MSCs were switched to serum-free
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and hypoxic conditions for another 24 h and then stained
with Annexin V-PE (for early apoptosis) and 7-AAD (for
late apoptosis). Cell viability and proliferation was tested
by CCK8 and EdU. We found that IL-33 reduced early
MSC apoptosis (Fig. 4a) and had no significant influence
on MSC viability and proliferation (Fig. 4b, c).

IL-33 elevated the immunoregulatory capacity of MSCs
We first evaluated the expression level of indoleamine-2,
3 dioxygenase (IDO) and cyclooxygenase (COX)-2, two
important genes for the immunoregulatory capacity of
MSCs. Our data showed a significant elevation of the
expression levels of both genes (Fig. 4d). Prostaglandin
(PG) E2 protein level is influenced by COX2 and
influences the immunoregulatory of MSCs which was
elevated significantly in IL33-MSCs group compared
with Vector-MSCs group (Fig. 4e).

To study T cell proliferation, CD4" T cells were co-
cultured with MSCs infected with different viruses or no
virus. After 72h of culture, T cell proliferation analysis
as assessed by EdU showed a low proliferation rate in
the IL33-MSCs group (Fig. 5a).

Macrophages are important immune cells that have two
subtypes. MSCs treated with IL-1B or exosome influenced
macrophage polarization [8]. We investigated whether
IL33-MSCs influenced macrophage polarization, which
has an important effect on the immunoregulation of the
early stage of ischemia-reperfusion injury. After co-cultur-
ing of macrophages with IL33-MSCs, Vector-MSCs, or

MSCs for 48h, flow cytometry analysis was performed
with CD68 and CD206 for type II macrophages and CD68
and iNOS for type I macrophages. The results showed
that macrophages induced from bone marrow monocytes
co-cultured with IL33-MSCs expressed higher percent of
CD68 and CD206 and lower percent of CD68 and iNOS
versus the MSCs or Vector-MSCs groups (Fig. 5b—e).

Assessment of the inflammation level at different times
following myocardial infarction

To examine the time point at which the most serious in-
flammation occurred, rats underwent LAD ligation and
were sacrificed at day 3, day 5, day 7, and day 14 after
MI (Additional file 3: Figure S3). T cells with different
subtypes have significant roles in immunoregulation in
systemic and local inflammation. Therefore, we tested
the subtypes of Th1l (CD4*IFNy"), Th2 (CD4'I1L4"), and
Treg (CD4"CD25"Foxp3*) cells, which influence inflam-
mation associated with heart disease (Fig. 6a). The re-
sults showed that inflammation was robust at days 3 and
5 after MI both in the spleen and blood. Thl cells were
significantly higher than Sham; Th2 and Treg cells were
the highest at day 5. The expression levels of the tran-
scription factors T-bet, GATA3, and Foxp3 relative to
the differentiation of CD4" T cells from the infarct and
border zones were consistent with the corresponding
cell numbers (Fig. 6b). Cytokines are also markers of
inflammation levels, and expression of IL-6, TNF«, and
IL-1B from the infarct and border zones was the highest
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at day 5, which confirmed the time point of robust in-
flammation (Fig. 6¢).

Cardiac injection of IL33-MSCs was used to evaluate heart
functional recovery following myocardial infarction

To assess the efficacy of IL33-MSCs in the rat MI
model, rats underwent LAD ligation and an intramyo-
cardial injection near the ligation site in the free wall of
the heart with PBS, Vector-MSCs, IL33-MSCs, and
Sham, which was used as a control group. Echocardiog-
raphy was performed 28 days after MI, and the represen-
tative images of M-Mode are shown in Fig. 7a. The left
ventricular ejection fraction and fractional shortening
were used as major in vivo indexes of heart function,

and the results showed that IL33-MSCs significantly ele-
vated the EF and FS versus in the Vector-MSCs group
(P <0.05). Left ventricular end-diastolic diameter and left
ventricular end-systolic diameter were improved in the
IL33-MSCs group compared with the Vector-MSCs
group (Fig. 7b).

Fibrosis and remolding are the secondary stage after
MI and can lead to a further reduction of cardiac func-
tion. Therefore, we evaluated the extent of fibrosis with
Masson trichrome staining 28 days after MI and with
different MSC injections. As illustrated in Fig. 7C, the
normal myocardium was stained red, whereas the blue
color indicated fibrosis tissue. The fibrosis area was ana-
lyzed by Image] software and showed that IL33-MSCs
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significantly reduced the fibrosis area compared with
both the PBS and Vector-MSCs groups (Fig. 7d).

Ex vivo histological examination of the inflammation level
and macrophage polarization

Cell survival and migration are important in the thera-
peutic effect of MSCs in vivo. We therefore assessed the
survival and retention of MSCs in the heart tissue by
counting CM-Dil+ cells, which indicate the viable ex-
ogenous MSCs. The results showed more survival and
retentional MSCs in the heart tissue in IL33-MSCs
group (Fig. 8a). For histological analysis, hearts from dif-
ferent groups were collected at day 5 after MI, which
was the time point of robust inflammation. H&E staining
indicated a reduced infiltration of inflammatory cells in
the border zone of MI for the IL33-MSCs group com-
pared with PBS and Vector-MSCs (Fig. 8b). A growing
body of evidence has demonstrated that macrophages
have a strong influence on the level of inflammation in

the heart at day 5. To detect the effects of IL33-MSCs
on macrophage polarization and inflammation, we mea-
sured the expression of known macrophage markers in
the peri-infarct tissue of the PBS-, Vector-MSC-, and
IL33-MSC-treated hearts. The protein markers CD68
and CD206 are expressed by M2 macrophages and can
be induced to repress inflammation; however, CD68 and
iNOS are expressed by M1 macrophages and increase
inflammation. Immunostaining of heart slides in the
border zone of the MI confirmed that IL33-MSCs re-
duced inflammation in the heart, increasing the expres-
sion of CD206 and decreasing the expression of iNOS
(Fig. 8c). Furthermore, we found that inflammation-re-
lated genes were reduced in the border zone of rat hearts
from the IL33-MSCs group, including IL-6, TNFa, and
IL-1p, but no differences were observed in the infarct zone
(Fig. 8d), which used the whole heart of the sham as con-
trol. Excepting the influence on inflammatory regulation,
we found the expression of CD31 was also elevated in the
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IL33-MSCs group compared with the PBS group
(Additional file 4: Figure S4). Therefore, we concluded
that the IL33-MSC injection reduced the inflammatory
level in hearts with myocardial infarction.

Discussion

In this study, we found that the expression level of IL-33
was reduced in MSCs and cardiomyocytes under hyp-
oxic conditions, which indicated that IL-33 had an effect
on MI within an ischemic anoxia environment. The ex-
pression level of IL-33 under hypoxic condition seems
inconformity in different cells and tissues, which may be
regulated by a different manner [18, 19]. Therefore, we
constructed a plasmid overexpressing IL-33 to test the
therapeutic effect of IL-33.

Mesenchymal stem cells (MSCs) are a class of stem
cells that have important effects on the regulation of
inflammation and have been used in many disease treat-
ments and clinical trials. A growing number of studies
have shown that many factors can enhance the regula-
tory and therapeutic functions of MSCs derived from
different tissues [7, 20]. To combine the application of
IL-33 and MSCs, we used packaged lentivirus with plas-
mids overexpressing IL-33 to infect MSCs. We found
that overexpression of IL-33 in MSCs had no side effects
of the basic functions of MSCs, such as apoptosis and
cell viability. Interestingly, MSCs co-cultured with spleen
monocytes and bone marrow-derived monocytes

demonstrated that MSCs transduced with IL-33 (IL33-
MSCs) had a significantly better immunosuppression
ability compared with Vector-MSCs. In vitro co-culture
experiment demonstrated that IL33-MSCs induced more
percent of CD68+ cells and enhanced the percent of
CD68+CD206+M2 macrophage (Fig. 5c—e). Moreover,
we found more co-stain of CD68 and CD206 in the tis-
sue of IL33-MSCs group compared with Vector-MSCs
group in vivo (Fig. 8c). In accordance with the previous
result, it was concluded that the cytokine IL-33 en-
hanced MSC regulation of inflammation.

In an in vivo study, we constructed an acute MI model,
and under treatment with differently handled MSCs (Vec-
tor-MSCs or IL33-MSCs), echocardiography and Masson
trichrome staining experiments indicated that overexpres-
sion of IL-33 in MSCs could enhance the left ventricular
ejection fraction and fractional shortening and reduce
heart tissue fibrosis (Fig. 7a—d). The result is in accord-
ance with a previous study [21] in IL-337~ mice with
transverse aortic constriction (TAC) surgery. Both of the
two studies highlighted the cardioprotective role of IL-33
in heart disease.

Due to the close links between the inflammation stage
and repair stage, non-selective inhibition of inflamma-
tion after MI may have detrimental effects on scar for-
mation and accentuation of adverse remolding [22].
Therapeutic modulation of the inflammatory response
may have promise for the prevention of post-infarction
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heart failure. Cardiomyocytes undergo massive sudden
necrosis following MI as well as secrete cytokines and
drive the infiltration of inflammatory cells, including
neutrophils, monocytes (Ly6C™), lymphocytes (T cells
and B cells) [23-26], mast cells, and macrophages. At
the early stage of myocardial infarction, except neutro-
phil infiltration of the infarct area, which is part of the
early inflammatory response after MI [27], macrophages
have important effects on inflammation regulation in
MI. Macrophages are heterogeneous and are from two
different pools: the CCR2 subset, which is an embryoni-
cally established lineage that originates from the yolk sac
and fetal monocytes, and circulating CCR2" monocytes
[28, 29]. In the MI model, the resident cardiac macro-
phages died and are replaced by monocyte-derived
CCR2™ cells. In the first stage, Ly6C™ monocytes and

M1 macrophages with high expression of proteinase and
TNF have a pro-inflammatory function; in the second
stage, Ly6C'™™ monocytes and M2-like macrophages
with high expression of IL-10, TGF-B, and VEGF have
an anti-inflammatory function [30]. In this study, we
found that IL33-MSCs could enhance the polarization of
M2 macrophages (Figs. 5 and 8b) in vitro and in vivo, in
accordance with previous reports that indicated that
macrophages have therapeutic effects on myocardial
healing [31]. CD4'Foxp3*Treg modulates macrophage
differentiation toward the M2 phenotype [32]. We also
found that CD4+Foxp3+Tregs increased following in-
duction of the MI model (Fig. 6a).

One troublesome problem in the field of clinical MSCs
is that complement inhibition does not reduce mortality
and major adverse events in patients with MI and acute
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coronary syndromes [33, 34]. There are many reasons to
contribute to adverse clinical outcomes: (1) inflamma-
tory mediators are pleiotropic, showing a wide range of
actions on different cells; (2) temporal and spatial
aspects are critical factors for therapy; (3) the spatial
heterogeneity of the cellular environment in vivo is com-
plex; and (4) genetic background, concomitant condi-
tion, age, and gender all influence the outcome of
therapy.

Conclusion

In summary, we successfully modified MSCs with IL-33-
overexpressing plasmids, and the modified 1L33-MSCs
enhanced the function of the heart under LAD surgery.
We also found that macrophages had important effects
in the recovery of heart function (Graphical Abstract).

Additional files

Additional file 1: Figure S1. Identification of fibroblasts and
cardiomyocytes isolated from neonatal rats. (A) Characterization and
identification of fibroblasts immunostained with vimentin. (B)
Characterization and identification of cardiomyocytes immunostained
with Troponin T. Bar, 200 um. DAPI is used for stain of nucleus (Blue). (TIF
3323 kb)

Additional file 2: Figure S2. Construction and package of plasmid
overexpressing IL-33. (A) Construction and restriction enzyme cutting
sites of the plasmid pCDH-IL33. (B) Fluorogram of the packaged lentivirus
including IL-33 in HEK293NT cells. Bar, 500 um. (TIF 1857 kb)

Additional file 3: Figure S3. Schematic diagram for time point study.
Rats that underwent Misurgery were sacrificed at different time points.
(TIF 2232 kb)

Additional file 4: Figure S4. Representative immunofluorescence

staining of endothelial cells, the marker CD31 (Green). Bar, 100 um. (TIF
16279 kb)

Abbreviations

BMDM: Bone marrow-derived monocyte-macrophages; IL-33: Interleukin 33;
LVEF: Left ventricular ejection fraction; LVFS: Left ventricular fractional
shortening; MSCs: Mesenchymal stem cells

Acknowledgements
Not applicable.

Authors’ contributions

YS and ZS conceived the project. YC, JZ, and YZ were responsible for the
experimental design and application. YC and WC wrote and revised the
manuscript. YZ standardized the figures. FH and YC provided valuable
suggestions for the manuscript. LS and JL made the model for the
manuscript. All authors read and approved the manuscript.

Funding

This study was supported by the National Clinical Key Specialty of
Cardiovascular Surgery and Jiangsu Clinical Research Center for
Cardiovascular Surgery [BL201451], National Natural Science Foundation of
China (NSFC) [81900317, 81770258, 21604059], Science and Technology
Project of Suzhou [SYS201705], and National Key R&D Program of China
[2017YFA0103700].

Availability of data and materials
The datasets used and/or analyzed during the current study are available
from the corresponding author on reasonable request.

Page 13 of 14

Ethics approval and consent to participate

All animal experiments in this study were approved by the Ethics Committee
of Soochow University (reference number: SZUM2008031233), and all
experimental procedures were performed in accordance with protocols
approved by the Institutional Animal Care and Usage Committee and
conformed to the Guidelines for the Care and Use of Laboratory Animals
published by the US National Institutes of Health.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Institute for Cardiovascular Science, Soochow University, Suzhou, China.
“Department of Cardiovascular Surgery of the First Affiliated Hospital,
Soochow University, Suzhou, China. *Nantong First People’s Hospital,
Nantong, China.

Received: 14 June 2019 Revised: 1 August 2019
Accepted: 19 August 2019 Published online: 23 September 2019

References

1. Lopez AD, Mathers CD, Ezzati M, Jamison DT, Murray CJ. Global and
regional burden of disease and risk factors, 2001: systematic analysis of
population health data. Lancet. 2006,367:1747-57.

2. de Couto G, Gallet R, Cambier L, Jaghatspanyan E, Makkar N, Dawkins JF, et
al. Exosomal microRNA transfer into macrophages mediates cellular
postconditioning. Circulation. 2017;136:200-14.

3. Prabhu SD, Frangogiannis NG. The biological basis for cardiac repair after
myocardial infarction: from inflammation to fibrosis. Circ Res. 2016;119:91-112.

4. ChenY, Song Y, Miao H, Xu Y, Lv M, Wang T, et al. Gene delivery with IFN-
gamma-expression plasmids enhances the therapeutic effects of MSCs on
DSS-induced mouse colitis. Inflammation Res. 2015:64:671-81.

5. Francois M, Romieu-Mourez R, Li MGalipeau J. Human MSC suppression
correlates with cytokine induction of indoleamine 2,3-dioxygenase and
bystander M2 macrophage differentiation. Mol Therapy. 2012;20:187-95.

6. Mathiasen AB, Qayyum AA, Jorgensen E, Helqvist S, Fischer-Nielsen A,
Kofoed KF, et al. Bone marrow-derived mesenchymal stromal cell treatment
in patients with severe ischaemic heart failure: a randomized placebo-
controlled trial (MSC-HF trial). Eur Heart J. 2015;36:1744-53.

7. FanH, Zhao G, Liu L, Liu F, Gong W, Liu X, et al. Pre-treatment with IL-1beta
enhances the efficacy of MSC transplantation in DSS-induced colitis. Cell
Mol Immunol. 2012,9:473-81.

8. Song Y, Dou H, Li X, Zhao X, Li Y, Liu D, et al. Exosomal miR-146a
contributes to the enhanced therapedutic efficacy of interleukin-1beta-
primed mesenchymal stem cells against sepsis. Stem Cells. 2017,35:1208-21.

9. Shin EY, Wang L, Zemskova M, Deppen J, Xu K, Strobel F, et al. Adenosine
production by biomaterial-supported mesenchymal stromal cells reduces
the innate inflammatory response in myocardial ischemia/reperfusion injury.
J Am Heart Assoc. 2018;7:¢006949.

10. Chen'Y, Zhao Y, Chen W, Xie L, Zhao ZA, Yang J, et al. MicroRNA-133
overexpression promotes the therapeutic efficacy of mesenchymal stem
cells on acute myocardial infarction. Stem Cell Res Ther. 2017,8:268.

11, Li X, Song Y, Liu F, Liu D, Miao H, Ren J, et al. Long non-coding RNA
MALATT promotes proliferation, angiogenesis, and immunosuppressive
properties of mesenchymal stem cells by inducing VEGF and IDO. J Cell
Biochem. 2017;118:2780-91.

12. Schmitz J, Owyang A, Oldham E, Song Y, Murphy E, McClanahan TK; et al.
IL-33, an interleukin-1-like cytokine that signals via the IL-1 receptor-related
protein ST2 and induces T helper type 2-associated cytokines. Immunity.
2005;23:479-90.

13. Liu QTurnquist HR. Controlling the burn and fueling the fire: defining the
role for the alarmin interleukin-33 in alloimmunity. Curr Opinion Organ
Transplantation. 2016;21:45-52.

14.  Liu QTurnquist HR. Implications for interleukin-33 in solid organ
transplantation. Cytokine. 2013;62:183-94.

15.  Ruisong M, Xiaorong H, Gangying H, Chunfeng Y, Changjiang Z, Xuefei L, et al.
The protective role of Interleukin-33 in myocardial ischemia and reperfusion is


https://doi.org/10.1186/s13287-019-1392-9
https://doi.org/10.1186/s13287-019-1392-9
https://doi.org/10.1186/s13287-019-1392-9
https://doi.org/10.1186/s13287-019-1392-9

Chen et al. Stem Cell Research & Therapy

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

(2019) 10:295

associated with decreased HMGB1 expression and up-regulation of the P38
MAPK signaling pathway. PLoS One. 2015;10:e0143064.

Kunes P, Mandak J, Holubcova Z, Kolackova MKrejsek J. Actual position of
interleukin (IL)-33 in atherosclerosis and heart failure: great expectations or
En attendant Godot? Perfusion. 2015;30:356-74.

Turnquist HR, Zhao Z, Rosborough BR, Liu Q, Castellaneta A, Isse K, et al. IL-
33 expands suppressive CD11b+ Gr-1(int) and regulatory T cells, including
ST2L+ Foxp3+ cells, and mediates regulatory T cell-dependent promotion
of cardiac allograft survival. J Immunol. 2011;187:4598-610.

Liu Z, Zhao X, Shan H, Gao HWang P. microRNA-520c-3p suppresses NLRP3
inflammasome activation and inflammatory cascade in preeclampsia by
downregulating NLRP3. Inflammation Re. 2019;68:643-54.

Sun M, He C, Wu W, Zhou G, Liu F, Cong VY, et al. Hypoxia inducible factor-
Talpha-induced interleukin-33 expression in intestinal epithelia contributes
to mucosal homeostasis in inflammatory bowel disease. Clin Exp Immunol.
2017;187:428-40.

Mohammadzadeh A, Pourfathollah AA, Shahrokhi S, Fallah A, Tahoori MT,
Amari A, et al. Evaluation of AD-MSC (adipose-derived mesenchymal stem
cells) as a vehicle for IFN-beta delivery in experimental autoimmune
encephalomyelitis. Clin Immunol. 2016;169:98-106.

Veeraveedu PT, Sanada S, Okuda K, Fu HY, Matsuzaki T, Araki R, et al. Ablation
of IL-33 gene exacerbate myocardial remodeling in mice with heart failure
induced by mechanical stress. Biochem Pharmacol. 2017;138:73-80.

Saxena A, Russo IFrangogiannis NG. Inflammation as a therapeutic target in
myocardial infarction: learning from past failures to meet future challenges.
Trans| Res. 2016;167:152-66.

Frangogiannis NG, Mendoza LH, Lindsey ML, Ballantyne CM, Michael LH,
Smith CW, et al. IL-10 is induced in the reperfused myocardium and may
modulate the reaction to injury. J Immunol. 2000;165:2798-808.
Nahrendorf M, Swirski FK, Aikawa E, Stangenberg L, Wurdinger T, Figueiredo JL,
et al. The healing myocardium sequentially mobilizes two monocyte subsets
with divergent and complementary functions. J Exp Med. 2007;204:3037-47.
Yan X, Anzai A, Katsumata Y, Matsuhashi T, Ito K, Endo J, et al. Temporal
dynamics of cardiac immune cell accumulation following acute myocardial
infarction. J Mol Cell Cardiol. 2013;62:24-35.

Zouggari Y, Ait-Oufella H, Bonnin P, Simon T, Sage AP, Guerin C, et al. B
lymphocytes trigger monocyte mobilization and impair heart function after
acute myocardial infarction. Nat Med. 2013;19:1273-80.

Zhu M, Goetsch SC, Wang Z, Luo R, Hill JA, Schneider J, et al. FoxO4
promotes early inflammatory response upon myocardial infarction via
endothelial Arg1. Circ Res. 2015;117:967-77.

Epelman S, Lavine KJ, Beaudin AE, Sojka DK, Carrero JA, Calderon B, et al.
Embryonic and adult-derived resident cardiac macrophages are maintained
through distinct mechanisms at steady state and during inflammation.
Immunity. 2014,40:91-104.

Heidt T, Courties G, Dutta P, Sager HB, Sebas M, lwamoto Y, et al.
Differential contribution of monocytes to heart macrophages in steady-state
and after myocardial infarction. Circ Res. 2014;115:284-95.

Courties G, Heidt T, Sebas M, lwamoto Y, Jeon D, Truelove J, et al. In vivo
silencing of the transcription factor IRF5 reprograms the macrophage
phenotype and improves infarct healing. J Am Coll Cardiol. 2014;63:1556-66.
Fraccarollo D, Thomas S, Scholz CJ, Hilfiker-Kleiner D, Galuppo PBauersachs
J. Macrophage mineralocorticoid receptor is a pleiotropic modulator of
myocardial infarct healing. Hypertension. 2019,73:102-11.

Weirather J, Hofmann UD, Beyersdorf N, Ramos GC, Vogel B, Frey A, et al.
Foxp3+ CD4+ T cells improve healing after myocardial infarction by
modulating monocyte/macrophage differentiation. Circ Res. 2014;115:55-67.
Tardif JC, Tanguay JF, Wright SR, Duchatelle V, Petroni T, Gregoire JC, et al.
Effects of the P-selectin antagonist inclacumab on myocardial damage after
percutaneous coronary intervention for non-ST-segment elevation
myocardial infarction: results of the SELECT-ACS trial. J Am Coll Cardiol.
2013;61:2048-55.

Seropian IM, Toldo S, Van Tassell BWAbbate A. Anti-inflammatory strategies
for ventricular remodeling following ST-segment elevation acute myocardial
infarction. J Am Coll Cardiol. 2014;63:1593-603.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Page 14 of 14

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Abstract
	Background
	Methods and results
	Conclusion

	Background
	Materials and methods
	Animals
	Isolation and characterization of bone marrow-derived mesenchymal stem cells (MSCs)
	Isolation and hypoxia conditioning of cardiomyocytes and fibroblasts in vitro
	Quantitative real-time PCR analysis
	Plasmid construction and lentivirus preparation
	ELISA
	Viability, apoptosis, and proliferation assay
	Co-culture of lymphocytes and MSCs
	Isolation, differentiation, and co-culture of bone marrow-derived macrophages (BMDMs) with MSCs
	Immunofluorescence
	Surgical model of MI and cell delivery
	Echocardiographic analysis of the left ventricular function
	Immune cell assay
	Histological examination
	Statistical analysis

	Results
	Isolation and identification of MSCs
	Assessment of the IL-33 expression level under hypoxic conditions
	Construction and verification of IL33-MSCs
	IL-33 enhanced the survival of MSCs
	IL-33 elevated the immunoregulatory capacity of MSCs
	Assessment of the inflammation level at different times following myocardial infarction
	Cardiac injection of IL33-MSCs was used to evaluate heart functional recovery following myocardial infarction
	Ex vivo histological examination of the inflammation level and macrophage polarization

	Discussion
	Conclusion
	Additional files
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

