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Mesenchymal stem cells transfected with anti-miRNA-204-3p
inhibit acute rejection after heart transplantation by targeting
C-X-C motif chemokine receptor 4 (CXCR4) in vitro
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Background: Mesenchymal stem cells (MSCs) are a promising treatment for acute rejection (AR) after
heart transplantation (HTx) owing to their immunomodulatory functions by promoting the transformation
of macrophages from the M0 to M2 phenotype. However, it is undetermined whether surface expression
of C-X-C motif chemokine receptor 4 (CXCR4) by MSCs influences macrophage polarization. In this
study, we investigated the effects of MSCs on macrophages caused by CXCR4, and detected the underlying
mechanism, which may contribute to improving HT'x outcomes.

Methods: The MSCs were extracted from rat bone marrow and identified using flow cytometry. We
subsequently observed the effects of CXCR4 and anti-miRNA-204-3p on cell proliferation and migration,
and the effects on macrophage polarization. Dual luciferase reporter assay was used to explore whether
miRNA-204-3p was an upstream microRNA (miRINA) of CXCR4. A series of rescue experiments were
performed to further confirm the inhibitory effect of miRINA-204-3p on CXCR4.

Results: The results showed that CXCR4 could promote the proliferation and migration of MSCs.
Furthermore, it facilitated MSC-mediated macrophage transformation from the M0 to M2 phenotype. In
addition, miRNA-204-3p inhibited the function of CXCR4 of MSCs.

Conclusions: Regulated by miRNA-204-3p, CXCR4 could inhibit the progression of AR after HTx. This
study provides a new insight of the treatment of AR after HTx.
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Introduction consequences of acute rejection (AR), immunosuppressants

Heart transplantation (HTx) has been a promising treatment are extensively used to suppress allograft rejection and

option for end-stage heart disorders for several decades (1). decrease the HTx death rate. However, the complications
Undeniably, immune rejection is one of the most severe caused by immunosuppressant use, including infection,

complications after HTx (2). To avoid the serious toxic reactions, and malignancy, could reduce the survival

© Journal of Thoracic Disease. All rights reserved. 7 Thorac Dis 2021;13(8):5077-5092 | https://dx.doi.org/10.21037/jtd-21-1293


l 
l 
https://crossmark.crossref.org/dialog/?doi=10.21037/jtd-21-1293

5078

time of HTx patients (3). Therefore, it is urgent to find an
appropriate substitute therapy to improve the long-term
outcomes for HTx recipients.

Mesenchymal stem cells (MSCs), which are primarily
derived from bone marrow and adipose tissue, play an
important role in medicinal therapies owing to their
ability to regulate the immune response (4). MSCs, which
present homogeneous fusiform fibroblast-like morphology
microscopically, express specific stem cell biomarker
(CD44, CD73, CD90 >95%) and negatively express
hematopoietic cell biomarker (CD45, CD34, CD11b <2%)
which could be identified by flow cytometry (5). Besides
their self-replicative and multidirectional differentiation
potential, MSCs also have low immunogenicity and
immunomodulatory properties, as confirmed by multiple
animal studies and clinical trials (6,7). In addition, MSCs
have been shown to induce immune tolerance and
regulate the function of various immune cells, particularly
macrophages, which support their potential use for treating
rejection after heterogenous allograft organ transplantation
(8-10).

Macrophages, which represent the major infiltrating
immunocytes from peripheral blood circulation during
the acute phase after HTx (11), are the chief antigen
presenting cells participating in innate immunity (12).
Macrophages can be polarized to M1 (classically
activated macrophages) and M2 (alternatively activated
macrophages) depending on the activation pathway and
mode of immune function (13). The anti-inflammatory
macrophages (M2 macrophages) characterized as
overexpressing CD206 and Arg-1, have been found to
substantially inhibit AR following HTx (14). Moreover,
the M2 phenotype exhibits increased interleukin-10 (IL-
10, anti-inflammatory cytokine) production (15). Indeed,
MSCs can ameliorate immune rejection via promotion of
macrophages toward the M2 phenotype (16). Nevertheless,
the underlining mechanisms behind MSCs and
macrophage polarization remains undetermined. Hence,
enhancement of infiltrating MSCs in transplanted heart
tissues and promotion of M2 polarization are considered
critical aspects for reducing the occurrence of AR.

It is well known that the C-X-C motif chemokine
receptor 4 (CXCR4) is the specific receptor of stromal cell-
derived factor-1 (SDF-1) and this interaction is crucial
for mediating the migration of tumor cells as well as stem
cells (17,18). Moreover, overexpression of CXCR4 on the
surfaces of MSCs has demonstrated therapeutic potential
in cardiovascular diseases (19). Additionally, surface
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expression of CXCR4 on tumor cells reportedly boosts
macrophage polarization to the M2 phenotype within the
tumor microenvironment, ultimately aggravating tumor
progression (20). However, it has not yet been reported
whether surface expression of CXCR4 by MSCs similarly
influences macrophage polarization. Therefore, we were
aimed to demonstrate the role of CXCR4 on functions
of MSCs, especially on the function of macrophage
polarization, thereby potentially reducing the severity of AR
after HTx.

MicroRNAs (miRNAs) are endogenous small non-
coding RNAs of 20-22 nucleotides that regulate various
cell processes by affecting various of genes expression at
the post-transcriptional level (21). Specifically, they bind to
the 3'-untranslated region (3'-UTR) of target messenger
RNAs (mRNAs) to promote mRNA degradation and
inhibit translation (22). They can also regulate and
control the differentiation and immunomodulatory
properties of MSCs (23). The miRNA-204-3p has been
reported to prevent the proliferation of bladder tumor
cells by regulating lactate dehydrogenase-mediated
glycolysis (24). It has also been confirmed recently that
miRNA-204-3p mediated memory deficits in mouse
model of Alzheimer’s disease by targeting Nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase 4
(Nox4) (25). Nevertheless, it has not been studied in
MSCs. Interestingly, we predicted miRNA-204-3p as
the upstream miRNA of CXCR4. In the present study,
we first demonstrated miRNA-204-3p/CXCR4 axis-
mediated immunomodulatory functions of MSCs in acute
rejection after heart transplantation. Thus, our findings
may achieve the therapeutic goal of reduced AR following
HTx. We present the following article in accordance with
the MDAR reporting checklist (available at https://dx.doi.
org/10.21037/jtd-21-1293).

Methods
Isolation, in vitro culture, and labeling of MSCs

We extracted MSCs from the bone marrow of femurs
and tibias of Wistar rats (male, 2-week-old) under general
anesthesia using 1% pentobarbital sodium (40 mg/kg).
The cell-culture medium used was Minimum Essential
Medium-a (a-MEM, Biological Industries, Beit-Haemek,
Israel) supplemented with 10% fetal bovine serum (FBS;
Biological Industries, Beit-Haemek, Israel). The bone
marrow was flushed with culture medium and then cultured
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at 37 °C with 5% CO,. Cell purification was accomplished
by washing with phosphate-buffered saline (PBS) to
remove the non-adherent cells, and changing the culture
medium after 48 h. The adherent cells were observed
microscopically. Cells at passage 3 were utilized in the
following experiments. The animal experiments were
performed under the project license (SCXK Lu 20090001)
granted by Shandong University Animal Research Ethics
Committee, in compliance with institutional guidelines for
the care and use of animals.

Cell-surface phenotype analysis of MSCs

The MSCs cultured at passage 3 showed a homogeneous
fusiform fibroblast-like morphology. Flow cytometry
was performed to authenticate the phenotype of the
cultured cells. These MSCs were then incubated with the
fluorescently labeled antibodies CD11b-PE, CD44-APC,
CD45-FITC, and CD90-PE (Elabscience Bioscience,
Wuhan, Hubei, China) using an AccuriC6 Plus flow
cytometer [Becton, Dickinson and Co. Biosciences (BD),
San Jose, CA, USA]. Antibodies of the relevant isotype were
served as the negative control (NC).

Transfection of MSCs

For the transfection of CXCR4, the CXCR4 overexpression
lentiviruses (oe-CXCR4) cloned into lentiviral vector
LVS5 and vector control (oe-NC) were synthesized by
GenePharma (Shanghai, China). Lentiviruses encoding
short-hairpin RNA (shRNA) for CXCR4, and the NC
shRNA both cloned into lentiviral vector LV3 were
constructed by GenePharma (Shanghai, China). After
transfection for 8—12 h, fresh medium was added. Cells were
collected for quantitative reverse transcription polymerase
chain reaction (QRT-PCR) and western blotting analysis
48 h after transfection.

For miR-204-3p transfection, MSCs were transfected
with miR-204-3p mimics, NC mimics, miR-204-
3p inhibitor, and NC inhibitor. All synthesized RNA
were purchased from GenePharma (Shanghai, China).
Transfection was performed using Lipofectamine®
2000 (Invitrogen; Thermo Fisher Scientific, Inc.,
Waltham, MA, USA) according to the manufacturer’s
protocol. Cells were harvested 24 h after transfection
and the efficiency of transfection was detected by
qRT-PCR and western blotting. The sequences of
synthesized RNAs were as follows: shRNA-CXCR4, 5'-
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GGATAACTACTCCGAAGAAGT-3"; miR-204-3p
mimics, 5'-GCTGGGAAGGCAAAGGGACGTT-3";
miR-204-3p inhibitor, 5'-AACGTCCCTTTGCC
TTCCCAGC-3".

MSC and macrophage co-cultures

Rat macrophages (RMa-bm, R1920) purchased from
Zhong Qiao Xin Zhou Biotechnology (Shanghai, China)
were seeded into a 6-well plate and incubated at a density
of 3x10°/well for 24 h, after which, the culture medium
was replaced with Dulbecco’s Modified Eagle’s Medium
(DMEM,; Biological Industries, Beit-Haemek, Israel)
containing 10% FBS. Subsequently, the transfected MSCs
were co-cultured with macrophages at a 1:1 ratio in a
transwell system (Corning, Inc., New York, NY, USA) for
an additional 48 h. The suspension and macrophages were
harvested for the following experiments.

RNA extraction and gRT-PCR

Total RNA was extracted using the miRcute miRNA
isolation kit (Tiangen Biotech, Beijing, China), according to
the manufacturer’s instructions. The concentration of total
RNA was measured using a NanoDrop spectrophotometer.
Complementary DNA (cDNA) was synthesized using the
PrimeScript Reverse Transcriptase Reagent Kit (Accurate
Biotechnology, Changsha, Hunan, China), according to
the manufacturer’s instructions, thereafter, quantitative
fluorescence PCR was performed to detect the expression
level using the SYBR Premix Ex Taq Kit (Accurate
Biotechnology, China), according to the manufacturer’s
protocols. Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) and U6 small nuclear RNA were used as an
internal control. All the primers (7zble 1) were designed and
synthesized by GenePharma (Shanghai, China).

Western blot

Cells were washed thrice with cold PBS and lysed on
ice in radioimmunoprecipitation assay (RIPA) buffer
supplemented with 1% Phosphatase Inhibitor Cocktail
IIT (MedChem Express, Monmouth Junction, NJ,
USA). Protein lysates were resolved by 10% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE). The protein samples were then transferred
onto polyvinylidene fluoride (PVDF) membranes. Each

membrane was washed in tris-buffered saline with Tween

7 Thorac Dis 2021;13(8):5077-5092 | https://dx.doi.org/10.21037/jtd-21-1293



5080

Table 1 Primer sequences for qRT-PCR

Gene Primer sequence

CXCR4 F: 5'- CTGAACCCCATCCTCTACGC-3'

R: 5'- GAAGAGTGTCCACCCCGTTT-3'

CD206 F: 5'-CCTATCTCTCCAACCACGGC-3'

R: 5'-GGCAAGCAGGGAAGTACGAT-3'
IL-10 F: 5'-TAACTGCACCCACTTCCCAG-3'

R: 5'-TGGCAACCCAAGTAACCCTTAAA-3'

miR-204-3p F: 5'-TGTTGCAGTGAGGGCAAGAA-3'

R: 5'-GACCCTGGTTGCTTCAAGGA-3'
GAPDH F: 5-ACAGCAACAGGGTGGTGGAC-3'

R: 5'-TTTGAGGGTGCAGCGAACTT-3'
ue F: 5'-CAGCACATATACTAAAAAAGGAACG-3'

R: 5'- ACGAATTTGCGTGTCATCC-3'

gRT-PCR, quantitative reverse transcription polymerase chain
reaction; CXCR4, C-X-C motif chemokine receptor 4; CD206,
Cluster of Differentiation 206; IL-10, interleukin-10; GAPDH,
glyceraldehydes-3-phosphate dehydrogenase.

20 (TBST) thrice, blocked with 5% bovine serum albumin
(BSA) blocking-buffer (Beyotime Biotechnology, Shanghai,
China) for 1 h at room temperature, and incubated at 4 °C
overnight with one of the following rabbit anti-rat primary
antibodies: anti-CXCR4 (1:800; Abcam, Cambridge, UK);
anti-Arg-1 (1:1,000, Abcam, UK); anti-CD206 (1:500,
Boster Biological Technology Company, Wuhan, Hubeli,
China), or anti-GAPDH (1:1,000; Abcam, UK). This was
followed by incubation with horseradish peroxidase (HRP)-
conjugated affinity goat anti-rabbit secondary antibody
(1:5,000 MultiScience, Hangzhou, Zhejiang, China) for 1 h
at room temperature. Immunoreactivity was detected using
chemiluminescence reagents (Boster Biological Technology
Company, Wuhan, Hubei, China).

Cell proliferation assay

Cell viability was assessed using the Cell Counting Kit-
8 assay (CCK-8; MedChem Express, USA), according
to the manufacturer’s protocol. Briefly, MSCs were
seeded into 96-well plates at a density of 6x10° cells/well.
Following overnight incubation, cell proliferation assays
was performed on days 1, 2, 3, and 4, wherein a 10% CCK-
8 solution was added to each well. The absorbance of the
supernatant was measured at a wavelength of 450 nm using
a microplate spectrophotometer (Thermo Fisher Scientific
Inc., USA) after treating the cells with CCK-8 reagents for
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2hat37°C

The 5-Ethynyl-2’-deoxyuridine (EdU) DNA Cell
Proliferation Kit (Beyotime Biotechnology, China) was used
according to the manufacturer’s instructions. The nuclei of
proliferating cells appeared red under microscopy (x400).

The following formula was used:

Proliferation rate = number of proliferating cells (red)/
total number of cells (purple) x100% [1]

Transwell migration assay

Cell migration was evaluated using transwell chambers
(Corning Inc., USA) containing polycarbonate membrane
filters (8 pm pore size). Preconditioned MSCs (1.5x
10’ cells/mL) in 200 pL serum-free medium were seeded
in each upper chamber and 600 pL. a-MEM with 10% FBS
was placed into each lower well to induce cell migration.
Following a 12 h incubation, cells on the upper side of the
membrane were removed using cotton swabs, while cells
on the bottom surface were stained with 0.1% crystal violet
and fixed with 4% paraformaldehyde for 30 min. The cells
on each chamber were then counted in randomly selected

fields (x100).

Data acquisition, plasmid construction, and dual luciferase
reporter assay

The upstream targets of CXCR4 were predicted using
the TargetScan (www.targetscan.org/), miRWalk (http://
mirwalk.umm.uni-heidelberg.de/), and miRBD (http://
www.mirdb.org/miRDB/policy.html) databases. The wild-
type and mutant CXCR4 3'-UTR sequences, designed
and synthesized by GenePharma Co., Ltd. (Shanghai,
China), were inserted into the pmirGLO Dual-Luciferase
miRNA Target Expression Vector (Promega, Madison,
WI, USA), and both the wild-type and mutant luciferase
reporter plasmids were constructed. The luciferase plasmids
were then used to transfect 2937T cells. Diluted plasmid
DNA was mixed with miR-204-3p mimics and NC with
the transfection reagent Lipofectamine 2000 (Invitrogen;
Thermo Fisher Scientific, Inc., USA) at room temperature
for 20 min, and subsequently added to the culture wells.
Following transfection for 48 h, fluorescence microscopy
was used to detect the transfection efficiency of 293T cells,
and green fluorescence (expression of green fluorescent
protein, GFP) was considered successful. Luciferase activity
at 560 nm was further determined by Dual-luciferase
Reporter Gene System after transfection (Promega, E1910).
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By the way, the construction of luciferase reporter gene
system to detect the interaction between miRNA-204 and
CXCR4 was shown in Tuble 2.

Enzyme linked immunosorbent assay for IL-10

To measure the concentration of IL-10, the supernatant
collected from each well was centrifuged and subjected to a
commercial enzyme-linked immunosorbent assay (ELISA)

5081

kit (Bioss, Beijing, China), according to the manufacturer’s
instructions.

Statistical analysis

All experiments were independently repeated 3 times. All
values are presented as the mean = standard deviation.
Data were analyzed using one-way analysis of variance
(ANOVA) followed by Student’s -tests (2-sided). A P value

<0.05 was considered statistically significant. All analyses
were performed using the SPSS 21.0 software (SPSS Inc.,

Table 2 Luciferase reporter gene system of miRNA-204 and Chicago, IL, USA).

CXCR4

Groups

Results
NC mimics + Rat CXCR4 UTR (miR-204-3p)-WT-pmirGLO
. . ) Characterization of cultured MSCs
Rno-miR-204-3p mimics + Rat CXCR4 UTR (miR-204-3p)-WT-
pmirGLO In vitro, MSCs cultured at passage 3 showed a homogeneous
fusiform fibroblast-like form (Figure 1A). Flow cytometry
demonstrated that the cells were uniformly negative for
the hematopoietic markers CD11b and CD45, and positive

for the stem cell antigens CD44 and CD90 (Figure 1B-11).

NC mimics + Rat CXCR4 UTR (miR-204-3p)-mut-pmirGLO

Rno-miR-204-3p mimics + Rat CXCR4 UTR (miR-204-3p)-
mut-pmirGLO

CXCR4, C-X-C motif chemokine receptor 4; UTR, untranslated

region. Thus, the phenotype of the cell population used in our
study was consistent with that of MSCs.
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Figure 1 Characterization of MSCs. (A) Micrographs (magnification, 100x) of MSCs without staining at passage 3 presenting fusiform
fibroblast-like morphology (B-I). Flow cytometric analysis of cultured cells incubated with antibodies against CD11b, CD44, CD45, and
CD90 as well as their negative control. MSCs, mesenchymal stem cells.
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CXCRA4 promotes proliferation and migration of MSCs

To assess the effect of CXCR4 expression on MSC
migration and proliferation, overexpression of CXCR4
¢cDNA (0e-CXCR4) and shRNA (sh-CXCR4) were
introduced into rat MSCs through lentiviral infection. The
transfection efficiency of CXCR4 was then analyzed by
qRT-PCR and western blotting. In cells transfected with
sh-CXCR4, CXCR4 expression was markedly deceased
compared with that of NC (P<0.001). In contrast, cells
transfected with oe-CXCR4 expressed significantly higher
levels of CXCR4 compared with that of the NC (P<0.001;
Figure 2A). The results were confirmed by western blotting
(Figure 2B).

The proliferative effect of CXCR4 on MSCs was
assessed by CCK-8 and EdU cell proliferation assays. Cells
transfected with sh-CXCR#4 exhibited reduced proliferation
compared with that of NC, while cells overexpressing
CXCR#4 exhibited a higher level of active proliferation
compared with that of the NC (Figure 2C,2D). The
transwell migration assay also revealed that cells transfected
with sh-CXCR4 had reduced migratory capacity compared
with that of the NC, while cells overexpressing CXCR4
exhibited enhanced migration compared with that of the
NC (Figure 2E).

Collectively, these results confirm the critical role of
CXCR4 in MSC proliferation and migration, suggesting
upregulation of CXCR4 may result in more viable MSCs
being recruited into the myocardium.

CXCR4 of MISCs promote M2 macropbage polarization
To evaluate the effect that CXCR4-expressing MSCs have

on macrophage polarization, MSCs were co-cultured
with macrophages, and the supernatants were collected
for analysis. The qRT-PCR revealed downregulated level
of IL-10 and CD206 mRNA in macrophages co-cultured
with sh-CXCR4-transfected MSCs, compared with that of
the NC. Meanwhile, IL-10 and CD206 mRNA level was
significantly upregulated in macrophages co-cultured with
CXCR4-overexpressing MSCs (Figure 34).

Furthermore, western blot analysis revealed that the
abundance of Arg-1 and CD206 was markedly reduced
in macrophages co-cultured with sh-CXCR4-transfected
MSCs, compared with that of the NC. Alternatively, Arg-
1 and CD206 protein abundance was upregulated in
macrophages co-cultured with CXCR4-overexpressing
MSCs (Figure 3B). These results related to IL-10 were
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further confirmed by ELISA (Figure 3C).

Taken together, these results suggest that upregulation of
CXCR4 expression on MSCs supports the polarization of
macrophages toward the M2 phenotype.

CXCR4 is a miR-204-3p target gene

After constructing a corresponding Venn diagram from the
3 databases, we identified the intersecting node (Figure 4A),
from which miR-204-3p was selected as the candidate and
the AAGGGUC sequence was predicted to be the binding
site of miR-204-3p to the 3'-UTR of CXCR4 (Figure 4B), as
demonstrated by dual luciferase reporter assay (Figure 4C).

The MSCs were transfected with miRINA-204-3p mimics
or its NC, or with miRNA-204-3p inhibitor or its NC. The
qRT-PCR results showed that the expression of miRINA-
204-3p in the mimics model was enhanced compared with
that of the NC, while the expression of miRNA-204-3p in
the inhibitor model was downregulated compared with that
of the NC (Figure 4D).

Moreover, western blot analysis revealed that
the abundance of CXCR4 protein was significantly
downregulated in MSCs transfected with the miRNA-
204-3p mimics compared with that of the NC, while its
abundance was markedly upregulated in MSCs transfected
with the miRNA-204-3p inhibitor compared with that of
the NC (Figure 4E). These results were confirmed by qRT-
PCR analysis (Figure 4F).

Anti-miR-204-3p promotes the proliferation and
migration of MSCs by targeting CXCR4

To evaluate the effect of miR-204-3p on the proliferation
of MSCs using CCK-8 assay, MSCs were transfected
with miRNA-204-3p mimics or its NC; additionally, we
co-transfected miRNA-204-3p mimics and the CXCR4
c¢DNA. The results showed that miRNA-204-3p mimics
inhibited the proliferation of MSCs compared with that
of the NC; whereas MSCs co-transfected miRNA-204-3p
mimics and CXCR4 ¢cDNA manifested better proliferative
ability compared with cells transfected with miRINA-204-3p
mimics.

Next, MSCs were transfected with miRNA-204-3p
inhibitor or its NC; additionally, MSCs were co-transfected
with miRNA-204-3p inhibitor and sh-CXCR4. The results
showed that the miRNA-204-3p inhibitor promoted the
proliferation of MSCs compared with that of the NC;
whereas co-transfecting miRNA-204-3p inhibitor and sh-
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Figure 2 Overexpression of CXCR4 promotes proliferation and migration of MSCs. (A) Relative expression of CXCR4 mRNA in MSCs
transfected with CXCR4 shRNA and ¢cDNA compared with that of their respective negative control. (B) Western blot analysis of CXCR4
protein abundance to verify transfection efficiency. (C) Proliferative effect of CXCR4 assessed by CCK-8 assay. (D) Proliferative effect
assessed by EAU assay (400x). (E) Effect of CXCR4 on MSC migration as assessed by the transwell assay. All data are presented as mean =
SD. Cells were stained with 0.1% crystal violet. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, analyzed by Student’s z-test (n=3). CXCR4,
C-X-C motif chemokine receptor 4; MSCs, mesenchymal stem cells; mRINA, messenger RNA; cDNA, complementary DNA; shRINA, short
hairpin RINA; CCK-8, Cell Counting Kit-8; EdU, 5-Ethynyl-2’-deoxyuridine; SD, standard deviation.

CXCR4 in MSCs partly weakened their proliferative ability
compared with transfecting miRNA-204-3p inhibitor in
MSCs (Figure 5A).

Similarly, to estimate the effect of miR-204-3p on MSC
migration, transwell assays were performed. The results
showed that miRINA-204-3p mimics inhibited the migration
of MSCs compared with that of the NC; whereas MSCs co-
transfected miRNA-204-3p mimics and oe-CXCR4 showed
advantages in migratory capacity compared with MSCs
transfected with miRNA-204-3p mimics. In addition,
miRNA-204-3p inhibitor boosted the migratory activity
of MSCs compared with that of the NC; meanwhile, co-
transfecting miRNA-204-3p inhibitor and sh-CXCR4 in
MSCs could partly weaken the migratory ability of MSCs
caused by miR-204-3p inhibitor (Figure 5B).

Collectively, these results suggest that anti-miR-204-3p
improved the number and migratory capacity of MSCs by
targeting CXCR4.

Anti-miR-204-3p of MSCs promotes M2 macrophage

polarization

To estimate the polarization effect caused by miR-204-

© Journal of Thoracic Disease. All rights reserved.

3p, we co-cultured macrophages with MSCs that were
transfected, or co-transfected, with oligonucleotides in the
same manner as that described for Figure 5. The results
revealed that the relative level of IL-10 and CD206 mRNA
was downregulated in macrophages co-cultured with
MSC:s transfected with miRNA-204-3p mimics; whereas
the miRNA-204-3p mimics + oe-CXCR4 group offset this
effect. Meanwhile, the relative level of IL-10 and CD206
mRNA was upregulated in macrophages co-cultured with
MSCs transfected with the miRNA-204-3p inhibitor
compared with that of the NC; however, co-transfecting
miRNA-204-3p inhibitor and sh-CXCR4 in MSCs partially
dampened the relative expression level of IL-10 and
CD206 mRNA in macrophages compared with transfecting
miRNA-204-3p inhibitor (Figure 6A).

We also quantified the abundance of Arg-1 and CD206
protein and found that it was reduced in macrophages co-
cultured with MSCs transfected with miRNA-204-3p
mimics compared with that of the NC; however, MSCs co-
transfected with miRNA-204-3p mimics and oe-CXCR4
promoted more Arg-1 and CD206 protein production
in macrophages compared with MSCs transfected with
miRNA-204-3p mimics. Meanwhile, the protein expression
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level of Arg-1 and CD206 increased in macrophages co-
cultured with MSCs transfected with the miRNA-204-3p
inhibitor compared with that of the NC; however, MSCs
co-transfected miRNA-204-3p inhibitor and sh-CXCR4
partially lowered the expression of Arg-1 and CD206
in macrophages compared with MSCs transfected with
miRNA-204-3p inhibitor (Figure 6B).

Finally, we found that IL-10 secretion by macrophages
was reduced following co-culture with MSCs transfected
with miRNA-204-3p mimics compared with that of the
NC; however, MSCs co-transfected with miRNA-204-3p
mimics and oe-CXCR4 partially elevated the concentration
of IL-10 compared with MSCs transfected with miRNA-
204-3p mimics. Alternatively, the concentration of secreted
IL-10 increased following co-culture of macrophages with
MSC:s transfected with miRINA-204-3p inhibitor; however,

© Journal of Thoracic Disease. All rights reserved.

MSCs co-transfected with miRNA-204-3p inhibitor and
sh-CXCR#4 degrade the concentration of IL-10 compared
with MSCs transfected with miRNA-204-3p inhibitor
(Figure 6C).

In summary, anti-miR-204-3p of MSCs promoted
macrophage polarization toward the M2 phenotype via
overexpression of CXCR4, while MSCs overexpressing
anti-miR-204-3p may positively participate in
immunosuppression during AR following HTx.

Discussion

As the incidence rate of cardiovascular diseases increases
and clinical management improves, particularly that related
to HF resulting from coronary heart disease in adults (26),

and advancements in perioperative management are
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achieved, an increasing number of patients will benefit
from HTx (1). Nevertheless, AR continues to negatively
impact the HTx survival rate. Although this is ameliorated
by immunosuppressant use, its disadvantages, such as the

© Journal of Thoracic Disease. All rights reserved.

associated malignancy risk, are gradually gaining increasing
attention (27).

Compared with chronic rejection, the seriousness of the
threat of AR has been underestimated (28). Undeniably,
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AR remains the major cause of failure and even
death of transplanted organs (29). In contrast to
immunosuppressants, such as cyclosporin A, cell therapies
based on MSCs present advantages not only in suppressing

the functions of various immunocytes, but also in avoiding
the severe adverse reactions (10). As far as the performance
of MSCs recruited into the myocardium is concerned, it is
imperative to ensure an increase in the number of MSCs via
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increased proliferation and migratory capacity.

The receptor for SDF-1a, CXCR4, exhibits strong
chemotactic capacity and is thus regarded beneficial
for promoting the infiltration of MSCs into injured
heart tissues (30). In addition, our previous research has
demonstrated that CXCR4 promotes survival and migration
of MSCs under oxidative stress (31). Meanwhile, in the
current study, we verified that CXCR4 overexpression
promotes the proliferation and migration of MSCs.
That is, overexpressing CXCR#4 results in saturation of
the transplanted heart with as many MSCs as possible.
Consequently, we can achieve this goal by targeting
CXCRA4.

Additionally, we identified miR-204-3p as the target
miRNA of CXCR#4 as it exhibited the highest candidate
score (96 points) in the miRDB database. We subsequently
confirmed the relationship between miR-204-3p and
CXCR4 using a dual luciferase reporter assay, which, to the
best of our knowledge, represents the first report of this
specific interaction. Furthermore, to investigate the effects
of miR-204-3p, we constructed miR-204-3p mimics and
inhibitor models and found that anti-miR-204-3p promoted
both the proliferation and migration of MSCs. That is,
anti-miR-204-3p effectively increased the number of MSCs
to resist AR after HTx. Hence, this strategy has the capacity
to potentially reduce the required drugs or even provide a
substitute for them.

In the case of AR, accounting for the most frequent
early postoperative complication of HTx, both cellular
immunity and antibody-mediated rejection are involved (32).
Microscopically, AR after HTx is characterized by varying
degrees of intravascular and perivascular inflammatory
cell infiltration of T cells and mononuclear macrophages
accompanied by myocardial damage (32). Indeed, it is
estimated that macrophages account for 38-60% of
inflammatory cells in the heart, and other organs, during
graft AR (33).

As the primary participating cell type in AR after
allotransplantation, macrophages, which positively
participate in both humoral and cellular immunity,
promote inflammation by secreting various cytokines,
such as IL-1, IL-6, tumor necrosis factor-a (TNF-a),
and interferon-y (INF-y), or by participating in antigen
presentation (34). After suffering AR, macrophages
emerge from the peripheral circulation and swarm
the graft in an effort to respond to donor antigens,
consequently causing persistent myocytolysis, myocardial
edema, and necrosis of myocardial cells (35). Moreover,
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macrophages boost AR by activating T cells and inducing
the differentiation of T helper 17 (Th17) cells, which
play vital roles in AR (36). Interestingly, macrophage
polarization and biological function are determined by
the local microenvironment. For instance, macrophages
transform to the M2 phenotype (anti-inflammatory cells)
expressing Arg-1 and CD206, and secreting the anti-
inflammatory factor IL-10 when stimulated by IL-4
or IL-13 (13). Furthermore, M2 macrophages actively
contribute to the inhibition of T-cell biological functions,
which represent another significant contributor to AR
after HTx (37). Thus, M2 macrophage polarization not
only inhibits, or reverses, the proinflammatory function
of macrophages but also interferes with the activity of
other immune cells by severing the crosstalk between cells
in the immune microenvironment. Moreover, MSCs can
induce the polarization of M2 macrophages (38), thereby
demonstrating their superior immunosuppressive effects.
Thus, the underlining mechanism responsible for this effect
of MSCs on macrophages is of great significance in guiding
clinical treatment.

Additionally, overexpression of CXCR4 by tumor cells
has been shown to enhance polarization of macrophages
toward the M2 phenotype (tumor associated macrophage
TAM), which in turn enhance the proliferation and
metastasis of malignant cells (20,39). However, until now,
it had remained unclear whether expression of CXCR4 by
MSCs induces macrophages toward the M2 phenotype. In
this study, we demonstrated that upregulation of CXCR4
caused an increase in the expression and secretion of IL-
10 as well as the M2 macrophage specific markers CD206
and Arg-1. Collectively, these results indicated that CXCR4
promoted the polarization of macrophages from the M0
to M2 phenotype. Moreover, a positive association was
detected between CXCR4 expression on MSCs and IL-
10 concentration, suggesting an immunosuppressive role
for CXCR4. These results further confirm the vital role
that CXCR4 expressed on MSCs has in promoting the
polarization of M2 macrophages.

Finally, we investigated the effect that miRNA-204-3p
has on macrophage polarization. Collectively, our results
demonstrated that miRNA-204-3p inhibits the polarizing
effect of MSCs on macrophages, while overexpression
of CXCR#4 offsets this process. Moreover, transfection
of MSCs with miRNA-204-3p inhibitor caused an
increase in the number of M2 macrophages, whereas
the anti-inflammatory activity was weakened following
downregulation of CXCR4. Therefore, treatment of MSCs
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with anti-miRNA-204-3p was conducive to enhancing the
polarization of macrophages toward the anti-inflammatory
M2 phenotype, which could effectively enhance
immunosuppressive effects following HTx.

Conclusions

In summary, surface expression of CXCR4 on MSCs not
only promotes the proliferation and migration of MSCs, but
also polarizing macrophages toward the anti-inflammatory
M2 phenotype. Moreover, as the target miRINA of CXCR4,
inhibition of miRNA-204-3p may effectively increase the
number of MSCs infiltrating grafts and ameliorate AR
following HTx by enhancing the proliferative capacity
of MSCs and accelerating their migration. Furthermore,
MSCs transfected with anti-miRNA-204-3p could
contribute to the transformation of macrophages from the
MO phenotype to the M2 phenotype by targeting CXCR4.
In summary, this study offered a new insight for the
treatment of AR after HTx.
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