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Neural stem cells induce M2 polarization of macrophages
through the upregulation of interleukin-4
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Abstract. Macrophages are divided into two types: M1- and
M2-type macrophages. Both types of macrophages serve
important roles during the process of inflammation. M1-type
macrophages release various pro-inflammatory cytokines,
such as IL-1, IFN-y and other inflammatory mediators, such as
nitric oxide, glutamate and reactive oxygen species to generate
inflammation. In contrast, M2-type macrophages counteract
the pro-inflammatory M1 conditions and promote tissue repair
by secreting anti-inflammatory cytokines, such as IL-10. In
spinal cord injury (SCI), an imbalance in M1/M2 macrophages
leads to irreversible tissue destruction. Thus, it is crucial to
increase the number of M2-type macrophages and promote M2
polarization of macrophages in SCI. Accordingly, in this study
an in vitro co-culture system was established to investigate the
effect of neural stem cells (NSCs) on macrophages. The results
of the present study demonstrated that NSCs induced M2
polarization and suppressed M1 polarization of macrophages
in an interleukin (IL)-4-dependent manner. Furthermore, the
nuclear factor (NF)-xB/p65 signaling pathway was involved
in the M1 polarization of macrophages and NSCs suppressed
the activation of the NF-xB/p65 pathway in an IL-4-dependent
manner to induce M2 macrophage polarization. These find-
ings provide more insight into SCI and help to identify novel
treatment strategies.
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Introduction

Inflammatory processes are generally divided into four stages:
Initiation, inflammation, resolution and tissue repair (1,2).
Macrophages mainly serve important roles throughout the
whole process of inflammation and have different effects in
different stages (2,3). Consequently, macrophages have been
divided into two types according to different and opposite
functional states (pro-inflammatory and anti-inflammatory);
these two types of macrophages are characterized by different
phenotypes (1). A previous study suggested that macrophages
differentiated into the M1 or M2 type are involved in the
restoration of homeostasis and tissue repair by switching gene
expression (3).

Macrophages are able to change their phenotype in response
to numerous different stimuli and this process is termed
polarization (4). In the 1990s, M2-type macrophages were first
recognized as anti-inflammatory and tissue-repairing macro-
phages (5). This phenotype is different from that of typical
inflammatory macrophages (M1) (5,6). M1-type macrophages
are produced after monocytes are stimulated with lipopolysac-
charide (LPS) or interferon-y (IFN-y); M2-type macrophages
are produced after monocytes are stimulated with inter-
leukin (IL)-10 or IL-4 (1,7). In most wound repairs, M1-type
macrophages are important in initiating the inflammatory
response to produce exudation; in the later inflammatory
stage, most of M1-type macrophages switch to the M2 pheno-
type to promote inflammation resolution and tissue repair (8).
However, a previous study demonstrated that in spinal cord
injury (SCI), the microenvironment of damaged spinal cord
is consistently filled with M1-type macrophages that do not
switch to the M2 phenotype (9). Ultimately, the consistent
effect of M1-type macrophages results in irreversible spinal
cord tissue destruction (9). Thus, it is important to promote M1
to M2 switching in macrophages and maintain the presence of
M2-type macrophages to promote tissue repair in SCI.

Currently, regulating macrophage polarization using
various agents has been considered a novel potential strategy
for a number of diseases. For example, blocking CD64 with
neutralizing antibodies induces M2 polarization of macro-
phages to decrease M1 cells and increase M2 cells in acute
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inflammatory diseases, such as ovarian cyst (10). In addition,
some strategies involve cell-cell interactions. Cheng et al (11)
demonstrated that conditioned medium from neural stem
cells (NSCs) promoted M2 polarization of macrophages
by suppressing the expression of inducible nitric oxide
synthase (iNOS). Matsubara et al and Kano et al (12,13) also
reported that conditioned stem cell medium induced spinal
cord tissue recovery that was associated with promoting M2
polarization of macrophages. Thus, it is considered that there
is a specific interaction between NSCs and macrophages, but
the mechanism is still unknown.

The present study explored the effect of NSCs on
macrophages and demonstrated that NSCs induce M2 polar-
ization and suppress M1-polarization of macrophages, which
is beneficial for tissue repair and neural regeneration through
the secretion of IL-4. Knockdown of IL-4 in NSCs by specific
short hairpin (sh)RNA abolished the promotion of M2 polar-
ization. NSCs suppressed activation of the NF-kB/p65 pathway
in an IL-4-dependent manner. Hence, the results of the present
study demonstrated the novel effect of NSCs on macrophages
and the underlying mechanism, which may provide useful
information for its potential translational application in NSCs
transplantation.

Materials and methods

NSC isolation and culturing. All procedures performed on
experimental animals were approved by the Animal Care
and Use Committee of Sun Yat-sen University (Guangdong,
China).

Rats. All animal protocols were approved by China Council
on Animal care and Sun Yet-San University Committee and
have therefore been performed in accordance with the ethical
standards laid down in the 1964 Declaration of Helsinki and
its later amendments. Adult male Wistar rats (200-250 g;
6 weeks of age) were purchased from animal facility of Sun
Yat-sen University and housed in stainless steel cages. Rats
were fed under controlled environment at 25+3°C, humidity
of 40-65% and 12 h light/dark cycle, and free access to food
and drink water. Normal food (Animal Facility of Sun Yat-sen
University) was provided.

Rats were anesthetized with 1% pentobarbital sodium
(40-45 mg/kg) to cause minimum pain and sacrificed by
CO, asphyxiation. To be sacrificed, animals were placed into
euthanasia cases, then 100% CO, were injected into cases
at the filling rate of 30% per min. Death was confirmed by
cardio-respiratory arrest and loss of reflexes. The duration of
animal experiments was <30 min.

NSCs were isolated from the fetal brains of embryonic day
14 rats, which were extracted from pregnant Sprague-Dawley
(SD) rats and identified as previously described (14). Briefly,
the fetal brain tissue was mechanically dissected and
dissociated in Hanks Balanced Salt Solution and the cell
suspension was centrifuged at 4°C, 111 x g for 5 min. The
supernatant was discarded and the cell pellet was diluted to
a single-cell suspension. NSCs (1x10°) were plated on a T25
culture flask (Corning Inc.) containing Dulbecco's modified
Eagle's medium (DMEM)/F-12 nutrient mixture, 2% B27, 1%
penicillin/streptomycin, 1% l-glutamine (all purchased from

Gibco; Thermo Fisher Scientific, Inc.), 20 ng/ml fibroblast
growth factor-2 (FGF-2) and 20 ng/ml epidermal growth
factor (EGF; both purchased from PeproTech, Inc.). NSCs
were cultured at 37°C in 5% CO, and were passaged weekly
by digestion with Accutase (EMD Millipore) in the medium
described above. All NSCs (passage 2-3) used in this study
were between passages 2 and 4.

To induce neural differentiation, cells were plated at a
density of 2x10° cells/well in 6- or 12-well tissue-culture plates
and allowed to adhere for 24 h at 37°C, at which time cells
were switched to neural differentiated medium consisting of
basic medium supplemented with 2% B27, 1% penicillin/strep-
tomycin and 1% l-glutamine. The medium was changed every
2-3 days (14,15).

Monocytes were isolated from the femurs of adult SD rats
as previously described (2). In co-culture system, cells were
differentiated into the macrophages when culturing in DMEM
supplemented with 20 ng/ml macrophage colony-stimulating
factor (M-CSF) (PeproTech, Inc.) at 37°C in 5% CO, for
7 days (12).

Reverse transcription-quantitative (RT-q)PCR. Total RNA
was extracted from cells according to the manufacturer's
protocol (16) and 2 ug of total DNA-free RNA was used
to synthesize cDNA using the ReverTra Ace® qPCR RT kit
(Toyobo Life Science). The reactions were set up in 96-well
plates using 1 pl cDNA with Thunderbird SYBR qPCR Mix
(Toyobo Life Science), to which gene-specific forward and
reverse PCR primers were added. RT-qPCR was performed
under the following conditions: 95°C for 10 min, followed
by 40 cycles of 95°C for 10 sec and 55°C for 34 sec. These
analyses were performed to detect the expression of CDS58,
iNOS, CD206, CD163, IL-4, IL-10, IL-13, tumor necrosis
factor (TNF)-a, IFN-y and (-actin was used as an internal
control. Primer sequences were as demonstrated in Table 1.

Western blotting analysis. Cells were lysed in RIPA buffer
(25 mM Tris-HCIpH 7.5, 150 mM NaCl, 1% Na-deoxycholale,
0.5 M EDTA, 1% Nonidet P40, 0.1% SDS, Beijing Solarbio
Science & Technology Co., Ltd; cat. no. R0010), total
protein was extracted, and the protein concentration was
determined with a bicinchoninic acid assay. SDS-PAGE gels
(10 and 12%) were loaded with 20 pg/lane of total protein.
The separated proteins were transferred by electro blotting
to PVDF membranes. The membranes were blocked with
5% non-fat dry milk in TBST at room temperature for 2 h
(50 mM Tris; pH 7.6; 150 mM NacCl; and 0.1% Tween-20)
and incubated with the primary antibody overnight at 4°C
in 5% non-fat dry milk in TBST. Immunology-labeling was
detected using ECL reagent (Invitrogen; Thermo Fisher
Scientific,Inc.). The primary antibodies used were as follows:
Anti-p65 (1:1,000, Room temperature, 45 min, Cell Signaling
Technology, Inc; cat. no. 8242), anti-phospho-p65 (1:1,000;
Room temperature, 45 min; Cell Signaling Technology Inc;
cat.no. 93H1), anti-IL-4 antibody (1:500; Room temperature,
45 min, Proteintech Group, Inc; cat. no. 66142), anti-B-actin
(1:10,000; Room temperature, 45 min, Sigma-Aldrich;
Merck KGaA; cat. no. A5316) and anti-GAPDH (1:10,000;
Room temperature, 45 min, Sigma-Aldrich; Merck KGaA;
cat. no. G9545). The secondary antibody (1:1,000; Cell
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Table I. Primer sequences used for reverse transcription-quan-
titative PCR.

Gene Sequence (5'-3")
CD85 F: TCACGGCTGAGATTCGACAG
R: GTTTTGTGACGGACTGAGGTTAT
Inducible nitric F: GAGGAGAGAGATCCGGTTCACA
oxide synthase = R: CCGCATTAGCACAGAAGCAA
CD206 F: GACAGATATGAACAAGCATTCC
R: TGAACATCTGAGAGTCCTGTC
CD163 F: CGTCACCTTGGAAACAGAGACAG
R: AGATCTCCACACGTCCAGAACAG
IL-4 F: ACCTTGCTGTCACCCTGTTCT
R: AGCTCGTTCTCCGTGGTGT
IL-10 F: CAGACCCACATGCTCCGAGA
R: CAAGGCTTGGCAACCCAAGTA
IL-13 F: GCTCTCGCTTCGCTTGGTGGTC
R: CATCCGAGGCCTTTTGGTTACAG
Tumor F: TCAGTTCCATGGCCCAGAC
necrosis factor-a. R: GTTGTCTTTGAGATCCATGCCATT
Interferon-y F: TCGCACCTGATCACTAACTTCTTC
R: CGACTCCTTTTCCGCTTCC
[-actin F: CCTCTTTGCATGTCTCACTC
R: AATGTCACGCACGATTTCC

IL, interleukin; F, forward; R, reverse.

Signaling Technology, Inc.) were incubated for 1 h at room
temperature.

Transfection. Recombinant lentiviruses for IL-4 silencing
(shIL-4) and control lentivirus (scramble) were obtained from
Shanghai Genechem Co., Ltd. For transfection, cells in the
log phase were plated at a concentration of 1x10° cells/well
in 6-well plates and transfected with the scramble and shIL-4
(MOI: 20) in DMEM/F12 with 10% FBS. Polybrene (Beijing
Solarbio Science & Technology Co., Ltd; cat. no. H8761)
was added as an enhancing reagent to improve transduction
efficiency at a concentration of 10 mg/ml. After § h, the
medium was changed with fresh complete medium. Cells were
harvested for the co-culture system 24 h after transfection.

Immunofluorescence confocal microscopy. Macrophages
(5x10%/well) were transferred to flat-bottom 96-well plates at
the indicated density. After being treated and incubated, the
cells were fixed with 4% paraformaldehyde in 15 min at room
temperature, permeabilized with 0.5% Triton X-100 in PBS
for 10 min at room temperature, blocked with PBS containing
1% BSA in 15 min at room temperature, and then incubated
with an antibody against p65 (1:50; Cell Signaling Technology
Inc.) overnight at the 4°C. After being washed with PBS, the
cells were incubated with an Alexa Fluor-488-conjugated
anti-rabbit secondary antibody (1:1,000; Invitrogen; Thermo
Fisher Scientific, Inc; cat. no. A11029.) for 1 h at room tempera-
ture before being imaged with a confocal microscope using a
LCPlanFl objective (magnification x200; Olympus Corporation).

Enzyme linked immunosorbent assay for the quantita-
tion of IL-4, IL-10 and IL-13. The ELISA of IL-4 (Abcam;
cat. no. ab215089), IL-10 (Abcam; cat. no. ab185986) and
IL-13 (Abcam; cat. no. abl00553) were performed using
ELISA kits. The protocol was as follows: Prepare all reagents,
working standards, and the culture medium. Remove unused
microplate strips from the plate frame, return them to the foil
pouch containing the desiccant pack, and reseal. Wash each
well three times with PBS (300 pl/well) using a squirt bottle,
multi-channel pipette, manifold dispenser or autowasher.
Complete removal of liquid at each step is essential to good
performance. Remove any remaining Wash Buffer by aspi-
rating or decanting. Invert the plate and blot it against clean
paper towels. Add 100 ul of each serially diluted protein stan-
dard or culture medium per well including a zero standard.
Ensure reagent addition is uninterrupted and completed within
15 min. Cover/seal the plate and incubate for 2 h at room
temperature. Add 100 ul of Detection Antibody in working
concentration to each well. Cover/seal the plate and incubate
for 1 h at room temperature. Add 200 pl of Substrate Solution
to each well. Incubate for 20 min at room temperature. Protect
from light. Add 50 pl of Stop Solution to each well. If color
change does not appear uniform, gently tap the plate to ensure
thorough mixing. Determine the optical density of each well
within 20 min, using a microplate reader set to 450 nm.

Flow cytometric analysis. Single-cell suspensions were
prepared and stained with fluorochrome-conjugated antibodies
(Invitrogen; Thermo Fisher Scientific, Inc, cat. no. A35029)
at the room temperature for 1 h. Data were collected on a
BD LSRII flow cytometer (BD Biosciences) and analyzed
with FlowJo software V2.0 (Tree Star, Inc.). Data were
acquired as the fraction of labeled cells within a live-cell gate
set for 50,000 events. For flow cytometric sorting, cells were
stained with specific antibodies (APC Mouse Anti-Human
HLA-DR; 1:200; BD Biosciences; cat. no. 559868; PE Mouse
Anti-Human CD163; 1:200; BD Biosciences; cat. no. 556018;
BV421 Mouse Anti-Human CD206, 1:200, BD Biosciences;
cat. no. 564062) and isolated on a BD FACSAria cell sorter
(BD Biosciences) (17).

Statistical analysis. Data were represented as the mean + SD
of three independent repeats. Shapiro-Wilk test was used to
analyze the normality of data and one-way ANOVA with
Levene's test was used to test the homogeneity of variance,
followed by the Bonferroni post hoc test for multiple compari-
sons. The analyses were performed using SPSS (version 16.0;
SPSS, Inc.). P<0.05 was considered to indicate a statistically
significant difference.

Results

NSCs induce M2-polarization and suppress MI-polarization
of macrophages. To determine the interactions between NSCs
and macrophages, an in vitro co-culture system was estab-
lished to investigate the effect of NSCs on macrophages. The
frequencies of macrophages by flow cytometry was measured.
The results demonstrated that the M1-type macrophages
(HLA-DRY) were significantly reduced from 0.18+0.03 to
0.02+0.01% after co-culture with NSCs (Fig. 1A and B). The
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RT-qPCR results demonstrated that the mRNA expression
levels of the M1-type macrophage markers (CD85 and iNOS)
were significantly decreased in co-cultured cells compared
with MO-macrophages alone (Fig. 1C). In contrast, flow
cytometric analysis demonstrated that the M2-type macro-
phages (CD206* and CD163*) were significantly increased
from 1.87+0.17 to 32.93+3.43% after co-culture with NSCs
(Fig. 1D and E). Additionally, the RT-qPCR results demon-
strated that the mRNA expression levels of the M2-type
macrophage markers (CD206 and CD163) were significantly
increased in co-cultured cells compared with MO-type macro-
phages cultured alone (Fig. 1F). These results suggested that
NSCs induce M2 polarization and suppress M1 polarization in
macrophages.

NSCs induce M2 polarization of macrophages in an
IL-4-dependent manner. Previous studies have demonstrated
that stimulation with different cytokines affects macrophage
polarization (M1 or M2) (4,18,19). IL-4 or IL-13 stimulation
induces M2 polarization; TNF-a or IFN-y stimulation induces
M1 polarization (1). To confirm whether these cytokines were
involved in the interactions between NSCs and macrophages,
NSCs were cultured in neural differentiation medium. The
RT-qPCR and ELISA results demonstrated that the mRNA
and protein expression levels of IL-4, but not IL-13 or IL-10
were significantly increased in cells with the increase in time
(Fig. 2A and B). In contrast, no significant differences were
observed in the mRNA or protein expression levels of TNF-a
and IFN-vy during neural differentiation (Fig. 2C and D). To
further confirm whether the secretion of IL-4 was crucial for
NSC-induced M2 polarization, a target-specific lentivirus was
used to knock down the expression levels of IL-4 in NSCs
(NSC*ML-4) then the NSC*™* were co-cultured with macro-
phages. The RT-qPCR results demonstrated that the mRNA
expression levels of the M1-type macrophage marker (CD85 and
iNOS) were significantly increased in macrophages co-cultured
with NSCs*"™* compared with those of macrophages cultured
alone (Fig. 2E). By contrast, the mRNA expression levels of
the M2-type macrophages marker (CD206 and CD163) were
significantly decreased in macrophages co-cultured with
NSCst-4 compared with those of macrophages cultured alone
(Fig. 2F). These results suggested that NSCs induce M2 polar-
ization of macrophages in an IL-4-dependent manner.

NSCs suppress the nuclear factor (NF)-xB/p65 pathway
to promote M2-polarization of macrophages in an
IL-4-dependent manner. Activation of the NF-kxB/p65
pathway by inflammatory cytokines such as TNF-a. in macro-
phages induce the M1 polarization of macrophages (20,21).
To determine whether IL-4 was crucial for NSC-mediated
inhibition of NF-KB/p65 pathway activation, a target-specific
lentivirus was used to knock down the expression levels of
IL-4 in NSCs (Fig. 3A), then the NSC*"* were co-cultured
with macrophages. The results demonstrated that silencing
IL-4 expression significantly diminished the inhibitory effect
of NSCs on p65 translocation (from cytoplasm to nucleus)
and p65 phosphorylation in macrophages (Fig. 3B and C).
These results suggested that NSCs suppress the NF-xB/p65
pathway to promote M2 polarization of macrophages in an
IL-4-dependent manner.

Discussion

The present study established an in vitro co-cultured system to
investigate the interactions between NSCs and macrophages
and the effect of NSCs on the polarization of macrophages.
The results demonstrated that M1-type macrophages markers,
such as CD85 and iNOS, were significantly decreased in
macrophages that were co-cultured with NSCs compared with
those of macrophages cultured alone. In addition, the number
of HLA-DR-positive cells was decreased in this co-cultured
system. By contrast, M2-type macrophage markers, such as
CD206 and CD163, were significantly increased in macro-
phages that were co-cultured with NSCs compared with
those of macrophages cultured alone. In addition, CD206 and
CD163 double-positive cells were decreased in this co-cultured
system. Additionally, IL-4 mRNA and protein expression
levels were significantly increased during neural differentia-
tion. Knockdown of IL-4 expression in NSCs diminished the
M2 polarization-promoting effect on macrophages and the
NF-«xB/p65 pathway was the primary pathway involved in this
process.

Macrophages are important in a number of processes, such
as inflammation, tumorigenesis and tissue repair (22). M1/M2
polarization is a specific characteristic of macrophages that
divides macrophages into M1-type macrophages and M2-type
macrophages (23). M1-type macrophages are termed inflam-
matory macrophages because this type of cell is related to
inflammatory production; M2-type macrophages are termed
healing macrophages because they have an anti-inflammatory
effect and have been reported to promote tissue repair (1).

As previously mentioned, a number of diseases are caused
by the imbalances in M1/M2 macrophage phenotypes (24,25).
For example, M1-type macrophages attack tumors and
prevent tumor growth (26). In contrast, infiltration of M2-type
macrophages promotes tumor deterioration (27). In chronic
inflammatory processes, inflammatory cytokine production
by Ml-type macrophages leads to cancer or dysregulation
and promote tissue destruction, followed by the M2-type
macrophage response, promoting tissue repair in these situ-
ations (28). In SCI, macrophages also have an important role
in the pathological mechanism. Previous studies reported that
both types of macrophages, which have opposing neurotoxic
and neuroprotective functions, are recruited (8,29,30). It has
been reported that consistent infiltration of M1-type macro-
phages is strongly related to numerous pathological processes
of SCI, such as neuronal death and demyelination (31,32). On
the other hand, studies have reported that the M2-type macro-
phages switches from the M1-type macrophages. M2-type
macrophages act as anti-inflammatory cells, expressing IL-4
and IL-10 and generating TGF-f3, while downregulating the
expression of numerous proinflammatory cytokines, such as
IL-1, IL-6, IL-18, TNF-a and IFNy (8). These mediators of
M2-type macrophages suppress inflammatory responses and
promote tissue remodeling and repair (33,34). Thus, increasing
the population of M2-type macrophages and maintaining
the survival of this type of cell in the microenvironment of
damaged tissue may represent a promising strategy for tissue
repair after SCI.

A number of clinical trials have reported the efficacy of
the stem cell transplantation as a potential strategy to repair
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Figure 1. NSCs induce M2-polarization and suppress M1-polarization of macrophages. (A) Flow cytometric analyses of M1-type macrophages (HLA-DR™)
in macrophages co-cultured with NSCs. (B) Quantification of the macrophage number for part A. (C) RT-qPCR analyses of CD85 and inducible nitric
oxide synthase expression in macrophages cocultured with NSCs. (D) Flow cytometric analyses of M2-type macrophages (CD206* CD163*) in macrophages
co-cultured with NSCs. (E) Quantification of the macrophage number for part D. (F) RT-qPCR analyses of CD206 and CD163 expression in macrophages
cocultured with NSCs. “P<0.01. NSCs, neural stem cells; RT-qPCR, reverse transcription-quantitative PCR; iNOS, inducible nitric oxide synthase;

MO, non-polarized macrophage.

damaged tissue and recover locomotor functional after
SCI (15,35,36). These studies demonstrated that the trans-
planted cells differentiate into neurons, which mainly rebuilt
neural circuits to promote tissue repair and locomotor function

recovery (37). In addition, the current study indicated that
transplanted cells have been considered to modulate the polar-
ization of macrophages to improve the microenvironment.
However, the mechanism by which transplanted NSCs affect
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Figure 2. NSCs induce M2 polarization of macrophages by upregulating IL-4. (A) RT-qPCR analyses of IL-4, IL-10 and IL-13 expression in NSCs during
neural differentiation. (B) ELISA analyses of IL-4,IL-10 and IL-13 concentrations in the culture medium of NSCs during neural differentiation. (C) RT-qPCR
analyses of TNF-a and IFN-vy expression in NSCs during neural differentiation. (D) ELISA analyses of TNF-a and IFN-y concentrations in the culture medium
of NSCs during neural differentiation. (E and F) RT-qPCR analyses of CD85, inducible nitric oxide synthase, CD206 and CD163 expression in macrophages
co-cultured with NSCs. "P<0.05, “P<0.01. NSCs, neural stem cells; IL, interleukin; RT-qPCR, reverse transcription-quantitative PCR; TNF, tumor necrosis
factor; IFN, interferon; INOS, inducible nitric oxide synthase; MO, non-polarized macrophage.

macrophages in the inflammatory microenvironment is still
unclear. A previous study reported that the medium from NSCs
has anti-inflammatory effects in vitro and in vivo, suppressing
the expression of inflammatory cytokines in macrophages and
injured spinal cord tissues (11). Matsubara ef al (12) reported
that conditioned medium from stem cells induced spinal cord
tissue recovery by promoting M2 polarization of macrophages.
To the best of our knowledge, the current study, provided the
first evidence of the interaction between NSCs and macro-
phages. The results of the present study demonstrated that
NSCs promoted M2 polarization in macrophages in an in vitro
co-cultured system. Nakajima et al (38) demonstrated similar
results that MSC transplantation promoted M2 polarization of
macrophages and prevented M1 polarization of macrophages
through the secretion of IL-4 and IL-13.

The underlying mechanism of NSC-induced M2
polarization of macrophages remains unclear. M1-type
macrophages are produced after monocytes are stimulated
with LPS or IFN-y, and M2-type macrophages are produced
after monocytes are stimulated with IL-10 or IL4 (7). Based
on these findings, this study investigated whether IL-4,

IL-10 and IL-13 are involved in the interactions between
NSCs and macrophages. The results of the present study
demonstrated that the production of IL-4, but not IL-10 or
IL-13, was increased in NSCs during neural differentiation.
Additionally, knockdown of IL-4 expression in NSCs dimin-
ished the promotion of M2 polarization in the co-culture
system. These findings suggested that NSCs induce M2
polarization of macrophages in an IL-4-dependent manner,
which has not been reported previously to the best of our
knowledge.

MI-type macrophages have strong cytotoxicity and
anti-proliferative activities. They have been reported to promote
neuron death, prevent neuronal differentiation and tissue
destruction after SCI (39-41). Activation of the NF-xB/p65
pathway by inflammatory cytokines such as TNF-a and IL-1
in macrophages is important for M1 polarization (42,43).
The present study investigated the effect of NSCs on the
NF-«kB/p65 pathway in macrophages; the results demonstrated
that NSCs suppress the activation of NF-kB/p65 signaling by
suppressing the phosphorylation and translocation of p65 in
an IL-4-dependent manner. Taken together, the results of the
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present study suggested that NSCs induce M2 polarization and
suppress the activation of NF-kB/p65 signaling to prevent M1
polarization in an IL-4-dependent manner. In future studies,
the effect and mechanism of M2-type macrophage protection
of neurons and promotion of neuronal differentiation in SCI
will be investigated.

There are some limitations of the current study; in vivo
experiments are better to indicate the effects of IL-4 on
improved tissue repair in SCI. Additionally, the current study
should discuss more information regarding the mechanisms of
IL-4 induced macrophage polarization. Also, studies on the
negative effects of M1 macrophage on the neuronal differen-
tiation are required in the future.

In conclusion, the results of the present study suggested
that NSCs secrete the cytokine IL-4 to induce M2 polariza-
tion of macrophages and suppress activation of NF-kB/p65
signaling to prevent M1 polarization of macrophages during
neural differentiation. The results of the present study may
provide useful information to overcome the challenges of tissue
repair in SCI and propose a potential therapeutic strategy for
improving locomotor function recovery.
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