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Abstract Background/purpose: Conditioned media of cultured mesenchymal stem cells
(MSCs) contain numerous kinds of secretomes such as cytokines and chemokines. We previously
reported that conditioned media of bone marrow-derived MSCs (MSC-CM) promote bone forma-
tion. Recently, macrophage phenotype switching from the pro-inflammatory M1 type to the
anti-inflammatory M2 type has been reported to be an important phenomenon during tissue
regeneration. Some studies reported that this phenotype switching is regulated by secretomes.
In this study, macrophage phenotype during bone formation by MSC-CM was investigated.
Materials and methods: Human MSCs (hMSCs) were cultured in serum-free medium and the
collected medium was defined as MSC-CM. Macrophage-related gene expressions in hMSCs
cultured with MSC-CM were evaluated by quantitative real-time polymerase chain reaction.
MSC-CM was implanted and the evaluations by micro-CT and immunohistochemistry were per-
formed using a rat the calvaria bone defect model.
Results: Two and four weeks after implantation, the MSC-CM group demonstrated enhanced
bone regeneration. Gene expressions of CeC motif chemokine 2 (CCL2), colony-stimulating
factor 2 (CSF2) and CD163 was significantly upregulated in cells exposed to MSC-CM. Immuno-
histochemical staining revealed that iNOS-positive M1 macrophages were reduced, while
CD204-positive M2 macrophages were increased in the MSC-CM group at 72 h after implanta-
tion, and the M2/M1 ratio increased only in the MSC-CM group.
Conclusion: MSC-CM enhances macrophage migration and induces M1 to M2 type macrophage
223 6516.
a-u.ac.jp (W. Katagiri).

012
l Sciences of the Republic of China. Publishing services by Elsevier B.V. This is an open access article under
vecommons.org/licenses/by-nc-nd/4.0/).

mailto:w-kat@dent.niigata-u.ac.jp
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jds.2021.08.012&domain=pdf
https://doi.org/10.1016/j.jds.2021.08.012
http://creativecommons.org/licenses/by-nc-nd/4.0/
www.sciencedirect.com/science/journal/19917902
http://www.e-jds.com
https://doi.org/10.1016/j.jds.2021.08.012
https://doi.org/10.1016/j.jds.2021.08.012


W. Katagiri, R. Takeuchi, N. Saito et al.
switching at an early stage of osteogenesis. Such phenotype switching provides a favorable
environment for angiogenesis, cellular migration, and osteogenesis and contributes to MSC-
CM-induced early bone formation.
ª 2021 Association for Dental Sciences of the Republic of China. Publishing services by Elsevier
B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).
Introduction

Stem cell transplantation has been recognized as a prom-
ising strategy for regenerative medicine. Stem cell-based
bone regenerative medicine has also been applied clini-
cally, based on the observation that mesenchymal stem
cells (MSCs) from multiple tissues can regenerate bones.1e3

Recent studies indicate that tissue regeneration is
mediated by secretomes in part by activating the endoge-
nous cellular behavior via paracrine mechanisms.4e7

Secretomes include cytokines and chemokines that exert
several biological effects.6,7 Thus, secretomes are ex-
pected to have clinical applications as a substitute for stem
cell transplantation and provide novel strategies for
regenerative medicine.8e10

We have reported that conditioned media (CM) of bone
marrow-derived MSCs contain such secretomes and have
great potential for bone and periodontal regeneration.8e13

We have also performed the first-in-human study on CM of
MSCs (MSC-CM) for alveolar bone regeneration. These studies
suggested that MSC-CM could be a novel therapeutic strategy
for bone and periodontal regeneration.9,10 In these studies,
early bone formation with MSC migration and vessel forma-
tion was observed after MSC-CM implantation, indicating that
MSC-CM enhanced the cellular migration, angiogenesis, and
osteogenic differentiation of endogenous stem cells.8,13e15

Recently, MSC-induced immunomodulatory effects have
been shown to play a role in macrophages’ effect on tissue
regeneration.16e18 Macrophages can be categorized into
phenotypes, and they can switch their phenotypes using
cytokines and chemokines. M1 macrophages, which are
known as “pro-inflammatory macrophages,” induce
inflammation, whereas M2 macrophages, which are known
as “anti-inflammatory macrophages,” contribute to tissue
regeneration. However, the effects of macrophage
switching on MSC-CM-induced osteogenesis are still
unknown.

Here, we hypothesized that M2 macrophages contribute
to MSC-CM-induced early osteogenesis. In this study, we
investigated the macrophage status during MSC-CM-induced
osteogenesis, including immunohistological analysis of the
M2/M1 macrophage ratio using the rat calvaria bone defect
model.
Materials and methods

Preparation of MSC-CM

Human MSCs (hMSCs) were purchased from Lonza Inc.
(Walkersville, MD, USA) and cultured in Dulbecco’s modified
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Eagle’s medium (DMEM; Gibco, Rockville, MD, USA) with 10%
fetal bovine serum (FBS; Biowest, Nuaillé, France). Cells
were maintained at 37 �C in a humidified 5% CO2 incubator,
and media were refreshed every 3 days. hMSCs from pas-
sages 3rd to 6th were used for experiments. When hMSCs
reached about 70e80% confluence, the medium was
replaced with serum-free DMEM (DMEM(�)). After an addi-
tional 48 h of incubation, CM was collected and filtered
through a 0.22 mm filter sterilizer. The collected CM were
defined as MSC-CM and stored at �80 �C until further use.
The rat calvaria bone defect model

All the animal experiments were performed in strict
accordance with the protocols that were reviewed by the
Animal Care and Use Committee of Niigata University
(approval No. SA00456).

To evaluate MSC-CM induced bone formation, critical-
sized defects in the rat calvaria bones were created ac-
cording to the previously described method.19 Ten-week-
old male Wistar rats (Japan SLC, Shizuoka, Japan) were
anesthetized by an intraperitoneal injection of 8% chloral
hydrate at 400 mg/kg and 1 ml of local injection of 2%
lidocaine. After shaving the parietal region, a mucosal
periosteal incision was made on the line connecting t the
two ear bases to peel the skin and the tissue forward from
the incision and expose the sagittal suture of the parietal
bone. Two 5-mm defects were made at the calvaria bone
using a trephine drill (Micro Tech. Corp., Tokyo, Japan)
while avoiding damage to the dura mater and they were
rinsed with saline to remove any bone debris. Atelocollagen
sponges (Terudermis�, Olympus Terumo Biomaterials
Corp., Tokyo, Japan) were used as scaffolds, soaked in MSC-
CM or phosphate-buffered saline (PBS) and implanted into
the defects. The flaps were sutured with a nylon thread.
The experimental groups were the MSC-CM, PBS, and
defect-only groups. Seventy-two hours, or 1, 2 or 4 weeks
after implantation, the specimens were harvested and
investigated. Four rats (8 bone defects) were used in every
experimental group at each time points.
Micro computed tomography (micro-CT) analysis

The bone formation in the calvaria bone defects in all the
groups was evaluated using micro-CT (CosmoScan Gx,
Rigaku Co., Tokyo, Japan) 2 or 4 weeks after implantation.
The rats were anesthetized by an intraperitoneal injection
of 4% chloral hydrate. Three-dimensional (3D) images were
reconstructed using the Analyze 12.0 software according to
the manufacturer protocol (AnalyzeDirect Inc., Overland
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Park, KS, USA). The newly formed bone area was calculated
as a percentage of the total bone defect.

RNA extraction and quantitative reverse
transcriptase-polymerase chain reaction (qRT-
PCR).

hMSCs were cultured in DMEM (�) with or without the
addition of MSC-CM for 48 h. Total RNA was extracted using
RNeasy Mini kit (QIAGEN N.V., Venlo, Netherlands), treated
with RNase-free DNase set (QIAGEN N.V.) to remove po-
tential genomic DNA contamination, and then reverse
transcribed into cDNA using PrimeScript RT Master Mix
(TaKaRa Bio Inc., Shiga, Japan) according to the manufac-
turer’s instructions. qRT-PCR analysis was performed using
TB Green Premix Ex Taq II (TaKaRa Bio Inc.) in combination
with Thermal Cycler Dice Real Time System III (TaKaRa Bio
Inc.). The sequences of specific primers of macrophage
chemoattractant [CeC motif chemokine 2 (CCL2) and
colony-stimulating factor 2 (CSF2)], marker for M1 macro-
phage [CD86], and marker for M2 macrophage [CD163] are
listed in Table 1.

Immunohistochemical analysis

Samples from all groups were harvested 72 h or 1, 2, or 4
weeks after implantation. The specimens were fixed in
Table 1 Primer sequences used for qRT-PCR.

Gene Sequence Accession no.

CCL2 NM_002982.4
Forward 50-CTTCTGTGCCTGCTG

CTCATA-30

Reverse 50-CTTTGGGACACTTGC
TGCTG-30

CFS2 NM_000758.4
Forward 50-CATGATGGCCAGCCAC

TACAA-30

Reverse 50-ACTGGCTCCCAGCAGT
CAAAG-30

CD86 NM_001206924.1
Forward 50-AAGCGGCCTCGCAA

CTCTTA-30

Reverse 50-GTCGCATGAAGATGTC
TTCGAACT-30

CD163 NM_004224.5
Forward 50-CAAGTGGCCTCTGTAA

TCTGCTC-30

Reverse 50-TCTGGAATGGTAGGCCTT
GTTG-30

GAPDH NM_017008.4
Forward 50-GGCACAGTCAAGGCTGA

GAGAATG-30

Reverse 50-ATGGTGGTGAAGACGC
CAGTA-30

qRT-PCR, quantitative reverse transcriptase-polymerase chain
reaction; CCL2, CeC motif chemokine 2; CSF2, colony-
stimulating factor 2; GAPDH, Glyceraldehyde-3-phosphate
dehydrogenase.
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10% neutral formalin and decalcified with 10% EDTA (pH
7.4) for 4 weeks for the immunohistochemical analysis.
After fixation and decalcification, if necessary, the sam-
ples were embedded in paraffin and cut the coronal plane
into 4-mm sections using a microtome (REM-710, YAMATO
KOHKI Industrial Co., Ltd., Saitama, Japan). The sections
were dewaxed, rehydrated, stained with hematoxylin-
eosin (H&E), and analyzed using a light microscope
(FX630, OLYMPUS Co., Tokyo, Japan) and the FLVFS-LS
software according to the manufacturer’s instructions
(OLYMPUS Co.). The sections were immunohistochemically
stained for CD68, inducible nitric oxide synthase (iNOS),
and CD204. The sections were rehydrated, subjected to
antigen retrieval using TriseEDTA buffer (pH 9.0) for CD68
and citrate buffer (pH 6.0) for iNOS and CD204 for 15 min
at 110 �C, blocked for endogenous peroxidase with 0.3%
H2O2 in methanol, and incubated for 30 min. After washing
with PBS, the sections were blocked against non-specific
binding with 5% skim milk for 1 h, and then incubated
with the primary antibody against CD68 (1:100;
MCA341GA, Bio-Rad Laboratories, Inc., Hercules, CA,
USA), inducible nitric oxide synthase (iNOS) (1:100;
MAB9502, R&D Systems, Inc., Minneapolis, MN, USA), and
CD204 (1:500; KT022, Trans Genic Inc., Fukuoka, Japan)
overnight at 4 �C. Subsequently, the sections were reacted
with EnVision Plus (Dako, California, CA, USA) for 1 h and
developed with a 3,30-diaminobenzidine (DAB) solution.
Hematoxylin counterstaining was performed following the
DAB reaction.

Statistical analysis

All the data were expressed as the mean � standard devi-
ation (SD). The experimental groups and control groups
were compared using Tukey’s honestly significant differ-
ence test. The differences with p < 0.05 were considered
statistically significant.

Results

MSC-CM enhanced bone regeneration in vivo

The newly formed bone area in each implantation group
was evaluated by quantifying it as the percentage of the
total defect area using three-dimensional micro-CT recon-
structed images. Two weeks after implantation, the newly
formed bone area in the MSC-CM group was 27.2% � 4.9%,
higher than those in the defect and PBS groups, at
3.6% � 0.6% and 15.4% � 4.5%, respectively. Four weeks
after implantation, a significant portion of the defect area
was replaced with the newly formed bone in the MSC-CM
group at 56.6% � 6.0%. In contrast, the newly formed bone
areas were not sufficient in the defect and PBS groups, at
7.0% � 0.9% and 27.3% � 7.7%, respectively (Fig. 1A). The
newly formed bone area in the MSC-CM group was signifi-
cantly higher than that in the other groups (p < 0.01)
(Fig. 1B).

The H&E staining of the undecalcified specimens showed
a larger area of newly formed bone in the MSC-CM group
than in the defect and PBS groups at 2 and 4 weeks after
implantation (Fig. 2A and B). Particularly, the bone bridge



Figure 1 Micro-CT evaluation of bone formation following implantation of MSC-CM. (A) 3D reconstruction images of the
calvaria with the indicated materials. In the PBS and MSC-CM groups, the materials were implanted as a mixture with atelocollagen,
while in the Defect group, the defect was left unfilled (B) The newly formed bone area was measured by micro-CT, indicating that
the MSC-CM increased bone formation. Data represent the mean � SD.
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with several osteocytes was observed in the MSC-CM group
4 weeks after implantation, indicating that the newly
formed bone was maturing. In addition, more vascular
structures were observed around the newly formed bone in
the MSC-CM group than the other groups (Fig. 2B). These
histological data demonstrated the same trend as the re-
sults of the micro-CT analysis, further supporting the find-
ings of bone regeneration in the MSC-CM group.

MSC-CM regulates expression of macrophage
chemoattractant and marker for M2 macrophage

Expression of CCL2, CSF2 and CD163 was significantly and
comparably upregulated in cells exposed to MSC-CM
compared to cells cultured in basal DMEM; whereas the
Figure 2 Histological evaluation of bone formation following i

specimen from the calvaria 2 and 4 weeks after implantation of
formed along with the osteoid 2 weeks after implantation in the MS
was clearly observed in the MSC-CM group. In addition, vascular s
Bars Z 500 mm.
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expression of CD86 showed no statistical differences be-
tween both groups (Fig. 3).

MSC-CM improved the M2/M1 ratio at an early phase
of bone formation

We investigated the migration and polarization of macro-
phages at an early stage of osteogenesis by examining the
production level of iNOS and CD204 in each group 72 h and 1
week after implantation. Both iNOS-positive M1 macro-
phages and CD204-positive M2 macrophages were observed
around the bone defect margin in the defect and PBS groups
at each time point. The number of iNOS-positive cells
observed around the bone defect margin was 8.7 � 1.5 and
8.0 � 1.2 for the defect and PBS groups, respectively, at
mplantation of MSC-CM. Hematoxylin and eosin staining of the
the indicated materials. (A) Immature trabecular bones were
C-CM group (B) Four weeks after implantation, the bone bridge
tructures were also observed around the newly formed bone.



Figure 3 Effects of MSC-CM on hMSCs gene expression. Relative expression levels of CCL2, CSF2, CD86 and CD163 in hMSCs
cultured with MSC-CM were analyzed. Expression of CCL2, CSF2 and CD163 was significantly and comparably upregulated in cells
exposed to MSC-CM than in cells cultured in basal DMEM, although expression of CD86 showed no statistical difference between two
groups (*p < 0.05, ns: not significant).
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72 h after implantation; however, the number of iNOS-
positive cells was lower in the MSC-CM group at 1.0 � 0.6.
On the other hand, the number of CD204-positive cells was
4.6 � 0.7 and 5.0 � 0.6 for the defect and PBS groups,
respectively, but significantly higher in the MSC-CM group at
8.0 � 0.6 at 72 h (Fig. 4A and B).

At 1 week after implantation, the number of CD204-
positive cells was 11.7 � 2.3, 9.0 � 1.2, and 0.6 � 1.2 for
the defect, PBS, and MSC-CM groups (Fig. 5A and B).
Interestingly, the total number of macrophages (M1 þ M2)
in the MSC-CM group was lower than that in the other
groups 1 week after implantation. These results suggest
that MSC-CM induces the M1-to-M2 macrophage pheno-
type switching within 72 h after MSC-CM implantation,
and the M2/M1 ratio increases after 72 h and 1 week
(Fig. 6).
MSC-CM reduced the infiltration of macrophages
during osteogenesis

CD68 is one of the glycoproteins produced in monocytes and
macrophages. Two weeks after implantation, the migration
of CD68-positive cells to the bone defects was examined in
each group by immunohistochemistry. Interestingly, the
migration of CD68-positive cells was observed in the defect
and PBS groups but reduced in the MSC-CM group (Fig. 7).
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Discussion

We have previously reported that MSC-CM has great po-
tential for bone and periodontal regeneration.8e13 In
particular, with MSC-CM, a newly formed bone was seen at
an earlier stage of osteogenesis than the control groups.
According to our series of studies, MSC-CM accelerates
cellular migration, angiogenesis, osteogenic differentiation
and thereby promotes bone formation.

On the other hand, MSCs are known to have immuno-
modulatory effects, and we hypothesized that MSC-CM
might exert these effects and contribute to earlier
osteogenesis.

Recently, the immunomodulatory effects of macro-
phages have been shown to enhance tissue regeneration,
and these effects are induced by secretomes of
MSCs.16e18,20 Macrophages can be categorized into some
phenotypes, and they can switch their phenotypes using
cytokines and chemokines included in the secretomes of
MSCs. Among the phenotypes of macrophages, M1 macro-
phages are known to induce inflammation, whereas M2
macrophages contribute to tissue regeneration.

The results of the present study indicated that macro-
phages migrated within 72 h of MSC-CM implantation
in vivo. Previously, MSC-CM has been shown, via cytokine
antibody array analysis, to contain several cytokines that
may act as macrophage chemoattractant, such as



Figure 4 Immunohistochemical staining of the newly formed bone 72 h after implantation. (A) Hematoxylin and eosin (HeE)
staining indicates the orientation of the specimens, showing the bone edge of the defect where bone formation will start. In the
Defect and PBS groups, there were many iNOS-positive cells and fewer CD204-positive cells around the bone edge. However, in the
MSC-CM group, fewer iNOS-positive cells and numerous CD204-positive cells were observed around the bone edge. Bars Z 200 mm
(B) The number of iNOS-positive cells was significantly reduced in the MSC-CM group 72 h after implantation, and the number of
CD204-positive cells in the MSC-CM group was significantly increased after 72 h after implantation.
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monocyte chemotactic protein (MCP)-1.15 The qRT-PCR
analysis in our study revealed that the expression of CCL2
(cording gene of MCP-1) and CSF2 (cording gene of gran-
ulocyte macrophage colony-stimulating factor (GM-CSF)),
which are known to induce and activate macrophages, were
statistically upregulated in MSCs during cell culture with
MSC-CM for 48 h (Fig. 3). Furthermore, CD163 (one of the
markers for M2 macrophages) was also statistically upre-
gulated although CD86 (one of the markers for M1 macro-
phages) was not statistically upregulated in MSCs cultured
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with MSC-CM (Fig. 3). These results indicate that MSC-CM
has the potential to induce migration and M1 to M2
phenotype switching of macrophages. In particular, the
results of the present study indicated that macrophages
migrated within 72 h of MSC-CM implantation in vivo.

Using cardiosphere-derived cells (CDCs), Hasan et al.
reported that macrophages cultured with CDCs-conditioned
medium showed significantly enhanced expression of CD206
(a marker for M2 macrophages) but decreased expression of
CD86 (a marker for M1 macrophages) 3 days after culture.21



Figure 5 Immunohistochemical staining of the newly formed bone one week after implantation. (A) In the Defect and PBS
groups, CD204-positive cells gradually increased compared with the specimens after 72 h. In the MSC-CM group, fewer iNos-positive
cells and many CD204-positive cells were observed around the bone edge. Bars Z 200 mm (B) The number of iNOS-positive cells was
significantly reduced in the MSC-CM group 1 week after implantation, but the number of CD204-positive cells in the MSC-CM group
was relatively decreased 1 week after implantation.
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We found that the phenotype switching of macrophages
also occurred before osteogenesis within 72 h of MSC-CM
implantation in vivo. Our previous study using in vivo im-
aging analysis and immunohistochemistry indicated that
the migration of MSCs to the bone defects, where the MSC-
CM were implanted, peaked between 72 h and 1 week after
implantation.15 These findings indicate that macrophage
migration and phenotype switching occur before the
migration of MSCs to the bone defect.
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Also, many studies suggest that the paracrine factors
derived from MSCs regulate the immune system via inter-
action with host endogenous immune cells. Heo et al.
demonstrated the increased expression of arginase-1 and
CD206, markers of M2 macrophage activation, in MSC-
induced macrophages. Also, MSC-secreted factors were
found to promote M2 macrophage polarization and inhibit
the growth of activated T cells.22 Gao et al. reported that
MSCs or treatment with MSC-CM reduced the expression of



Figure 6 The ratio of iNOS- and CD204-positive stained cells 72 h and 1 week after implantation. M2/M1 ratio around the bone
formation area. The MSC-CM group showed a remarkable increase in the ratio both 72 h and 1 week after implantation. In the
defect and PBS groups, the ratios were less than one because of the abundant iNOS-positive M1 macrophages.

Figure 7 Immunohistochemical staining for CD68-positive

non-specific macrophages 2 weeks after implantation.

Immunohistochemistry for CD68-positive cells. CD68 is one of
the glycoproteins expressed in the monocytes and macro-
phages. Two weeks after implantation of MSC-CM, CD68-
positive macrophages were not apparent in the MSC-CM
group. Bar Z 200 mm.
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the tumor necrosis factor (TNF)-a gene while inducing the
expression of the IL-10 and arginase-1 genes in lipopoly-
saccharide (LPS)-stimulated mouse macrophage
RAW264.7 cells and splenic CD11bþ cells. MSC-CM treat-
ment increased the expression of CD206, a marker of
alternatively activated M2 macrophages, in RAW264.7 cells.
MSC-CM treatment activated signal transducer and acti-
vator of transcription (STAT) 3 but inhibited nuclear factor
(NF)ekB pathways in LPS-stimulated RAW264.7 cells.23

Here, we have demonstrated that MSC-CM improves the
M2/M1 ratio at an early phase of bone formation. In another
study, using in vitro cell co-culture of mouse macrophages
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and MSCs, Gong et al. demonstrated that M2 macrophages
enhanced MSC osteoblast differentiation, whereas M1
macrophages impaired osteoblast differentiation. They
suggested that the mechanisms might be due to pro-
regenerative cytokines, such as TGF-b, VEGF, and IGF-1,
produced by M2 macrophages and detrimental inflamma-
tory cytokines, such as interleukin (IL)-6, IL-12, and TNF-a,
produced by M1 macrophages.24

Thus, M1-to-M2 macrophage switching by secretomes of
MSCs may not only provide better anti-inflammatory and
immunomodulatory conditions for osteogenesis but also
accelerate osteogenesis itself. However, in our study,
CD68-positive macrophages were decreased 2 weeks after
implantation of MSC-CM, indicating a limited role of M2
macrophages in osteogenesis. The immunomodulatory ef-
fects of secretomes of MSCs are still complex and remain to
be investigated further.

In conclusion, we have demonstrated that MSC-CM pro-
motes the migration of macrophages and improves the M2/
M1 ratio, namely the M1-to-M2 macrophage phenotype
switching, before osteogenesis. M2 macrophage switching
occurred within 72 h of MSC-CM implantation before MSC
migration, although the direct contribution of M2 macro-
phage to MSC-CM induced early osteogenesis is not fully
demonstrated from the results of this study.

The mechanism of direct contribution of M2 macrophage
to MSC-CM induced early osteogenesis is to be demon-
strated in our subsequent studies.
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