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Abstract

PT

Distraction osteogenesis (DO) successfully induces large-scale skeletal tissue
regeneration, but it involves an undesirably long treatment period. A high-speed

RI

DO mouse model (H-DO) with a distraction speed twice that of a control DO

SC

model failed to generate new bone callus in the distraction gap. Here we
demonstrate that the local administration of serum-free conditioned medium from

NU

human mesenchymal stem cells (MSC-CM) accelerated callus formation in the

MA

mouse H-DO model. Secretomic analysis identified factors contained in MSC-CM
that recruit murine bone marrow stromal cells (mBMSCs) and endothelial
cells/endothelial progenitor cells (EC/EPCs), inhibit inflammation and apoptosis,

TE
D

and promote osteoblast differentiation, angiogenesis, and cell proliferation.
Functional assays identified MCP-1/-3 and IL-3/-6 as essential factors in

AC
CE
P

recruiting mBMSCs and EC/EPCs. IL-3/-6 also enhanced the osteogenic
differentiation of mBMSCs. MSC-CM that had been depleted of MCP-1/-3 failed
to recruit mBMSCs, and consequently failed to promote callus formation. Taken
together, our data suggest that MSCs produce a broad repertoire of trophic
factors with tissue-regenerative activities that accelerate healing in the DO
process.
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Introduction

PT

Distraction osteogenesis (DO) is used in orthopedic and craniofacial surgeries to
lengthen the skeleton and reconstruct skeletal deformities [1-4]. DO procedure

RI

involves osteotomy followed by the gradual distraction of the two bone segments,

SC

which promotes neocallus formation in the gap between the segments.
Neoangiogenesis and the recruitment of endogenous mesenchymal stem cells

NU

(MSCs) and osteogenic progenitors are required for large-scale DO-mediated

MA

tissue regeneration [4]. While DO provides significant clinical benefits, patients
must endure a long treatment period (12 months on average) and use a large
external fixator, which increases the risk of severe osteomyelitis by providing a

TE
D

possible entry route for pathogens. Therefore, it is desirable to reduce the
duration of DO treatment.
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Stem-cell transplantation is a promising regenerative therapy. The

transplantation of various adult MSCs and their derivatives into damaged areas
promotes tissue repair in both humans and model animals [5, 6]. Transplanted
MSCs accelerate new bone formation in various preclinical animal models for
bone defects, including DO models [7-11]. However, the engrafted stem cells
have poor differentiation and survival rates, suggesting that they promote
regeneration primarily through paracrine mechanisms [12, 13]. Stem cells
secrete a broad repertoire of trophic and immunomodulatory factors, known as
the secretome [14]. Recent preclinical studies have reported that the secretomes
from various stem cells have considerable potential for treating such intractable
diseases as acute myocardial infarction [15], fulminant hepatic failure [16], renal
failure

[17,

18],

ischemic

stroke

3

[19],

experimental

autoimmune
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encephalomyelitis [20], hypoxic brain injury [21], and lung injury [22]. However,

PT

little is known about the secretomic signatures of the various types of stem cells.
Identifying the key factors of various secretomes and their functions in

RI

secretome-mediated repair will contribute to the development of new

SC

regenerative therapies that do not require cell transplants.

In this study, serum-free conditioned medium (CM) derived from human

NU

MSCs (MSC-CM) was locally administered into the distraction gap in a

MA

high-speed DO (H-DO) mouse model. MSC-CM promoted the recruitment of
murine bone marrow stromal cells (mBMSCs) and of endothelial cells/endothelial
progenitor cells (EC/EPCs), and the establishment of a neoangiogenic network.
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gap.

TE
D

These tissue-regenerative activities accelerated neocallus formation in the DO
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Materials and methods

PT

Cell culture and CM preparation
Human bone marrow MSCs and human skin fibroblasts (FBs) were cultured as

RI

recommended by the suppliers, Lonza Walkersville and Health Science

SC

Research Resources Bank Japan, respectively. Briefly, cells were cultured in
DMEM   (Dulbecco’s   modified Eagle’s medium, Sigma) containing 10% fetal

NU

bovine serum (FBS) (Lonza Walkersville) at 37 °C in a 5% CO2 atmosphere and

MA

were subcultured every 6-7 days. When the cells reached 70-80% confluence,
they were placed in serum-free DMEM and incubated for 48 h at 37°C in 5% CO2,
after which the CM was collected and centrifuged for 4-5 minutes at 4 °C, 22,140
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g. After brief re-centrifugation, the supernatant was collected and used as CM.

Mouse DO model

All animal experiments were performed in accordance with the Guidelines for
Animal Experimentation of the Nagoya University School of Medicine. We used
8- to 10-week-old female ICR mice (Chubu Kagaku Shizai Corporation). The
mouse DO model was generated and modified as previously described [23-25].
In this model, the external fixator consisted of two incomplete acrylic resin rings
(outer diameter 20 mm, inner diameter 10 mm, and thickness 5 mm) and an
expansion screw (600-301-30, Ortho Dentaurum). The total weight of the device,
including the needles inserted into the tibia, was 2.7 g. The animals were
anesthetized with an intraperitoneal injection of pentobarbital at 40 mg/kg body
weight. The right limb was shaved and prepared with iodine solution. An anterior
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longitudinal incision was made on the right leg and the underlying muscles were

PT

bluntly separated, taking care not to remove all of the periosteum. A fibulotomy
was performed with scissors. The tibia was attached to the fixator using one pair

RI

of 25-gauge needles proximally, one pair of 27-gauge needles distally, and

SC

acrylic resin. After the resin was completely polymerized (approximately 5 min),
an osteotomy was performed at the middle of the diaphysis using very small

NU

cutting forceps, and the wound was closed with a 5-0 nylon suture. Distraction

MA

began after a 3 day latency period and continued for 8 days at a rate of 0.2
mm/12 h, increasing the tibia length by 3.2 mm. The model with this 8-day
distraction time is referred to as the control (C-DO) model in the rest of the paper.

TE
D

The mice were sacrificed 15 days after surgery.

AC
CE
P

Mouse high-speed DO model
CM-treatment

(H-DO) with cell-transplantation or

To determine the effect of administering MSCs or MSC-CM during DO, we
created a mouse H-DO model with a distraction rate of 0.4 mm/12 h, a length
increase of 3.2 mm in 4 days. In the cell-transplanted group, 3×105 MSCs or FBs
in 20 μl phosphate-buffered saline (PBS; Sigma) were transplanted into the
distraction zone on day 5. The mice were sacrificed 5, 7, or 11 days after surgery.
In the CM-treated groups, 20 μl collagen gel matrix (Cellmatrix Type I-A; Nitta
Gelatin) containing 20 μl serum-free DMEM (control) or FB-CM or MSC-CM was
injected transcutaneously into the center of the distraction zone using a 29-gauge
needle on days 3, 5 and 7. Mice were sacrificed 7 and 11 days after surgery.
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Administration of specific factors into the H-DO model

PT

Various combinations of recombinant human MCP-1, MCP-3, IL-3, and IL-6 (100

RI

ng each; R&D Systems), in 20   μl   of collagen gel matrix were injected
transcutaneously into the center of the distraction zone of the H-DO model on

NU

SC

days 3, 5, and 7. Mice were sacrificed 11 days after surgery.

Histology

MA

After perfusing mice with a 4% paraformaldehyde solution, the DO tibial
segments were harvested, embedded in SCEM gel (8091140; Leica), and frozen

TE
D

in cooled isopentane. Non-decalcified tibial bone sections were generated using
Kawamoto's film method (8091098; Leica) [26]. Cryostat sections (5-μm   thick)  
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were stained with hematoxylin and eosin.

Histomorphometric analysis
Sections of the center and to each side of the center of the distraction gap (3
sections) were analyzed to detect bone formation. The distraction zone was
defined as the area enclosed in a quadrangle with its endpoints formed by the
osteotomized lines (Fig 1C). The percentage of callus (new bone zone) within the
distraction zone [11] was calculated from digital images obtained with ImageJ
software (http://rsb.info.nih.gov/ij/). Some new bone formed outside the DO gap,
indicating that our statistical data might underestimate the callus formation
activity under some conditions. However, because the mechanisms underlying
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the new callus formation occurring outside the DO gap were unclear, we only

RI

PT

evaluated the callus formation activity expressed in the DO gap in this study.

Immunohistochemistry

SC

Samples were sectioned at 5 μm, fixed in 99.5% ethanol for 10 min at room

NU

temperature, washed, blocked with 5% bovine serum albumin/PBS for 30 min,
and stained with primary antibodies in blocking buffer for 1 h. The sections were

MA

then stained with secondary antibodies for 30 min, mounted with an SCMM R3
(Leica), and examined with a BZ9000 fluorescence microscope (Keyence). The

TE
D

following antibodies were used for immunostaining: rabbit monoclonal antibody
(mAb) against human major histocompatibility complex class I (human MHC
class I) (ab52922; Abcam), rat mAb against stem cell antigen-1 (Sca-1) (D7; BD
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Pharmingen), rabbit mAb against platelet-derived growth factor receptor alpha
(PDGFRα) (D1E1E; Cell Signaling Technology), rat mAb against CD31 (390;
eBioscience), and rabbit mAb against alpha smooth muscle actin (αSMA)
(04-1094; Millipore) and rat mAb CD11b (M1/70; eBioscience). Secondary
antibodies were conjugated with Alexa Fluor 488 or 555 (Invitrogen). Cell nuclei
were labeled with 4',6-diamidino-2-phenylindole (DAPI) (Invitrogen) and were
counted in randomly   selected   fields   (size   of   analyzed   field;;   310×410   μm).
Positively stained MHC class I cells and CD11b cells were counted in each field
of view (FOV). The microvessel supply was assessed by measuring the number
and density of CD31-positive cells around muscle fibers, using a fluorescence
microscope (BZ9000).
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PT

Cytokine antibody assay
Cytokine antibody array experiments were conducted at Filgen, Incorporated

RI

(Nagoya, Japan) using the RayBio Human Cytokine Antibody Array G Series

SC

4000 (Applied arrays; RayBiotech, Inc.). Cytokines in the MSC-CM and
serum-free DMEM were detected using 274-human-cytokine array plates, by

NU

laser scanning. All the scans were carried out in duplicate. The data obtained with

MA

DMEM represent the assay background and were subtracted before analysis.
The data were normalized to the values of positive controls provided by the

TE
D

manufacturer.

Measurement of cytokines in MSC-CM, and protein depletion assays

AC
CE
P

We measured the FB-CM and MSC-CM levels of C-C motif chemokine
2/monocyte chemoattractant protein-1 (CCL2/MCP-1), C-C motif chemokine
7/monocyte chemoattractant protein-3 (CCL7/MCP-3), Interleukin-3 (IL-3),
Interleukin-6 (IL-6), and Stromal-cell-derived factor-1 (SDF-1) using an ELISA kit
(Human CCL2/MCP-1, Human CCL-7/MCP-3, Human IL-3, Human IL-6 and
Human CXCL12/SDF-1 alpha Quantikine ELISA Kit; R&D Systems). MSC-CM
was depleted of MCP-1 and MCP-3 (MCP-1/-3) by adding anti-MCP-1 and
anti-MCP-3 neutralizing antibodies (R&D Systems), pre-attached to Protein G
Sepharose (GE Healthcare), and incubating the mixture overnight at 4 °C. The
antibody beads were removed by centrifugation (MSC-CM-MCP-1/-3), and the
depletion of MCP-1/-3 was confirmed by ELISA. The control CM was treated the
same way, except an anti-SDF-1 antibody of the same Ig subtype
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PT

(MSC-CM-SDF-1) was attached to the beads.

Isolation of mouse bone marrow mononuclear cells (mBMMNCs)

RI

mBMMNCs were collected from the femurs of 8- to 10-week-old female ICR mice

SC

using an established protocol [27]. In brief, mice were euthanized with CO2, the
bone marrow cavity of the proximal femur was exposed, and the marrow was

NU

flushed out with saline. Aspirations were layered onto Ficoll (Ficoll-Paque

MA

PREMIUM; GE Healthcare) and centrifuged to obtain a buffy coat between the
plasma and erythrocyte components. The cell layer was recovered, washed in
PBS, and centrifuged again to remove Ficoll. The cells were re-suspended in
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Migration studies

TE
D

DMEM with 10% FBS.

Human umbilical vein endothelial cells (HUVECs) were purchased from Lonza
Walkersville. The migration abilities of mBMMNCs and HUVECs in response to
MSC-CM were assessed using transwell membrane chambers (pore size 8 μm;;  
BD Falcon; BD) as previously described [27, 28]. Briefly, mBMMNCs or HUVECs
were seeded into the upper chambers of the membranes at a density of 1×10 5
cells/well in 700 μl serum-free DMEM,  and  1400  μl  of  serum-free DMEM (control),
MSC-CM, or MSC-CM with neutralizing antibodies was added to the lower
chamber. Cells were incubated for 16 h (mBMMNCs) or 8 h (HUVEC) at 37 °C in
5% CO2/95% air. Neutralizing antibodies against human MCP-1, MCP-3, IL-3,
IL-6, Regulated upon activation normal T-cell expressed and secreted
(RANTES/CCL5) or SDF-1 (10 μg/ml  each;;   R&D   Systems)   were   added   to   the  
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lower chamber. SDF-1 was used as a control antibody. The membranes were

PT

fixed in a 4% paraformaldehyde solution and stained with hematoxylin.
Non-migratory cells on the upper chamber were removed with cotton swabs. For

RI

each test medium, cells that had migrated to the lower side of the membrane

SC

were counted using an inverted microscope.

NU

Osteoblast differentiation

KUM9 cells (multipotential progenitor cells derived from mBMSCs) [29] were

MA

plated at 3 × 104 cells/well into 24-well plates for the alkaline phosphatase (ALP)
activity assay. DMEM (control), MSC-CM, and MSC-CM containing neutralizing

TE
D

antibodies against human IL-3, IL-6, RANTES, or SDF-1 (10  μg/ml  each:  R&D
Systems) were used as test media. Equal numbers of mBMSCs were incubated
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with osteogenic supplements (10%  FBS,  10  mM  β-glycerophosphate,  50  μg/ml  
ascorbic acid, and 100 nM dexamethasone) in DMEM or MSC-CM, and the
medium was exchanged three times each week. After 7 days of mBMSC
induction culture, the protein level was determined with the BCA Protein Assay
Reagent Kit (Thermo Fisher Scientific Pierce Biotechnology), and the ALP
activity was determined by measuring the absorbance at 415 nm to detect
p-nitro-phenyl phosphate (SensoLyte pNPP Alkaline Phosphatase Assay Kit;
AnaSpec). The cellular alkaline phosphatase activity was determined as
previously described [30] and normalized to the protein concentration. Data are
expressed as the micromoles of inorganic phosphate cleaved by alkaline
phosphatase in 30 minutes per μg  of  protein.
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After 14 days of induction culture, mBMSCs were fixed and stained with

PT

Alizarin red-S to detect mineralized nodules formed in vitro, as described
previously [31]. Briefly, the cells were fixed in 4% paraformaldehyde and

RI

incubated with Alizarin red-S (40 mM, pH 6.4; Sigma) for 10 minutes at room

SC

temperature. After washing the wells with distilled water, the plates were
photographed. The Alizarin red dye was then extracted with 10% formic acid, and

NU

the absorbance at 415 nm was determined with a microplate reader and

MA

normalized to the protein concentration.

TE
D

Quantification and statistical analysis

Cells expressing a particular marker or combination of markers were counted
with fluorescence microscopy (BZ9000) and ImageJ software. The SPSS
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statistical package was used for statistical analysis. Comparisons were made
using  Student’s  t-test or  Tukey’s  post  hoc  test.  Results  were  expressed  as  the  
mean ± standard deviation (SD: p＜0.05 was considered statistically significant).
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Results

PT

Engrafted MSCs promote new bone callus in DO by paracrine mechanisms
The feasibility of DO-mediated tissue regeneration is determined by the

RI

distraction rate. High- and low-speed traction cause premature and impaired

SC

ossification, respectively, in the gap [32-34]. We designed an H-DO model in
which the bone fragments were distracted at 0.4 mm per 12 h, which was twice as

NU

fast as in the C-DO model (Fig. 1A). At the end of the consolidation period, the

MA

C-DO gap was filled with new bone callus, while the H-DO gap was filled with
fibrotic tissue (Figs. 1B and C). Notably, we frequently observed failed callus
formation at the distal end of the gap, while that at the proximal end was less

TE
D

affected by the H-DO procedure. As described previously, engrafted MSCs, but
not FBs, promoted callus formation in the H-DO gap [9-11] (Figs. 1D and E).

AC
CE
P

However, immunohistochemical analysis with a human MHC class I-specific
antibody (Fig. 1I) showed that the engrafted MSCs had disappeared from the DO
gap by the end of the consolidation period (Fig. 1J), indicating that the engrafted
MSCs accelerated callus formation by paracrine mechanisms. This notion was
further supported by the finding that callus formation was enhanced in the H-DO
gaps treated with MSC-CM, but not in those treated with DMEM or FB-CM (Figs.
1F-H). Measurements of the osteoid area showed that the osteogenic activity
was similar in the H-DO distraction gaps treated with MSC-CM or with
transplanted MSCs (Fig. 1K). We found some callus formation outside of the DO
gap (Table S1), however the relative amount of it comparing with that occurred in
the gap was not significant (Table S1).
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MSC-CM accelerates endogenous murine BMSC recruitment and blood

PT

vessel formation
We hypothesized that endogenous MSCs and EC/EPCs contribute to the

RI

DO-mediated tissue regeneration, and that MSC-CM accelerates the recruitment

SC

of these cells to the distraction gap. mBMSCs that express both Sca-1 and
PDGFRα are known to have a robust potential to differentiate into osteoblasts

NU

[35]. The recruitment of both Sca-1+/PDGFR-α+ mBMSCs and CD31+ EC/EPCs

MA

was increased in the C-DO, but not the H-DO gap (Fig. 2M for mBMSCs and [25]
for EC/EPCs), and was restored in the H-DO gap by MSC-CM treatment (Figs.
2A-F, G, J, N, and O). Furthermore, 7 days after the operation, a large number of

TE
D

mature blood vessels composed of CD31+ ECs   and   αSMA+ pericytes had
appeared in the H-DO gap in the MSC-CM group (Figs. 2G-L). Statistical analysis

AC
CE
P

revealed that the number and area of mature vessels in the H-DO gap treated
with MSC-CM were 1.6 and 1.5 times those of the DMEM group, respectively
(Figs. 2P and Q). Thus, MSC-CM treatment promoted both the recruitment of
mBMSCs and EC/EPCs and the formation of mature blood vessels, thereby
restoring callus formation in the H-DO distraction gap.

MSC-CM secretome analysis
Cytokine antibody array analysis of the soluble factors in MSC-CM yielded 43
proteins with levels at least 1.5-times higher than those found in the control
DMEM background (Fig. 3B). Of these, 10 were proteins known to be involved in
such tissue-regenerating mechanisms as the recruitment of MSCs and EC/EPCs,
osteoblast differentiation, angiogenesis, cell proliferation, and inflammation
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suppression (Fig. 3A). Based on these proteins' reported functions, we assumed

PT

that MCP-1/-3 and RANTES recruit mBMMNCs, while IL-3/-6 recruit EC/EPCs
and enhance osteogenetic activity. ELISA analysis revealed that MSC-CM

SC

RI

contained these factors at picogram levels (Table 1).

Factors in MSC-CM recruit stem/progenitor cells and promote osteogenic

NU

differentiation

MA

Transwell migration assays showed that, for mBMMNCs and HUVECs, MSC-CM
was more chemoattractive than DMEM. Neutralizing antibodies against MCP-1
and MCP-3, but not IL-3, IL-6, RANTES, or SDF-1, strongly inhibited the

TE
D

MSC-CM-mediated mBMMNC migration (Fig. 4A). On the other hand,
neutralizing antibodies against IL-3 or IL-6, but not MCP-1, MCP-3, RANTES, or

AC
CE
P

SDF-1, significantly suppressed the HUVEC migration (Fig. 4B).
The immortalized mBMSC cell line KUM9, when treated with MSC-CM
together with osteoblast differentiation supplements (see Materials and Methods)
exhibited increased ALP activity (Fig. 5A) and strong Alizarin red-S staining (Figs.
5B and C). This MSC-CM-induced mineralization was inhibited by antibodies
against IL-3 or IL-6, but not RANTES or SDF-1, indicating that MSC-CM
promoted the ossification of mBMSCs though both IL-3 and IL-6 signaling.

MSC-CM depleted of MCP-1/-3 failed to recruit mBMSCs or to restore bone
callus formation
We next analyzed the role of MSC-CM-mediated mBMSC recruitment in
DO-mediated tissue regeneration. We found that new bone callus failed to form in
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the distal end of H-DO gaps treated with MSC-CM that had been

PT

immunodepleted of both MCP-1 and MCP-3 (MSC-CM-MCP-1/-3), but not of
SDF-1 (Figs. 6A-D). Immunohistochemical analysis showed that the integration

RI

of mBMSCs, but not EC/EPCs, was significantly impaired when the gap was

SC

treated with MSC-CM-MCP-1/-3 as opposed to MSC-CM (Figs. 6E-G). There
was no significant difference between the number of mBMSCs in the gaps

NU

treated with DMEM (Figure 2N; 17.1 ± 5.2/mm2) and MSC-CM-MCP-1/-3 (Figure

MA

6E; 21.9 ± 2.4/mm2, p=0.104). These results demonstrated that the
MSC-CM-mediated recruitment of mBMSCs plays an important role in

Discussion

TE
D

accelerating DO-mediated tissue regeneration.
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While a shorter DO treatment period would provide significant clinical benefits,
insufficient callus formation in the distraction gap is a problem in H-DO. In our
H-DO model, the callus formation at the distal end of the H-DO gap was
frequently impaired. Our observations indicated that the tissue regeneration
condition of the distal end was more severe than that at the proximal end and that
therapeutic intervention was required to restore the tissue regeneration activity of
the H-DO. This study demonstrated that when locally administered into the H-DO
gap, MSC-CM promoted new bone callus formation at the distal end of the gap by
accelerating the recruitment of endogenous mBMSCs and EC/EPCs. Secretome
analysis of MSC-CM found 10 tissue-regenerating trophic factors that are known
to be involved in the recruitment of BMSCs and EC/EPCs as well as in osteoblast
differentiation, angiogenesis, cell proliferation, and inflammation suppression
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(Fig. 3A). Taken together, these findings reveal a novel application of MSC-CM

PT

for enhancing the clinical efficiency of DO for correcting unequal limb length,
severe deformities, and bone defects.
regeneration

requires

the

recruitment

RI

Tissue

of

endogenous

SC

stem/progenitor cells to the target site [5, 6, 36-38], where they promote the
formation of new blood vessels that transport oxygen, nutrients, trophic factors,

NU

and various cells that are essential to tissue repair [39-41]. MSCs can

MA

differentiate into various tissue-specific cell types according to the disease
circumstances, and their trophic activities promote vascularization and suppress
inflammatory responses [5, 6]. A high DO distraction rate suppresses the

TE
D

recruitment of EC/EPCs toward the gap, severely decreasing neovessel
formation and increasing the fibrous zone [32, 33]. H-DO also suppressed the
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recruitment of Sca-1+/PDGFRα+ mBMSCs, which have high osteogenic activity
(Fig. 2M). Thus, a primary cause of H-DO's failure to regenerate tissue in the
distraction gap is the defective integration of both endothelial and osteogenic
progenitor cells. Our data show that MSC-CM treatment recovered the
recruitment of both endothelial and osteogenic progenitors. Furthermore, when
the gap was treated with MSC-CM that had been specifically depleted of the
MSC-homing factors MCP-1 and MCP-3, few if any Sca-1+/PDGFRα+ mBMSCs
were recruited and consequently, the callus formation in the gap was deficient.
Thus, the recruitment of stem/progenitor cells is an essential mechanism by
which MSC-CM restored the callus formation in H-DO.
Among several tissue-regenerating factors that are secreted by MSCs,
we identified MCP-1/-3 and IL-3/-6 as homing factors for mBMSCs and EC/EPCs,
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respectively. We also observed that IL-3/-6 was able to promote the osteogeneic

PT

differentiation of mBMSCs. These results suggest that MCP-1/-3 and IL-3/-6 act
in concert to accelerate callus formation. However, in our preliminary

RI

experiments, various combinations of MCP-1/-3 and IL-3/-6 alone could not

SC

restore callus formation (Fig. S1A). Notably, these factors are known to be major
players in the pro-inflammatory immune responses. For instance, MCP-1

NU

accelerates inflammation by recruiting immune cells, including macrophages,

MA

monocytes, leucocytes, memory T lymphocytes, and natural killer (NK) cells
[42-44]. IL-6 accelerates inflammation by promoting the differentiation of
cytotoxic T cells and Th17 cells [45]. Indeed, our histological analyses revealed a

TE
D

prominent accumulation of CD11b+ mononuclear immune cells in the DO gaps
treated with MCP-1/-3 and IL-3/-6 (Figs. S1B-D), suggesting that these factors
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can exert both detrimental and beneficial effects in tissue regeneration. We
speculate that immunosuppressive factors in the MSC-CM may counteract the
pro-inflammatory properties of MCP-1/-3 and IL-3/-6 and enhance their
regenerative activities, thereby significantly enhancing callus formation in the
H-DO gap. Clarifying MSC-CM's immunosuppressive mechanisms will advance
our understanding of MSC-CM-mediated tissue regeneration.
Engrafted MSCs promote bone regeneration both by replacing
damaged cells and by trophic and paracrine mechanisms [6]. However, the poor
differentiation and survival of engrafted stem cells, both in our data and in
previous studies, suggests that the regenerative properties of these cells are
exerted primarily through paracrine mechanisms [12, 13]. This finding led us to
examine the regenerative activity of paracrine factors secreted by MSCs. In the
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present study, these factors were harvested in a serum-free cell culture. MSCs

PT

express significantly higher levels of several arteriogenic cytokines when
subjected to hypoxic stress [28, 46, 47]. When deprived of serum, starvation

RI

stress induces MSCs to secrete angiogenic factors [48]. In general, severe stress

SC

causes cells to activate survival pathways and secrete factors to counteract toxic
conditions [49, 50]. Thus, severe stress conditions may significantly increase the

NU

therapeutic efficiency of factors harvested in the MSC-CM. A serum-free

MA

condition also increases the purity of the harvested factors. Although only small
amounts of each factor are contained in the MSC-CM, multiple regenerative
factors may cooperate to accelerate tissue regeneration. Although BMSC

TE
D

transplantation accelerates callus formation, immune rejection by the allogeneic
response and unexpected tumor formation are serious concerns with this
In

contrast,

AC
CE
P

procedure.

CM-treatment

can

deliver the

paracrine/tropic

tissue-regenerative activities of stem cells without these concerns. Thus,
MSC-CM may be a key component in the development of practical, efficient
therapies to regenerate skeletal tissues.
In summary, our data show that MSC-CM accelerates the formation of

new bone callus, thus shortening the time period required for DO treatment.
MSC-CM recruits endogenous mBMSCs and EC/EPCs via MCP-1/-3 and IL-3/-6
signaling, respectively, and this trafficking of stem/progenitor cells is essential for
MSC-CM-mediated callus formation. We believe that our findings begin to
elucidate how multiple classes of factors contained in MSC-CM cooperate to
promote bone regeneration.
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Figure legends

PT

Figure 1. MSCs accelerate callus formation through paracrine mechanisms
(A) Distraction protocols and experimental design. After a 3-day latency period,

RI

distraction was conducted over a period of 8 days (C-DO) at 0.2 mm/12 h, or a

SC

period of 4 (H-DO) days at a rate of 4 mm/12 h (H-DO), for a total length increase
of 3.2 mm. Time points: white arrowheads, MSC transplantation or CM injections.

NU

LA: latency period; AD: active distraction period; CO: consolidation period. (B-H)

MA

Representative micrographs of hematoxylin-eosin (HE)-stained DO-gap sections,
shown distal (left) to proximal (right); bar = 300 μm. (C) Schematic of the
distraction zone. At the end of the consolidation period, neocallus had formed in

TE
D

the C-DO (B) but not H-DO (C) gaps. Transplanted MSCs (E) but not FBs (D)
promoted callus formation in the H-DO gap. Locally injected MSC-CM (H) but not

AC
CE
P

DMEM (F) or FB-CM (G) promoted callus formation in the H-DO gap. (I)
Immunohistochemical analysis of H-DO gaps: sections were prepared
immediately after engrafting MSCs (post-surgery day 5) and stained with specific
antibodies against human MHC class I (red) and DAPI (blue). Bar = 50 μm. (J)
Quantification of transplanted human MHC class I+ MSCs in the H-DO gap over
time: MSCs had completely disappeared from the gap by the end of the
consolidation period. FOV: field of view. Data represent mean ± SD; * p < 0.05; n
= 5 per group. (K) Histomorphometric analysis of callus formation in the
distraction zone at the end of the consolidation period. Note that the callus area
was significantly larger in the MSC-CM groups than in the DMEM or FB-CM
groups. Data represent mean ± SD; * p < 0.05; n = 10 per group.
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Figure 2. MSC-CM accelerates the recruitment of endogenous mBMSCs

PT

and formation of blood vessels
(A-L) Representative images showing the immunohistochemical staining of

RI

H-DO gaps treated with DMEM (A-C, G-I) or MSC-CM (D-F, J-L); samples were

SC

obtained at the end of active distraction. White arrowheads (C, F) indicate
mBMSCs detected with Sca-1   (green)   and   PDGFRα   (red) staining (A-F).

NU

EC/EPCs and vascular smooth muscle cells were detected with CD31 (green)

MA

and   αSMA   (red)   (G-L) staining, respectively. White arrowheads (I, L) indicate
mature blood vessels consisting of CD31-positive endothelial cells and
αSMA-positive vascular smooth muscle cells; these vessels were increased in

TE
D

the MSC-CM group. Bar = 50 μm.   (M-O) Quantification of Sca-1+/PDGFRα+
mBMSCs (M and N, n = 10), CD31+ EC/EPCs (O, n = 10), vessel counts (P, n =

AC
CE
P

10), and vessel density (Q, n = 10). Data represent mean ± SD; * p < 0.05.

Figure 3. Soluble factors contained in MSC-CM
(A) Classification of MSC-CM factors: MSC-CM contained previously annotated
proteins that recruit MSCs and EC/EPCs, promote osteogenesis, angiogenesis,
and cell proliferation, and inhibit inflammation. (B) Factors expressed in
BMSC-CM at levels 1.5-fold or greater than those in fresh DMEM medium without
cell culture. X-axis: the intensity levels of factors in MSC-CM, with the intensity of
the medium control set arbitrarily as 1.0.
Figure 3 cites the following references:
[43, 51-68]
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PT

Abbreviations: MCP-1: monocyte chemoattractant protein-1; TIMP-2: tissue

RI

inhibitor of metalloproteinase-2; PAI-1: plasminogen activator inhibitor-1;
beta-IG-H3: transforming growth factor beta-induced (TGFBI); IL-6: interleukin-6;

SC

IGFBP-6: insulin-like growth factor-binding protein-6; VEGF-C: vascular

NU

endothelial growth factor-C; MCP-3: monocyte chemoattractant protein-3; sTNF
R1: soluble tumor necrosis factor receptor 1; TIMP-1: tissue inhibitor of

MA

metalloproteinase-1; DPP-4: dipeptidyl peptidase-4; IL-22: interleukin-22; HVEM:
herpesvirus entry mediator; NAP-2: neutrophil-activating protein-2; XEDAR:

TE
D

X-linked ectodysplasin-A2 receptor; IL-7: interleukin-7; RANK: receptor activator
of nuclear factor kappa-B; IL-3: interleukin-3; MMP-7: matrix metalloproteinase-7;
RANTES: regulated upon activation normal T-cell expressed and secreted
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CE
P

(CCL5, chemokine C-C motif ligand 5); CXCR16: chemokine C-X-C motif
receptor 16; TRAIL R3: TNF related apoptosis-inducing ligand receptor 3; IL-17B:
interleukin-17B; MMP-10: matrix metalloproteinase-10; LYVE-1: lymphatic
vessel endothelial receptor 1; TSLP: thymic stromal lymphopoietin; NRG1-beta1,
neuregulin-1-beta1.

Figure 4. Effect of MSC-CM on cell migration
The migratory response of freshly isolated mouse bone marrow mononuclear
cells (mBMMNCs) (A) and HUVECs (B) to MSC-CM was measured by a modified
Boyden chamber migration assay (see Materials and Methods). X-axis: migratory
response relative to that for fresh DMEM medium. Neutralizing antibodies for
33

ACCEPTED MANUSCRIPT

MCP-1/-3 and IL-3/-6, respectively, suppressed the MSC-CM-induced migration

PT

of mBMMNCs (A) and HUVECs (B). In contrast, antibodies against RANTES
(CCL5) or SDF-1 (CXCL12) had little or no effect on cell migration. Triple wells

RI

were used for each treatment. Data shown represent mean ± SD of three

SC

independent experiments; * p < 0.05 vs DMEM, # p < 0.05 vs MSC-CM.

NU

Figure 5.  MSC−CM-induced mineralization in mBMSCs.

MA

(A) The relative ALP activity of KUM9 mBMSCs. MSC-CM-OS increased the ALP
activity. Triple wells were used for each treatment. Data shown represent mean ±
SD of three independent experiments; *p < 0.05 vs DMEM-OS. (B)

TE
D

Representative images of KUM9 mBMSCs: those cultured in MSC-CM with
osteogenic supplements (OS; see Materials and Methods) were stained more
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strongly by Alizarin red-S than those cultured in OS medium alone (B, C). Bar =
300   μm. MSC-CM-OS increased the Alizarin staining; this increase was
suppressed by neutralizing antibodies for IL-3 and/or IL-6 (C). Triple wells were
used for each treatment. Data shown represent mean ± SD of three independent
experiments; *p < 0.05 vs DMEM-OS; # p < 0.05 vs MSC-CM-OS.

Figure 6. MSC-CM depleted of MCP-1/-3 failed to recruit mBMSCs or to
restore callus formation in the H-DO gap
(A-C) Representative micrographs of H-DO gap sections stained with
hematoxylin-eosin (HE). Bar = 300 μm.  Neocallus formed in H-DO gaps treated
with MSC-CM control (A) or MSC-CM depleted of SDF-1 (MSC-CM-SDF-1) (C),
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but not in those treated with MSC-CM depleted of MCP-1/3 (MSC-CM-MCP-1/3)

PT

(B). (D-G) Quantification of callus formation (n = 8), the migration of
Sca-1+/PDGFRα+ mBMSCs (n = 5) and CD31+ EC/EPCs (n = 5), and vessel

RI

formation (n = 5). The specific depletion of MCP-1/3 significantly reduced the

SC

MSC-CM-mediated callus formation and mBMSC migration (D, E), but did not
affect the EC/EPSC migration or vessel formation (F, G). Data represent the
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mean ± SD; * p < 0.05.
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Table 1
Concentration of cytokines in CM (pg/ml)
MSC-CMMSC-1/-3
ND
ND
113 ±10.9
111±0.3
ND

MSC-CMSDF-1
177±9.3
76±5.7
194±7.6
165±14.0
ND

FB-CM

PT

205±2.3
102±10.9
181±21.9
106±3.3
ND

MSC-CM
control
222±9.9
79±9.9
190±8.7
110±4.2
ND

RI

MSC-CM

SC

Trophic
factors
MCP-1
MCP-3
IL-3
IL-6
SDF-1

70±9.7
ND
ND
76±3.0
ND

NU

Abbreviations: MCP-1: monocyte chemoattractant protein-1; MCP-3: monocyte

MA

chemoattractant protein-3; IL-3: interleukin-3; IL-6: interleukin-6; SDF-1: stromal-
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cell-derived factor-1; ND: not detected.
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Research highlights

PT

1) MSC-CM accelerates callus formation in the DO gap
2) MSC-CM promotes the recruitment of endogenous mBMSCs and EC/EPCs.

RI

3) MSC-CM contains multiple tissue-regenerative factors.

SC

4) MCP-1 and MCP-3 contained in MSC-CM recruit mBMSCs to the DO gap.
5) IL-3/IL-6 in MSC-CM recruits EC/EPCs and promotes mBMSC osteogenic
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MA

NU

differentiation.
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