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Abstract

Distraction osteogenesis (DO) is a clinically effective procedure to regenerate large bone defects. However, the treatment
duration is undesirably lengthy, especially in elderly patients. Exosomes derived from mesenchymal stem cells (MSC-Exos)
could exert the beneficial effects while avoiding the possible complications of stem cell transplantation. This study aimed
to evaluate the effects of MSC-Exos on bone regeneration during DO in older rats. Exosomes were isolated from the super-
natants of young bone marrow mesenchymal stem cells (BMSCs) through ultra-centrifugation, and characterized using
transmission electron microscopy, western blot, and tunable resistive pulse sensing analysis. The effects of MSC-Exos on the
proliferation and differentiation of older BMSCs were evaluated using CCK-8 assay, ALP and ARS staining, and qRT-PCR.
Unilateral tibial DO model was established on older Sprague—Dawley rats and MSC-Exos or phosphate buffer saline was
locally injected into the distraction gaps after distraction weekly. Bone regeneration were evaluated using X-ray, Micro-CT,
mechanical test, and histological staining. The MSC-Exos were round or cup-shaped vesicles ranging from 60 to 130 nm in
diameter and expressed markers including CD9, CD63, and TSG101. The in vitro results indicated that MSC-Exos could
enhance the proliferation and osteogenic differentiation of older BMSCs. Bone regeneration was markedly accelerated in
rats treated with MSC-Exos according to the results of X-ray, micro-CT, and histological analysis. The distracted tibias from
the MSC-Exos group also demonstrated better mechanical properties. These results suggest that MSC-Exos promote DO-
mediated bone regeneration in older rats through enhancing the proliferation and osteogenic capacity of BMSCs.
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Introduction

Distraction osteogenesis (DO) is a clinically effective treat-
ment to regenerate large bone defects [1-3]. It involves three
sequential stages: the latency stage after application of exter-
nal fixation and osteotomy, the distraction stage to induce
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new bone formation by gradual and continuous distraction,
and the consolidation stage until the regenerated bone tis-
sue achieves enough mechanical characteristics [4]. A major
limitation of this technique is the undesired lengthy treat-
ment duration, leading to increased risks of complications
[5, 6]. The treatment duration is further prolonged as the
age grows [7]. Therefore, accelerating new bone formation
during DO and shortening the external fixation time are of
great clinical significance, especially for elderly individuals.

Age-related deficits in DO-mediated bone regeneration
have been well established [8, 9]. A possible reason may be
the compromised function of older bone marrow mesenchy-
mal stem cells (BMSCs) [10]. The cell proliferation is sup-
pressed and the osteogenic differentiation capacity is dimin-
ished in old BMSCs [11]. Increasing studies have confirmed
that transplantation of MSCs could stimulate new bone for-
mation during DO in animal experiments [12, 13]. How-
ever, direct application of MSCs is generally hindered by the
risks of emboli formation, immunogenicity, and malignant
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transformation [14]. Further, the proliferation and osteogenic
differentiation of transplanted BMSCs could be inhibited in
the aged bone marrow microenvironment [15, 16].

Recent researches have revealed that transplanted stem
cells may exert their beneficial effects by paracrine actions
including secreting exosomes [17-19]. Exosomes are
spherical lipid-bilayered vesicles containing various bioac-
tive proteins and RNAs [20, 21]. These vesicles regulate
the functional activity of target cells by transferring RNAs
and proteins [22]. Previous studies showed that exosomes
secreted by MSCs (MSC-Exos) could promote osteogenesis
both in vitro and in vivo [23]. However, it remains unknown
how MSC-Exos influences the process of DO.

In the present study, the authors aimed to investigate
whether MSC-Exos could promote DO-mediated new bone
formation in older rats.

Materials and Methods
Cell Culture

BMSCs were harvested from 2-week and 15-month
Sprague—Dawley rats to isolate young and older BMSCs
[10]. Briefly, bone marrow cells were collected by flushing
the femur cavity. After centrifugation, the cell pellet was cul-
tured in complete a-modified Eagle’s medium (Invitrogen,
USA). Non-adherent cells were removed after 24 h and fresh
media was changed every other day. Cells were cultured at
37 °C, 5% CO, in a humidified environment and passaged
at 80-90% confluence. BMSCs at passage 3 to 5 were used
in further experiments.

Isolation of MSC-Exos

MSC-Exos were isolated from the cultured medium of
young BMSCs from 2-week-old rats through differential
ultra-centrifugation [24-26]. In brief, BMSCs were washed
3 times with phosphate buffer saline (PBS) after reaching
about 80% confluence and then cultured in MesenGro MSC
medium (StemRD, San Francisco, CA, USA) for an addi-
tional 48 h. The medium was then collected, centrifuged
(300xg for 15 min and 2000xg for 30 min), and then filtered
through a 0.22-pum filter (Millipore, Billerica, MA, USA)
to remove remaining cellular debris. The filtered superna-
tants were then centrifuged at 10,000xg for 1 h and further
ultracentrifuged at 100,000xg for 2 h. For purification, the
pellet was re-suspended in PBS and ultracentrifugated at
100,000xg for another 2 h. All centrifugation procedures
were performed at 4 °C. The isolated exosomes suspended
in PBS were used immediately or stored at — 80 °C until
further experiments.
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Characterization of MSCs-Exos

The particle concentration and size distribution of MSC-
Exos were measured by tunable resistive pulse sensing
analysis using qNano platform (Izon Science, Cambridge,
MA, USA) as described previously [27]. Exosome mor-
phology was observed by transmission electron micros-
copy (TEM; FEI, Eindhoven, Netherlands) after negatively
stained with 2% uranyl acetate for 30 s. The characteristic
proteins of exosomes including CD9, CD63, and TSG101
(Abcam, Cambridge, UK) were analyzed using western
blot.

Cell Proliferation Assay

The effects of MSC-Exos on the proliferation of older
BMSCs from 15-month-old rats were evaluated by Cell
Counting Kit-8 (CCK-8; Dojindo, Japan) assay. Older
BMSCs (5% 10° per well) were seeded in 96-well plates.
After co-culture with serial concentrations of MSC-Exos
(0, 1x10°%, 5% 10%, or 1 x10'° particles/mL) for 1, 3, and
5 days, 100 pL fresh complete medium and 10 pL. CCK-8
solution was added to each well and incubated for another
2 h. Then optical density values at 450 nm were measured
using a microplate reader (Bio-Rad, USA).

Osteogenic Differentiation

Osteogenic differentiation of older BMSCs was induced
using osteogenic induction medium (Cyagen Biosciences,
Guangzhou, China) containing serial concentrations of
MSC-Exos (0, 1x10%, 5x10°, or 1x 10! particles/mL).
To assess the effects of MSC-Exos on the osteogenic
capacity of older BMSCs in vitro, quantitative reverse
transcription polymerase chain reaction (qQRT-PCR),
alkaline phosphatase (ALP) staining, and ALP activity
were performed at day 7 after induction, and alizarin red
S (ARS) staining at day 21.

qRT-PCR

The effects of MSC-Exos on the expression of osteo-
genesis-related genes, runt-related transcription factor
2 (Runx2), ALP, and osteocalcin (OCN), were detected
using qRT-PCR. Older BMSCs were treated with PBS or
MSC-Exos (1 x 10'° particles/mL) for 7 days before sub-
sequent detection. Total RNA was extracted using Trizol
reagent (Invitrogen, Carlsbad, CA). cDNA was synthe-
sized using RevertAid First Strand cDNA Synthesis Kit
(Invitrogen, USA). Quantitative PCR was performed
using FastStart Universal SYBR Green Master (Rox). The
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Table 1 Primers used in this

Genes Forward primer (5'-3") Reverse primer (5'-3")
study for qRT-PCR
ALP GGA CAA TGA GAT GCG CCC CAC CAC CCA TGA TCA CAT CG
Runx2 AAG GTT GTA GCC CTC GGA GA TTG AAC CTG GCC ACT TGG TT
OCN CATCTATGGCACCACCGTTTA CTGTGCCGTCCATACTTTCG
GAPDH CGG CAA GTT CAA CGG CAC AG GAA GAC GCC AGT AGA CTC CAC GAC

mRNA expression levels were analyzed using the 2744t

method with GAPDH as the housekeeping gene. The prim-
ers (BioTNT, Shanghai, China) used in this study were
listed in Table 1.

ALP Staining and Activity

For ALP staining, BMSCs were washed with PBS and fixed
with a mixture of sodium citrate, acetone, and 37% formal-
dehyde (3.1:8.1:1) for 30 s. The cells were then rinsed with
deionized water for 50 s. Thereafter, cells were incubated
in the mixed reaction solutions (Sigma, USA) for 15 min at
room temperature. For ALP activity, cells were lysed and
then evaluated using an ALP assay kit (Nanjing Jiancheng
Biotechnology, Nanjing, China) according to the manu-
facturer’s instructions. Absorbance values at 405 nm were
measured using a microplate reader and normalized by the
total protein content determined using the bicinchoninic acid
protein assay kit (Thermo Fisher Scientific, USA).

ARS Staining

Calcium mineral deposits were evaluated using ARS stain-
ing after osteogenic induction for 21 days. BMSCs were
washed carefully with PBS and fixed with 4% paraformalde-
hyde for 25 min. Then cells were stained with ARS (Cyagen
Biosciences) for 15 min at room temperature and washed
thoroughly with deionized water. To quantify the miner-
alization, calcium deposits were eluted using 10% (v/v)
cetylpyridinium chloride (Sigma, USA), and the absorbance
at 570 nm was measured.

Animal Surgery

A total of 24 older male Sprague—Dawley rats (15 months,
700-750 g) were subjected to tibial DO model and then
assigned randomly to the control group (n=12) or MSC-
Exos group (n=12) [9]. The surgery was performed accord-
ing to previous researches [28, 29]. After anesthesia, a lon-
gitudinal incision was made in the medial lower leg and
the tibia was exposed by blunt separation. Four mini half
pins were drilled with a guide apparatus. Then, a transverse
osteotomy was performed between the second and third pins
and a customized monolateral external fixator (Xinzhong
Company, Tianjing, China) was mounted to fix the proximal

and distal segments of the tibia. The incisions were closed
layer by layer.

Distraction Protocol

Distraction began 5 days after surgery (latency stage) and
sustained for 10 days (0.25 mm every 12 h; distraction
stage). Then, the consolidation stage lasted for 5 weeks.
Immediately after distraction, all rats from 2 groups received
local injection of PBS (100 pL) or 1 x 10'© MSC-Exos in
PBS (100 pL) into the distraction gaps once a week until
termination.

Exosome Distribution After Injection

To examine the in vivo distribution of MSC-Exos after injec-
tion, two rats treated with PBS or DiR (Life Technologies,
Carlsbad, CA) labeled MSC-Exos were imaged 1 week after
injection using the IVIS Spectrum Imaging System (Perki-
nElmer, USA).

Digital Radiographs and Micro-computed
Tomography (micro-CT)

X-ray focused on the distraction gap was taken weekly under
anesthesia. After consolidation for 5 weeks, the distracted
tibia specimens were harvested and subjected to micro-CT
scan (SKYSCAN 1176, Bruker, Kontich, Belgium) at the
resolution of 18 pm. Three dimensional (3D) reconstructions
of the regenerated callus were performed and parameters
including bone volume/tissue volume (BV/TV) and BMD
(bone mineral density) were analyzed.

Mechanical Test

Mechanical properties of fresh tibia specimens (n=6 per
group) were measured using a three-point bending device
(Instron, Norwood, MA, USA). The tibia samples were
loaded in the anterior—posterior direction at the loading rate
of 1 mm/min until failure. The ultimate load and energy to
failure of the lengthened tibias were analyzed.
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Histological Staining

After fixation in 4% paraformaldehyde for 48 h, the tibia
specimens were decalcified in 10% ethylene diaminetet-
raacetic acid solution for 4 weeks and embedded in paraf-
fin. Thin sections (5 pm) were cut along the long axis of
each specimen in the sagittal plane for subsequent hema-
toxylin—eosin (HE) and Masson’s trichrome staining.

Statistical Analysis

All quantitative data in this study were presented as
mean + standard deviation (SD) and analyzed using Graph-
Pad Prism 5. Statistical differences were compared with
Student’s t test between two groups or one way ANOVA
followed by Turkey’s post hoc test among groups. P <0.05
was considered statistically significant.

Results
Characterization of MSC-Exos

MSCs-Exos were isolated from the cultured medium of
BMSCs from 2-week-old rats. TPRS analyses showed
that the diameters of most MSC-Exos ranged from 60 to
130 nm (Fig. 1a). TEM demonstrated that MSC-Exos were
cup or round-shaped vesicles with diameters from 60 to
100 nm (Fig. 1b). Western blot results identified exosome-
specific markers CD9, CD63, and TSG101 in the MSC-
Exos (Fig. 1c).
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Fig. 1 Characteristics of the MSC-Exos. a Tunable resistive pulse
sensing analyses of the particle size distribution and concentrations
of MSC-Exos. b Morphology of MSC-Exos by transmission electron
microscopy. ¢ Western blot analyses of exosomal marker proteins
(CDY, CD63, TSG101) in MSC-Exos
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MSC-Exos Promote the Proliferation of Older BMSCs

Since the proliferation of MSCs is critical for tissue regen-
eration, we first investigated the effects of MSC-Exos on
the proliferation of older BMSCs using CCK-8 assay. The
proliferative capacity of BMSCs treated with MSC-Exos
was significantly elevated when compared with the con-
trol group at day 3 and day 5 in a dose-dependent manner
(P<0.05) (Fig. 2a).

MSC-Exos Enhance the Osteogenic Capacity of Older
BMSCs

The gene expression of ALP, Runx2, and OCN was
detected at day 7. The results of qRT-PCR showed that all
these osteogenic genes were significantly upregulated after
treatment with MSC-Exos (P <0.01) (Fig. 2b—d).

The ALP staining became stronger after MSC-Exos
treatment (Fig. 3a, upper panel). More calcium deposits
were observed in the MSC-Exos groups than that of the
control group (Fig. 3a, lower panel). Furthermore, quan-
titative results of ALP activity and ARS staining showed
that MSC-Exos treatment remarkably increased the ALP
activity and calcium mineral deposition in a dose-depend-
ent manner (Fig. 3b, c).

MSC-Exos Promote New Bone Formation During
DO in Older Rats

All rats survived the DO procedure without evident com-
plications. Little callus was observed in the distraction
gaps immediately after the distraction phase in both the
PBS and MSC-Exos groups. New calluses formed from the
proximal and distal osteotomy ends to the center of the dis-
traction gaps. In both groups, mineralized callus formation
increased with the time. More calluses were observed in
the MSC-Exos group when compared with the PBS group
at each time point. Typical radiographs from an MSC-
Exos-treated rat and a PBS-treated rat at 5 weeks after
distraction are shown in Fig. 4. Bone regeneration was
further quantified using micro-CT scan after consolida-
tion for 5 weeks. Representative 3D reconstructions of the
distracted tibias are shown in Fig. 5a. Both the values of
BV/TV and BMD in MSC-Exos group were significantly
higher than that of the PBS group (P <0.01) (Fig. 5b, c).



Exosomes Secreted by Young Mesenchymal Stem Cells Promote New Bone Formation During Distraction... 513

Fig.2 MSC-Exos promoted the a b3
proliferation and upregulated 2.0 Runx-2 Fkk
the expression of osteogenic o # g
genes in older BMSCs. a The - ®
CCK-8 assay demonstrated g 154 3 1x10%mL # 8 2-
that MSC-Exos significantly 3 Bl 5x10°mL * s
promoted the proliferation of s Bl 1x10"°/mL u’j
BMSCs in a dose-dependent o 1.0 # o
manner. b—d Expression of t—:‘: *k 2 14 s d
Runx2, ALP, and OCN in older > E
BMSCs treated with MSC-Exos A 0.54 &>
or PBS by qRT-PCR. *P<0.05, o
1P <0.01, P <0.001, _D_D,I_. 0 .
#P <0.001 0.0- T T N
1d 3d 5d Control MSC-Exos
(o] 4 d 2.0
c | ALP ** c OCN
Re] 2
n 34 n 1.54
("] ()
(4] (]
& & T
o 24 a5 1.0
o o
2 2
- =)
£ 14 T 8 0.5
Q Q
(14 (14
0 T 0.0 T
Control MSC-Exos Control MSC-Exos
Mechanical Test DO relies on the recruitment of MSCs to the distraction

Both the values of ultimate load and energy to failure in
the MSC-Exos group showed significant improvement
when compared with the PBS group (P <0.05) (Fig. 6).

Histological Analyses

The results of HE and Masson’s trisome staining of the dis-
traction regenerates demonstrated that the distraction gaps
consisted of various amounts of fibrous tissues, cartilaginous
tissues, and newly formed calluses. New calluses formed
from the proximal and distal osteotomy ends to the center of
the distraction gaps. The middle distraction gaps in the PBS
groups were collected mainly by fibrous and cartilaginous
tissues, while the distraction gaps in the MSC-Exos group
were bridged by newly formed calluses (Fig. 7).

Discussion

This study first explored the therapeutic effects of MSC-
Exos on new bone formation during DO in older rats. We
found that MSCs-Exos could enhance the proliferation and
osteogenic capacity of older BMSCs in vitro. Furthermore,
local injection of MSC-Exos significantly promoted new
bone formation in the distraction gaps in vivo.

gap, where they promote new bone formation through pro-
liferating and differentiating into osteoblasts [30]. Increasing
evidences demonstrate that transplantation of MSCs notably
accelerates the DO process [12]. MSCs from bone marrow,
adipose tissue, and even exfoliated deciduous teeth had posi-
tive effects on DO bone formation in various animal models.
However, little attention has been paid to the enhancement
of bone regeneration in older rats. According to a previous
study, the engraftment and differentiation of transplanted
MSCs may be compromised in aged rats [15].

Recent studies have revealed that the main beneficial
effects of stem cells are attributed to their paracrine actions
[31, 32]. We therefore evaluated the effects of young MSC-
Exos on new bone formation during DO in older rats. The
levels of pro-osteogenic and pro-angiogenic factors was
maximal at the distraction phase and decreased in the
consolidation phase [33]; the expression of growth factor
receptors was highest at the beginning of the consolida-
tion phase [34]. For the above reasons, the first injection of
MSC-Exos was performed immediately after the distraction
phase in this study. The in vivo distribution of DiR-labeled
MSC-Exos indicated that most exosomes could remain
in the distraction gaps after injection for 1 week (Online
Resource 1). Since stromal cell-derived factor-1 (SDF-1)
is highly expressed after distraction and MSC-Exos could
express CXCRA4, the specific receptor of SDF-1 [28], the
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Fig.3 MSC-Exos enhanced the a 0
osteogenic differentiation of
older BMSCs. a Typical ALP
staining at day 7 for ALP activ-
ity and ARS staining at day 21
for calcium mineral deposition
in older BMSC:s treated with
PBS or MSC-Exos. b, ¢ Quan-
titative analysis of ALP activity
and calcium mineral deposi-
tion. *P <0.05, **P<0.01,
*#%P <0.001
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Fig.4 X-ray images of the distraction regenerates from the PBS and MSC-Exos groups after consolidation for 5 weeks

recruitment of MSC-Exos in the distraction gaps may be
mediated through the SDF-1/CXCR4 axis.

The weekly X-ray images indicated accelerated rate of
mineralized callus formation in the MSC-Exos group. At
consolidation for 5 weeks, both the values of BV/TV and
BMD increased significantly after MSC-Exos treatment,
suggesting better quality and quantity of bone regeneration
in the MSC-Exos group. Furthermore, MSC-Exos treat-
ment also improved the mechanical properties (ultimate
load and energy to failure) of the distraction regenerates,
which are key parameters for removal of external fixators.
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All together, the in vivo results demonstrated that MSC-
Exos could significantly accelerate new bone formation dur-
ing DO in older rats. In a prominent research by Aronson
[9], exogenous fibroblast growth factor-2 could reverse the
endosteal bone formation during DO in old rats. However,
clinical application of fibroblast growth factor may be hin-
dered by the rapid clearance and short resident time in tis-
sues [35, 36]. Secretome from human fetal MSCs have been
reported to enhance the proliferation and osteogenic differ-
entiation of human adult MSCs in vitro, and improve bone
consolidation in a rat DO model [37, 38]. The differences in
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Fig.5 MSC-Exos accelerated
new bone formation during
distraction osteogenesis in older
rats. a Representative 3D micro-
CT images of the distraction
regenerates after consolidation
for 5 weeks indicated more
mineralized callus in the MSC-
Exos group. b, ¢ Quantitative
analysis of the micro-CT data
demonstrated that MSC-Exos
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bioactive contents and beneficial effects between exosomes
and secretome from MSCs should be compared in future
researches.

Since BMSCs are critical in bone regeneration and the
function of BMSCs is compromised in aged rats [10, 11,
39], we further explored the effects of MSC-Exos on the
proliferation and differentiation of older BMSCs in vitro.
The results showed that MSC-Exos markedly enhanced the
proliferation and osteogenic capacity of BMSCs. In addition,
MSC-Exos have also been reported to stimulate angiogen-
esis [40], which is closely coupled with osteogenesis during
DO [41, 42].

Advantages of MSC-Exos in promoting DO bone regen-
eration include the following: (1) MSC-Exos are stable
under physiological conditions when compared with biologi-
cal factors; (2) MSC-Exos can avoid the inherent limitations

MSC-Exos

PéS MSC-Exos

of stem cell therapies including possible immune response
and malignant transformation; and (3) MSC-Exos are prom-
ising carriers for drug delivery [43].

There are limitations with this study. First, the precise
mechanism of MSC-Exos in promoting bone regeneration
remains unclear. MSC-Exos have been reported to exert the
function through transferring various bioactive constituents
including proteins and RNAs. Hence, the therapeutic effects
may be mediated through multiple mechanisms. Second, the
effects of MSCs and MSC-Exos are not compared directly.

In summary, this study demonstrate that MSC-Exos pro-
mote new bone formation during DO in older rats at least in
part by enhancing the proliferation and osteogenic differen-
tiation of older BMSCs. These findings suggest MSC-Exos
as a promising therapy to short the treatment duration of DO,
especially in older patients.
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a,_____ Control

Fig.7 Representative histological staining of the middle distracted
regenerates from two groups after consolidation for 5 weeks. The
H&E (a) and Masson’s trisome (b) staining showed newly formed
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