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1. Introduction cal
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Mesenchymal stem/stromal cells (MSCs) are known to be useful for treating local bone diseases. However, it is not known if MSCs
are effective for treating systemic bone diseases, as the risk for mortality following intravenous MSC administration has hindered
research progress. In this study, we compared the safety and efficacy of intra-bone marrow and intravenous administration of MSCs
for the treatment of ovariectomy- (OVX-) induced osteoporosis. Cells capable of forming bone were isolated from the murine
compact bones and expanded in culture. Relatively pure MSCs possessing increased potential for cell proliferation, osteogenic
differentiation, and inhibition of osteoclastogenesis were obtained by magnetic-activated cell sorting with the anti-Sca-1
antibody. Sca-1-sorted MSCs were administered to OVX mice, which were sacrificed 1 month later. We observed that 22% of
the mice died after intravenous administration, whereas none of the mice died after intra-bone marrow administration. With
respect to efficacy, intravenous administration improved bone mineral density (BMD) by increasing bone mineral content
without affecting bone thickness, whereas intra-bone marrow administration improved BMD by increasing both bone mineral
content and bone thickness. These results indicate that intra-bone marrow administration of pure MSCs is a safer and more
effective approach for treating osteoporosis.

disorders such as graft-versus-host disease [3].
Therefore, MSCs are considered therapeutically useful cells,

Mesenchymal stem/stromal cells (MSCs) have attracted
much interest as potent somatic stem cells for use in
regenerative medicine in various tissues/organs because of
their ability to differentiate into multiple lineages (osteo-
genic, chondrogenic, adipogenic, myogenic, and neurogenic)
[1, 2]. MSCs have recently gained attention as immunosup-
pressive cells that may be effective for treating immunologi-

and their clinical use is expected to increase in the future.
Because MSCs were originally identified as osteogenic
stem/progenitor cells [4], potential therapeutic applications
for bone tissue treatment have been extensively studied [5, 6].
Bone tissue engineering is the most successful application of
MSCs, and transplantation of MSCs on scaffolds repairs bone
defects more efficiently than artificial bone substitutes or
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even autologous bone grafting [5]. Accordingly, MSCs may
also be applicable for treating systemic bone diseases such
as osteoporosis.

In osteoporosis, the bone becomes porous and fragile
because of an imbalance between bone formation and resorp-
tion [7, 8]. As osteoporosis is associated with aging and men-
opause, the number of osteoporosis patients is predicted to
increase further as life expectancy increases. Therefore, the
prevention and treatment of osteoporosis are of tremendous
importance for achieving better health and longevity. Bis-
phosphonate (BP), which increases bone mineral density
(BMD) by inducing apoptosis of osteoclasts, is currently used
as the first-line therapy for the treatment of osteoporosis.
However, long-term BP treatment causes severe suppression
of bone turnover, which paradoxically increases fracture risks
[7, 8]. In addition, BP-related osteonecrosis of the jaw
(BRONY)) is a severe side effect of BP [7, 8]. For these reasons,
there is a growing safety concern about BP treatment and the
development of new osteoporosis treatments is needed.

Systemic administration of MSCs represents a new
approach for treating osteoporosis [9], although only a lim-
ited number of studies have investigated its therapeutic effect
in osteoporosis [9, 10]. Administration via the intravenous
route, the most popular route of systemic administration,
often leads to lethal pulmonary thromboembolism, which
has hindered research progress [11]. Therefore, identification
of a safe route for systemic administration of MSCs is impor-
tant. A previous study reported that senile osteoporosis in
SAMP6 (senescence-accelerated mouse prone 6) mice was
successfully treated with bone marrow transplantation
(intra-bone marrow injection of allogenic bone marrow cells)
after irradiation [12]. Although treating osteoporosis with
bone marrow transplantation is unrealistic, this study
showed that MSCs, as well as hematolymphoid cells, could
be efficiently transplanted by intra-bone marrow injection.
Because intra-bone marrow injection has a low risk of pul-
monary thromboembolism, we hypothesized that MSCs
could be safely and more efficiently transplanted using this
technique. Accordingly, we compared the safety and efficacy
of intra-bone marrow and intravenous administration of
MSCs for the treatment of ovariectomy- (OVX-) induced
osteoporosis in mice.

2. Materials and Methods

2.1. Mice. Seven-week-old BALB/c mice (male and female)
and 6-week-old BALB/CAJcl-nu/nu mice (female) were
purchased from Clea Japan, Inc. (Tokyo, Japan). All exper-
iments were approved by the Animal Ethics Screening
Committee of the Institute of Medical Science, University
of Tokyo.

2.2. Cryopreservation of Bone Marrow Cells and Cultivation
of Compact Bone-Derived MSCs. After an intraperitoneal
overdose administration of pentobarbital sodium, the femurs
and tibiae of male mice were carefully dissected, and their
epiphyses were removed. The bone marrow was then flushed
out, collected in 50 mL centrifuge tubes (Becton Dickinson,
Pharmingen, Franklin Lakes, NJ, USA), and centrifuged at
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440 x g for 5min at 4°C. After discarding the supernatants,
bone marrow cells were suspended in 1mL cell freezing
medium (Bambanker™, NIPPON Genetics Co., Ltd., Tokyo,
Japan) and cryopreserved at —80°C. In parallel, the bone
cavities were washed thoroughly by drawing and expelling
with a syringe. Thereafter, compact bones were cut into 0.5
to 1mm’® sections, suspended in Dulbecco’s phosphate-
buffered saline (DPBS; Nissui Pharmaceutical Co., Ltd,,
Tokyo, Japan) containing 20% fetal bovine serum (FBS;
JRS, Woodland, CA, USA) in the presence of 0.25% collage-
nase (Wako Pure Chemical Industries, Ltd., Osaka, Japan) in
50 mL centrifuge tubes, and incubated for 45min at 37°C
with shaking at 200 rpm. The tubes were then centrifuged
at 440 x g for 5min at 4°C, and the supernatants were
discarded. The bone fragments (released cells and the bone
sections) were suspended in serum-containing medium
(a-MEM; Wako Pure Chemical Industries, Ltd.) supple-
mented with 10% FBS and antibiotics/antimycotics and
recentrifuged under the same conditions. After discarding
the supernatants, the bone fragments were resuspended
in cell growth medium (serum-containing medium supple-
mented with 1ng/mL basic fibroblast growth factor;
Sigma-Aldrich, St. Louis, MO, USA), plated in 100 mm tissue
culture dishes (TPP Techno Plastic Products AG, Trasadin-
gen, Switzerland), and maintained in a 37°C, 5% CO, incuba-
tor. After 1 week of culture without changing the medium,
adherent cells (MSCs) were harvested with 0.05% trypsin-
EDTA (Invitrogen, Carlsbad, CA, USA) and passaged at a
density of 5x 10° cells per dish. MSCs were then cultured
in the incubator until 80% confluent with a complete
medium change twice a week.

2.3. Transplantation Experiment with Compact Bone-Derived
MSCs. Because the ability to form bone in vivo is an impor-
tant characteristic of MSCs, a transplantation experiment
was performed. Compact bone-derived cells at passage 1
(2.5x10° cells) were mixed with 25mg p-tricalcium
phosphate (-TCP) granules (G1 type OSferion®; generously
provided by Olympus Terumo Biomaterials, Tokyo, Japan)
in a 14 mL polypropylene tube (Becton Dickinson) contain-
ing serum-containing medium. The next day, the culture
medium was replaced with osteogenic induction medium
(serum-containing medium with 10nM dexamethasone
(Sigma-Aldrich), 100 M ascorbic acid (Wako Pure Chemi-
cal Industries, Ltd.), 10 mM glycerol 2-phosphate disodium
salt hydrate (B-glycerophosphate, Sigma-Aldrich), and
100ng/mL recombinant human bone morphogenetic
protein-2 (PeproTech, Rocky Hill, NJ, USA)). The culture
medium was replaced with fresh medium on day 4. On day
7, after careful removal of the supernatant, 100 uL of
10mg/mL fibrinogen solution (bovine plasma fibrinogen
(F8630, Sigma-Aldrich)) and 5uL of 100 U/mL thrombin
solution (bovine plasma thrombin (T9549, Sigma-Aldrich))
were added to the cell-3-TCP mixtures to form a fibrin clot.
Thereafter, each clotted cell mixture was transplanted into a
subcutaneous space on the back of BALB/CAJcl-nu/nu mice
anesthetized with pentobarbital sodium. Transplants were
harvested 3 months after the operation and fixed in 10% buff-
ered formalin, decalcified in Kalkitox® (Wako Pure Chemical
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Industries, Ltd.), and embedded in paraffin. Five-micrometer
thick sections were cut and subsequently stained with hema-
toxylin and eosin.

2.4. Flow Cytometric Analysis. The expression of cell surface
markers was analyzed with a FACS Aria flow cytometer
(Becton Dickinson). Fluorescein isothiocyanate- (FITC-)
conjugated, phycoerythrin-conjugated, allophycocyanin-
conjugated, or peridinin-chlorophyll proteins with cyanine
dye-conjugated antibodies targeted to CDI11b, CD45,
CD29, and Sca-1 (all from BioLegend, San Diego, CA,
USA) were used for the analyses. First passage cells were
detached with trypsin-EDTA, and 1 x 10° cells were resus-
pended in 50 uL ice-cold DPBS. Cells were then incubated
with individual antibodies for 20 min on ice. Thereafter,
cells were washed, resuspended in 200 uL ice-cold DPBS,
stained with propidium iodide, and analyzed. Data analysis
was performed using FlowJo software (TreeStar, Inc., San
Carlos, CA, USA).

2.5. Magnetic-Activated Cell Sorting (MACS) of Sca-1" MSCs
and CFU-f Assays. To isolate Sca-1" MSCs, first passage cells
were subjected to MACS using a MiniMACS Separator and
MS columns (Miltenyi Biotec Inc., Bergisch Gladbach,
Germany) according to the manufacturer’s protocol. Cells
were suspended in MACS buffer (DPBS containing 0.5%
bovine serum albumin (Iwai Chemicals Company, Tokyo,
Japan) and 2mM EDTA (Invitrogen)) and filtered through
a 70 pum cell strainer (Becton Dickinson). After centrifuga-
tion at 300 x g for 10 min at 4°C, the supernatants were dis-
carded, and the cells were resuspended in 40 uL MACS
buffer. The cells were then incubated with 10 yL anti-Sca-1-
biotin antibody (Miltenyi Biotec Inc.) for 10 min at 4°C. After
incubation, the cells were washed by adding 2mL MACS
buffer and centrifuging at 300 x g for 10 min at 4°C. The cells
were then resuspended in 100 yL MACS buffer and incu-
bated with 20 uL anti-biotin MicroBeads (Miltenyi Biotec
Inc.) for 15 min at 4°C. Thereafter, cells were washed by add-
ing 2 mL MACS buffer and centrifuging at 300 x g for 10 min
at 4°C. The cells were subsequently resuspended in 500 uL
MACS buffer and loaded onto columns that were surrounded
by a magnetic field. After removal of unlabeled cells by
repeated washing of the columns, Sca-1" MSCs trapped in
the columns were collected in 50 mL tubes and centrifuged
at 440 x g for 5min at 4°C. Finally, cells were suspended in
cell growth medium, plated in 100 mm tissue culture dishes
at a density of 5 x 10° cells per dish, and cultured until 80%
confluent with a complete medium change twice a week.
Simultaneously, the formation of colony-forming unit for
fibroblasts (CFU-f) associated to the clonogenicity and stem
cell activity was assessed on the nonsorted MSCs, Sca-1
MSCs, and Sca-1" MSCs, respectively. These 3 groups of
MSCs were resuspended in serum-containing medium sup-
plemented with 10ng/mL basic fibroblast growth factor
(Sigma-Aldrich), plated in 12-well plates at a density of
5x10° cells per well or 1 x 10* cells per well, and maintained
in a 37°C, 5% CO, incubator. After 14 weeks, cultures were
washed 3 times with DPBS and then the colonies were
stained with 0.5% crystal violet solution in methanol. Two

examiners independently counted the colonies with 50 or
more cells as CFU-fs in a blinded manner, and the per-
centage of stained area was analyzed by Image] software
in 3 wells/specimen at each density of seeded cells, 3 speci-
mens in each group.

2.6. Fluorescence Immunostaining of Sca-1. Sca-1-sorted
MSCs were fixed with 4% paraformaldehyde, washed three
times with DPBS, and treated with 100 mM glycine buffer.
The cells were washed again three times and incubated with
biotinylated antibodies against Sca-1 (1:200; BioLegend) at
4°C overnight. The next day, cells were rewashed three
times and incubated with a streptavidin-FITC conjugate
(1:800; BioLegend) for 20 min at room temperature. After
three washes with DPBS, cells were counterstained with
Vectashield mounting medium containing DAPI (Vector
Laboratories Inc., Burlingame, CA, USA) and observed
under a fluorescence microscope (Axio Observer Z-1 with
an AxioCam HRm camera and AxioVision software (Carl
Zeiss Japan, Tokyo, Japan)).

2.7. Analyses of Cell Proliferation and Osteogenic
Differentiation Abilities. The potential for cell proliferation
and osteogenic differentiation was analyzed as described else-
where [13]. Nonsorted or Sca-1-sorted MSCs at passage 2
were plated into 24-well plates at a density of 2 x 10* cells
per well in serum-containing medium. The next day, cells
were fed with noninduction medium (serum-containing
medium) or osteogenic induction medium. The culture
medium was replaced with fresh medium on day 4. On
day 7, cell counting and quantitative alkaline phosphatase
(ALP) assays were performed using a commercially avail-
able p-nitrophenyl phosphate tablet set (Sigma-Aldrich)
and a cell counting kit-8 (WST-8®; Dojindo, Kumamoto,
Japan). Briefly, 50 L. WST-8 was added to each well con-
taining 0.5mL fresh medium and incubated for 60 min,
and absorbance was read at 450 nm to assess cell numbers.
After WST-8 analysis, each well was washed twice with
DPBS, and 400 uL p-nitrophenyl phosphate solution was
added to each well. After incubation for 10min at 37°C,
the conversion to p-nitrophenol was stopped with 400 uL
3N NaOH, and the absorbance of p-nitrophenol was mea-
sured at 405nm. ALP activity was expressed as p-nitrophe-
nol absorbance (PNP (OD))/WST-8 absorbance (WST-
8(0OD)).

2.8. Analyses of Osteoclastogenesis Inhibition Potential. The
potential to inhibit osteoclastogenesis was analyzed using a
coculture assay. Cryopreserved bone marrow cells (BMCs)
were thawed, suspended in serum-containing medium, and
centrifuged at 440 x g for 5min at 4°C. After discarding the
supernatants, BMCs were resuspended in serum-containing
medium, and the number of viable cells was counted using
a Countess® Automated Cell Counter (Invitrogen) with fixed
settings (sensitivity: 2; size gating: 10-60 um; circularity:
85%). BMCs were then seeded in the lower wells of 24-well
plates (Becton Dickinson) at a density of 5 x 10* cells per
well, and a cell culture insert with 0.4 ym diameter pores
(Becton Dickinson) was placed in each well. Thereafter,



nonsorted or Sca-1-sorted MSCs at passage 3 were seeded
onto the cell culture inserts (the upper wells) of 24-well plates
at a density of 2x 10* cells per well in serum-containing
medium. Wells containing no cell culture inserts (no upper
wells) were prepared as a control. The next day, 0.5 mL com-
mercially available Mouse Osteoclast Culture Medium con-
taining 50 ng/mL macrophage colony-stimulating factor
(M-CSF) and 50 ng/mL receptor activator of nuclear factor
kappa-B ligand (RANKL) (Primary Cell, Hokkaido, Japan)
was added to the lower wells, and 0.5 mL serum-containing
medium was added to the upper wells. The culture medium
was replaced with fresh medium on day 4. On day 7, the
supernatant in each well was collected and cryopreserved at
—-80°C for enzyme-linked immunosorbent assays (ELISA),
and the plates were subjected to Tartrate-Resistant Acid
Phosphatase (TRAP) staining.

2.9. TRAP Staining. TRAP staining was performed on day 7
of the coculture assays. After removing the cell culture
inserts, the 24-well plates were washed once with DPBS and
fixed with 4% paraformaldehyde for 5min at room tem-
perature. The plates were then washed three times with
DPBS, and TRAP staining buffer from a commercially
available kit (Primary Cell) was added to each well. After
incubation for 30 min at 37°C, the plates were washed with
distilled water to stop the reactions. The number of osteo-
clasts (TRAP-positive cells with >3 nuclei) in each well
(cells/cm®) was assessed. The percentage of osteoclastogen-
esis inhibition (100 - (osteoclast number in experimental
group/osteoclast number in control group) x 100) was sub-
sequently calculated.

2.10. ELISA. The concentrations of osteoprotegerin (OPG),
M-CSF, and RANKL in the supernatants of coculture assays
were analyzed with commercially available ELISA Kkits
(R&D Systems, Inc., Minneapolis, MN, USA) according
to the manufacturer’s protocol.

2.11. Systemic Administration of MSCs to OVX Mice. Synge-
neic 7-week-old female mice underwent bilateral OVX or
sham operation (Sham) under general anesthesia with
pentobarbital sodium. OVX mice were divided into three
groups as follows: OVX (control; no MSCs), OVX+Sca-1-
iv (intravenous administration of Sca-1-sorted MSCs),
and OVX+Sca-1-ib (intra-bone marrow administration
of Sca-1-sorted MSCs). Intravenous administration was
performed by injecting 5x10°> Sca-1-sorted MSCs in
100 uL saline into a tail vein 2 months after OVX.
Intra-bone marrow administration was performed by
injecting 5 x 10° cells in 20 L saline into the bone marrow
cavity of the left tibia 2 months after OVX, as described else-
where [11]. At 19 weeks of age (3 months after OVX), the
mice were sacrificed and the right femurs were dissected,
fixed in 70% ethanol, and subjected to micro computed
tomography (Micro-CT) (Scan Xmate-L090; Comscantecno
Co., Ltd., Kanagawa, Japan) and dual-energy X-ray absorpti-
ometry (DEXA) (DCS-600EX-IIIR; Hitachi Aloka Medical,
Ltd., Tokyo, Japan) analyses.
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2.12. Statistical Analysis. Data are presented as the
mean + standard deviation. Two group comparisons were
analyzed with the Student ¢-test. For multiple comparisons,
data were analyzed with a one-way analysis of variance with
post hoc comparison. Differences were considered statisti-
cally significant when P < 0.01 or P < 0.05.

3. Results

3.1. Characteristics of Compact Bone MSCs. To investigate
whether compact bone-derived cells are actually MSCs, the
in vivo bone-forming ability, which is an important charac-
teristic of MSCs, was analyzed with the transplantation
experiment. Extensive new bone formation was observed in
the transplants harvested after 3 months (Figure 1(a)). A
higher magnification image is shown in Figure 1(b). Based
on these results, compact bone-derived cells were used as
MSCs in subsequent experiments. Although MSCs are com-
prised of a heterogeneous mixture of various cell populations
including stem cells [11, 13], multipotent MSCs (i.e., rela-
tively pure MSCs) in mice express CD29 and Sca-1 but not
CD11b or CD45 [11, 13, 14]. Accordingly, we performed
flow cytometric analyses of these cell surface markers in com-
pact bone-derived MSCs. About 15% of the cells expressed
CD11b, about 3% of the cells expressed CD45, almost 100%
of the cells expressed CD29, and about 38% of the cells
expressed Sca-1 (Figure 1(c)). Because CD11b and CD45
are markers of hematopoietic cells, we subsequently analyzed
the expression of CD29 and Sca-1 in nonhematopoietic cell
populations of compact bone-derived MSCs. As shown in
Figure 1(d), almost 100% of nonhematopoietic cells
(CD11b", CD45" cells) were positive for CD29, and about
38% were positive for Sca-1, indicating that almost all
Sca-1" cells were relatively pure MSCs (CD11b~, CD457,
CD29", and Sca-1") (Figure 1(d)).

3.2. Characteristics of Sca-1-Sorted MSCs. Accordingly,
magnetic-activated cell sorting (MACS) of Sca-1" cells was
performed to obtain relatively pure MSCs. Fluorescent
immunostaining of Sca-1-sorted MSCs showed that almost
all of the cells were positive for Sca-1 (Figure 2(a)). Moreover,
regarding the clonogenicity and stem cell activity of Sca-1-
sorted (Sca-1%) MSCs, these cell populations increased the
number of CFU-f and its positive area significantly compared
with nonsorted MSCs or Sca-17 MSCs (Supplemental
Figure 1(a)-(c)). Then, cell proliferation and ALP
activity were quantitatively analyzed after 1 week of
culture in noninduction medium or osteogenic induction
medium. Sca-1-sorted MSCs showed higher cell numbers
in both noninduction and osteogenic induction medium
than nonsorted MSCs (Figure 2(b)). ALP activity was
also greater in Sca-1-sorted MSCs in both noninduction
and osteogenic induction medium (Figure 2(c)). These
results indicate that Sca-1-sorted MSCs were relatively
pure with superior growth and osteogenic differentiation
abilities. Subsequently, the ability of nonsorted or Sca-1-
sorted MSCs to inhibit osteoclastogenesis was analyzed
using a coculture assay, as described in the schematic
(Figure 2(d)).
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FiGure 1: The characteristics of compact bone-derived MSCs. (a) Extensive new areas of bone formation were observed following MSC
transplantation. (b) Higher magnification of the boxed area in (a). (c) Cell surface expression of CD11b, CD45, CD29, and Sca-1. (d)
Expression of CD29 and Sca-1 in the nonhematopoietic cell population (CD11b™ and CD45"7).

After 1 week of culture, the supernatant from each well
was collected for ELISA, and the plates were subjected to
TRAP staining. TRAP-positive cells with >3 nuclei were
counted as osteoclasts (Figure 2(e)), and the percentage of
inhibition of osteoclastogenesis was calculated. As shown in
Figure 2(f), the percentage of osteoclastogenesis inhibition
was higher in Sca-1-sorted MSCs, although the difference
was not statistically significant. ELISA for osteoprotegerin
(OPG), macrophage colony-stimulating factor (M-CSF),

and receptor activator of nuclear factor kappa-B ligand
(RANKL) showed that Sca-1-sorted MSCs actively released
the osteoclastogenesis inhibitory factor OPG; however, little
or no release of the osteoclastogenesis promoting factors
M-CSF and RANKL was observed (Figures 3(a)-3(c)). These
results indicate that compared to nonsorted MSCs, Sca-1-
sorted MSCs possessed a greater ability to inhibit osteo-
clastogenesis in addition to their superior growth and dif-
ferentiation abilities.



Stem Cells International

ALP activity

Cell number

(n=3)

Kk

WST-8
(OD)

ok

=

PNP (OD)/
WST-8 (OD)

100 pm

Non-induction Osteogenic induction
medium medium

® Non-sorted MSCs

Non-induction Osteogenic induction
medium medium

B Non-sorted MSCs

()

Control

24 well plate

OC medium
BMCs

Cell culture
insert

aMEM
Non-sorted or
Sca-1-sorted
MSCs

OC medium

(d)

B Sca-1-sorted MSCs
(b)

(e)

(%)

B Sca-1-sorted MSCs
(©
Percentage of
osteoclastogenesis-
inhibition
401 (n=3)
35 1
30 1
25 1
20 1
15 A
10 A

i

5 4

Non-sorted Sca-1-sorted
MSCs in the MSCs in the
upper wells upper wells

M Non-sorted MSCs
M Sca-1-sorted MSCs

®

FI1GURE 2: The characteristics of Sca-1-sorted MSCs. (a) Fluorescence immunostaining of Sca-1. (b) Cell number analysis after 1 week of
culture. (c) ALP assay after 1 week of culture. (d) A schematic of the coculture assay to assess the ability of nonsorted or Sca-1-sorted
MSC:s to inhibit osteoclastogenesis. BMC: bone marrow cells; OC: osteoclasts. (e) After 1 week of coculture, the lower wells were subjected
to TRAP staining. Arrows indicate osteoclasts. (f) The percentage of osteoclastogenesis inhibition was greater with Sca-1-sorted MSCs,
although the difference was not statistically significant. *P < 0.05. **P < 0.01.

RANKL concentration
in the supernatants
OPG concentration M-CSF concentration (pg/mL)
in the supernatants in the supernatants (n=3)
(pg/mL) - (pg/mL) 6000 7
(n=3) (n=3) " 5000 A
2500 1000 4000
2000 750
1500 g 3 s 3000 A
193 500 0 1=
1000 2 & 2 2000 -
500 E 250 E 2 1000
0 - T T 0 - T T -—\ 0 - : : ,
The lower The lower The upper The lower  Thelower The upper Thelower The lower The upper
well of the  well of the well of the well of the  well of the ~ well of the well of the well of the well of the
control  co-culture co-culture control  co-culture co-culture control  co-culture co-culture
(a) (®) (©

F1GURE 3: The supernatant collected from each well of the coculture experiment was subjected to ELISA for OPG (a), M-CSF (b),and RANKL (c).



Stem Cells International

1.9

OVX+Sca-1-ib

(mg)

0.3

Bone mineral content

(a)

Cross-sectional bone area

(bone thickness)
0.037 A
—~ 0.032
g
A
0.027 A
0.022 - T T T T T T T T T T T T T
1 2 3 45 6 7 8 91011 12 13 14 15 16 17 18 19 20
distal proximal
Sham OVX+Sca-1-iv
OvVX —o— OVX+Sca-1-ib

(0

1 2 3 45 6 7 8 91011 1213 14 1516 17 18 19 20

distal proximal

Sham
OvVX

OVX+Sca-1-iv
—— OVX+Sca-1-ib

(®)
Bone mineral density
55.04
50.04
45.0
40.0

35.04

(mg/ sz)

30.0 ;
2504 7

20.0 4

15.0

1 2 3 45 6 7 8 9 1011 12 13 14 15 16 17 18 19 20
distal

Sham
ovX

proximal

OVX+Sca-1-iv
—o— OVX+Sca-1-ib

(d)
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3.3. Effects of Systemic Administration of Sca-1-Sorted MSCs
in OVX Mice. To investigate the potential application for
treating osteoporosis, Sca-1-sorted MSCs were systemically
administered to OVX mice 2 months after OVX vig an intra-
venous or intra-bone marrow route (OVX+Sca-1-iv or OVX
+Sca-1-ib mice, respectively). One month after cell adminis-
tration, the mice were sacrificed for analysis. Sham-operated
(Sham) mice and OVX mice without treatment were also
analyzed. Two of the OVX+Sca-1-iv mice died shortly after
cell administration due to pulmonary embolism, resulting
in a mortality rate of 22%. Conversely, all OVX+Sca-1-ib

mice survived until the end of the experiment, indicating that
the intra-bone marrow route is a safer approach for adminis-
tering MSCs. Because both Sham and OVX mice showed a
100% survival rate, the final number of mice in each group
was as follows: Sham (6/6), OVX (6/6), OVX+Sca-1-iv
(719), and OVX+Sca-1-ib (7/7). Micro-CT analyses of right
femurs showed that OVX mice developed osteoporosis due
to accelerated trabecular bone resorption (Figure 4(a)).
Although both OVX+Sca-1-iv and OVX+Sca-1-ib mice also
showed lower amounts of trabecular bone than Sham mice,
their bone conditions appeared better than those of OVX



mice (Figure 4(a)). Accordingly, we subsequently performed
dual-energy X-ray absorptiometry (DEXA) analyses (slice
thickness: 1 mm; speed: 12.5 mm/s; from distal to proximal)
to quantitate the changes in bone mineral content, cross-
sectional bone area (bone thickness), and bone mineral den-
sity (BMD). Compared with OVX mice, OVX+Sca-1-iv mice
showed slightly higher bone mineral content from slice-
points 1 to 5 and comparable mineral content from slice-
point 6 onward, whereas OVX+Sca-1-ib mice showed higher
mineral content in all slice-points (Figure 4(b)). Thus, both
intravenous and intra-bone marrow administration of Sca-
1-sorted MSCs increased femoral bone mineral content,
although intra-bone marrow administration was more
effective. Analyses of bone thickness also indicated that
intra-bone marrow administration was more effective.
OVX+Sca-1-iv mice showed comparable bone thickness
from slice-points 1 to 10 and lower bone thickness from
slice-point 11 onward, whereas OVX+Sca-1-ib mice showed
greater bone thickness in all slice-points compared with
OVX mice (Figure 4(c)). As for BMD, both OVX+Sca-1-
iv and OVX+Sca-1-ib mice showed greater values than
OVX mice at all slice-points, although their BMDs were
still lower than those of Sham mice from slice-points 1 to
7 (Figure 4(d)).

4. Discussion

This study examined the safety and efficacy of intra-bone
marrow administration of pure MSCs for the treatment of
OVX-induced osteoporosis in mice. Our outcomes were
(1) Sca-1-sorted MSCs possessed greater potential for cell
proliferation, osteogenic differentiation, and osteoclastogen-
esis inhibition, (2) intra-bone marrow administration was
safer than intravenous administration for MSC transplanta-
tion, and (3) intra-bone marrow administration of Sca-1-
sorted MSCs improved BMD by increasing both bone
mineral content and bone thickness. These outcomes sug-
gest that delivery of pure MSCs via the intra-bone marrow
route is a promising treatment strategy for osteoporosis.
Regarding the first outcome, an ideal osteoporosis ther-
apy should have both anabolic and antiresorptive effects
because osteoporosis is caused by an imbalance between
bone formation and resorption. Therefore, we investigated
whether pure MSCs exhibit superior characteristics in both
anabolic and antiresorptive effects in vitro. BP therapy, the
current first-line therapy for osteoporosis, produces only
the antiresorptive effect. Thus, long-term use of BP leads
to severe suppression of bone turnover, which paradoxically
increases fracture risks [7, 8] and may also lead to serious
side effects, such as BRONJ or atypical femoral fractures
[15-17]. In contrast, parathyroid hormone (PTH) therapy
only produces the anabolic effect. As PTH does not affect
osteoclast activity, abrupt termination of PTH leads to a
rapid decline in BMD. Unfortunately, the duration of this
therapy is limited to 2 years over a patient’s lifetime and
patients must continue using other osteoporosis therapies
after PTH therapy is no longer available [15]. Therefore,
treatments lacking either anabolic or antiresorptive effects
are associated with severe side effects. Viewed in this light,
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MSCs represent a useful tool for osteoporosis treatment
because both anabolic and antiresorptive effects can be
expected following transplantation of MSCs. In the bone
environment, it is well known that bone marrow MSCs
not only serve as a source of osteoblasts but also support
osteoclast differentiation [14]. More recently, systemic
transplantation of MSCs has been reported to recover the
impaired function of recipient bone marrow MSCs and to
regulate osteogenesis and osteoclastogenesis via IL-17 sup-
pression in a secondary osteoporosis mouse model [18].
Accordingly, Sca-1-sorted MSCs are expected to replicate
this remedy because they possess the ability to inhibit
osteoclastogenesis by releasing OPG in addition to their
abundant ability for osteogenic differentiation, compared
with nonsorted MSCs.

With regard to in vivo outcomes, the mechanism of
BMD improvement was interestingly very different
between OVX+Sca-1-ib and OVX+Sca-1-iv mice, although
BMD was comparable at all slice-points. As mentioned
above, the improvement in BMD in OVX+Sca-1-iv mice
was due to an increase in bone mineral content without
any obvious change in bone thickness, whereas the improve-
ment in OVX+Sca-1-ib mice was due to an increase in both
bone mineral content and bone thickness. Therefore, Sca-1-
sorted MSCs improved both the internal and external bone
environment when administered via an intra-bone marrow
route. In previous research, it has been demonstrated that
MSCs from exfoliated deciduous teeth induce activated T-
cell apoptosis in OVX mice via a FasL/Fas pathway when
administered via an intravenous route [19]. Furthermore,
this phenomenon resulted in immune tolerance and led to
reduced osteoclast activation in OVX mice. On the other
hand, it has been shown that bone marrow administration
via an intra-bone marrow route could normalize the imbal-
ance between osteoclastogenesis and osteoblastogenesis by
improving the hematopoietic system as well as the bone mar-
row microenvironment in senile osteoporosis mice (SAMP6
mice) [12]. These facts indicate that the intra-bone marrow
route is more preferable to restore bone marrow function
via the anabolic and antiresorptive effects of administered
MSCs, particularly Sca-1-sorted MSCs. These cells are
expected to display both osteogenic differentiation and inhi-
bition of osteoclastogenesis in in vivo bone environments. In
addition, a large number of intrabone-administered MSCs
should remain in the bone environment, whereas more
than 90% of MSCs become trapped in the lungs and other
tissues when they are infused by intravenous injection
[20]. Furthermore, tibial administration, via the intra-
bone marrow route, has been shown to rapidly accelerate
the proliferation of donor-derived progenitor cells, even in
the bone marrow of noninjected femur [21]. Therefore,
intra-bone marrow administration of Sca-1-sorted MSCs
may be a more focused remedy because Sca-1-sorted
MSCs possess a greater potential for cell proliferation.
Indeed, regarding the clinical use of MSCs, it has been
concerned the function of MSCs declines with age or cul-
ture expansion [22-24]. Such senescent MSCs are known
to show not only the decreased proliferation and differen-
tiation potentials but also the reduced migratory, homing,
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and immune modulation abilities as an explant. From this
aspect, Sca-1 sorting may be beneficial to avoid the
senescent cells and preserve the therapeutic potentials of
MSCs because Sca-1-sorted MSCs displayed the higher
proliferative and clonogenic potentials than those of non-
sorted MSCs.

5. Conclusions

Systemic administration of pure MSCs without senescent
cells is a promising new approach for treating osteoporosis;
however, effective and practical conditions for systemic
administration remain unknown. This study presented that
intra-bone marrow administration may be superior to intra-
venous administration in terms of safety and efficacy for cell
therapy with Sca-1-sorted MSCs. However, further investiga-
tions are required to elucidate the optimal conditions,
because the BMD of mice that received intra-bone marrow
administration (cell number: 5 x 10° cells; frequency: single
administration) was still lower than that of Sham mice.
Administration of adequate cell numbers at an appropriate
frequency will enable further improvements in BMD.
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Sca-1-positive MSCs. (a) Crystal violet staining for CFU-
fs. The density of 5x 103 cells and 1x 104 cells per well
was assessed for each MSC fraction. (b) The total numbers
of CFU-fs. (c) Total CFU-f-positive areas relative to culture
dish area (*P < 0.01). (Supplementary Materials)

References

[1] D.]J. Prockop, “Marrow stromal cells as stem cells for nonhe-
matopoietic tissues,” Science, vol. 276, no. 5309, pp. 71-74,
1997.

[2] A.L Caplan and S. P. Bruder, “Mesenchymal stem cells: build-
ing blocks for molecular medicine in the 21st century,” Trends
in Molecular Medicine, vol. 7, no. 6, pp. 259-264, 2001.

[3] K. Le Blanc and O. Ringdén, “Immunomodulation by mesen-
chymal stem cells and clinical experience,” Journal of Internal
Medicine, vol. 262, no. 5, pp. 509-525, 2007.

[4] A.]. Friedenstein, R. K. Chailakhyan, and U. V. Gerasimov,
“Bone marrow osteogenic stem cells: in vitro cultivation and
transplantation in diffusion chambers,” Cell and Tissue
Kinetics, vol. 20, no. 3, pp. 263-272, 1987.

[5] H.Kagami, H. Agata, and A. Tojo, “Bone marrow stromal cells
(bone marrow-derived multipotent mesenchymal stromal
cells) for bone tissue engineering: basic science to clinical
translation,” The International Journal of Biochemistry & Cell
Biology, vol. 43, no. 3, pp. 286-289, 2011.

[6] A.S. Shekkeris, P. K. Jaiswal, and W. S. Khan, “Clinical appli-
cations of mesenchymal stem cells in the treatment of fracture
non-union and bone defects,” Current Stem Cell Research &
Therapy, vol. 7, no. 2, pp. 127-133, 2012.

[7] Osteoporosis Handout on Healthhttp://www.niams.nih.gov/
HealthInfo/Bone/Osteoporosis/osteoporosis_hoh.asp.

[8] T. D. Rachner, S. Khosla, and L. C. Hofbauer, “Osteoporosis:
now and the future,” The Lancet, vol. 377, no. 9773,
pp. 1276-1287, 2011.

[9] T. Yamaza, Y. Miura, Y. Bi et al.,, “Pharmacologic stem cell
based intervention as a new approach to osteoporosis treat-
ment in rodents,” PLoS One, vol. 3, no. 7, article €2615, 2008.

[10] S. W.Cho, H.J. Sun,]J. Y. Yang et al., “Transplantation of mes-
enchymal stem cells overexpressing RANK-Fc or CXCR4 pre-
vents bone loss in ovariectomized mice,” Molecular Therapy,
vol. 17, no. 11, pp. 1979-1987, 2009.

[11] K. Tatsumi, K. Ohashi, Y. Matsubara et al., “Tissue factor trig-
gers procoagulation in transplanted mesenchymal stem cells
leading to thromboembolism,” Biochemical and Biophysical
Research Communications, vol. 431, no. 2, pp. 203-209, 2013.

[12] K. Takada, M. Inaba, N. Ichioka et al., “Treatment of senile
osteoporosis in SAMP6 mice by intra-bone marrow injection
of allogeneic bone marrow cells,” Stem Cells, vol. 24, no. 2,
pp- 399-405, 2006.

[13] H. Agata, M. Yamazaki, M. Uehara et al., “Characteristic dif-
ferences among osteogenic cell populations of rat bone mar-
row stromal cells isolated from untreated, hemolyzed or
Ficoll-treated marrow,” Cytotherapy, vol. 14, no. 7, pp. 791-
801, 2012.

[14] Y. Tang, X. Wu, W. Lei et al.,, “TGF-fS1-induced migration
of bone mesenchymal stem cells couples bone resorption
with formation,” Nature Medicine, vol. 15, no. 7, pp. 757-
765, 2009.

[15] B. Antebi, G. Pelled, and D. Gazit, “Stem cell therapy for
osteoporosis,” Current Osteoporosis Reports, vol. 12, no. 1,
pp. 41-47, 2014.

[16] R. E. Marx, Y. Sawatari, M. Fortin, and V. Broumand, “Bis-
phosphonate-induced exposed bone (osteonecrosis/osteope-
trosis) of the jaws: risk factors, recognition, prevention, and
treatment,” Journal of Oral and Maxillofacial Surgery, vol. 63,
no. 11, pp. 1567-1575, 2005.

[17] S. Uejima, K. Okada, H. Kagami, A. Taguchi, and M. Ueda,
“Bone marrow stromal cell therapy improves femoral bone
mineral density and mechanical strength in ovariectomized
rats,” Cytotherapy, vol. 10, no. 5, pp. 479-489, 2008.

[18] K. Oshita, K. Yamaoka, N. Udagawa et al., “Human mesenchy-
mal stem cells inhibit osteoclastogenesis through osteoproteg-
erin production,” Arthritis and Rheumatism, vol. 63, no. 6,
pp. 1658-1667, 2011.


http://downloads.hindawi.com/journals/sci/2019/4214281.f1.docx
http://www.niams.nih.gov/HealthInfo/Bone/Osteoporosis/osteoporosis_hoh.asp
http://www.niams.nih.gov/HealthInfo/Bone/Osteoporosis/osteoporosis_hoh.asp

10

(19]

(20]

(21]

(22]

(23]

[24]

L. Wang, S. Liu, Y. Zhao et al., “Osteoblast-induced osteoclast
apoptosis by fas ligand/FAS pathway is required for mainte-
nance of bone mass,” Cell Death and Differentiation, vol. 22,
no. 10, pp. 1654-1664, 2015.

A. De Becker and I. Van Riet, “Homing and migration of mes-
enchymal stromal cells: how to improve the efficacy of cell
therapy?,” World Journal of Stem Cells, vol. 8, no. 3,
pp. 73-87, 2016.

Y. Cui, S. Fu, T. Hou, and X. Wu, “Endothelial progenitor cells
enhance the migration and osteoclastic differentiation of bone
marrow-derived macrophages in vitro and in a mouse femur
fracture model through Talin-1,” Cellular Physiology and
Biochemistry, vol. 49, no. 2, pp. 555-564, 2018.

T. Squillaro, G. Peluso, and U. Galderisi, “Clinical trials with
mesenchymal stem cells: an update,” Cell Transplantation,
vol. 25, no. 5, pp. 829-848, 2016.

V. Turinetto, E. Vitale, and C. Giachino, “Senescence in
human mesenchymal stem cells: functional changes and impli-
cations in stem cell-based therapy,” International Journal of
Molecular Sciences, vol. 17, no. 7, article 1164, 2016.

Y. Li, Q. Wu, Y. Wang, L. Li, H. Bu, and J. Bao, “Senescence of

mesenchymal stem cells (review),” International Journal of
Molecular Medicine, vol. 39, no. 4, pp. 775-782, 2017.

Stem Cells International



The Scientific
y\lorld Journal

Anatomy
Research International

Advances in

Bioinformatics

International Journal of

Genomics

Enzyme
Research

International Journal of

Peptides

Hindawi

Submit your manuscripts at
www.hindawi.com

Stem Cells
International

Neuroscience
Journal

Journal of oumal of
Parasitology Research Marine Biology

Journal of

Nucleic Acids

Biochemistry
Research International

Genetics
Research International

BioMed
Research International

Archaea


https://www.hindawi.com/journals/ijz/
https://www.hindawi.com/journals/ari/
https://www.hindawi.com/journals/ijpep/
https://www.hindawi.com/journals/jpr/
https://www.hindawi.com/journals/ijg/
https://www.hindawi.com/journals/tswj/
https://www.hindawi.com/journals/abi/
https://www.hindawi.com/journals/jmb/
https://www.hindawi.com/journals/neuroscience/
https://www.hindawi.com/journals/bmri/
https://www.hindawi.com/journals/ijcb/
https://www.hindawi.com/journals/bri/
https://www.hindawi.com/journals/archaea/
https://www.hindawi.com/journals/gri/
https://www.hindawi.com/journals/av/
https://www.hindawi.com/journals/sci/
https://www.hindawi.com/journals/er/
https://www.hindawi.com/journals/ijmicro/
https://www.hindawi.com/journals/jna/
https://www.hindawi.com/
https://www.hindawi.com/

