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Osteoporosis affects more than 200 million people 
worldwide leading to more than 2 million fractures in 
the United States alone. Unfortunately, surgical treat-
ment is limited in patients with low bone mass. Para-
thyroid hormone (PTH) was shown to induce fracture 
repair in animals by activating mesenchymal stem cells 
(MSCs). However, it would be less effective in patients 
with fewer and/or dysfunctional MSCs due to aging and 
comorbidities. To address this, we evaluated the effi-
cacy of combination i.v. MSC and PTH therapy versus 
monotherapy and untreated controls, in a rat model of 
osteoporotic vertebral bone defects. The results demon-
strated that combination therapy significantly increased 
new bone formation versus monotherapies and no 
treatment by 2 weeks (P < 0.05). Mechanistically, we 
found that PTH significantly enhanced MSC migration 
to the lumbar region, where the MSCs differentiated 
into  bone-forming cells. Finally, we used allogeneic por-
cine MSCs and observed similar findings in a clinically 
 relevant minipig model of vertebral defects. Collectively, 
these results demonstrate that in addition to its anabolic 
effects, PTH functions as an adjuvant to i.v. MSC therapy 
by enhancing migration to heal bone loss. This systemic 
approach could be attractive for various fragility frac-
tures, especially using allogeneic cells that do not require 
invasive tissue harvest.

Received 8 May 2015; accepted 13 November 2015; advance online  
publication 9 February 2016. doi:10.1038/mt.2015.211

INTRODUCTION
Osteoporosis is a chronic and life-threatening disease affecting 
more than 200 million people worldwide.1,2 Osteoporosis often 

remains asymptomatic until a fracture occurs. Its pathogenesis 
stems from an improper balance between bone formation and 
bone resorption, resulting in low bone mass, impaired bone 
architecture, and increased risk of fractures.3 Current osteoporo-
sis treatments consist of lifestyle measures recommended for all 
patients and pharmacologic therapy reserved for high fracture risk 
patients. Antiresorptive oral bisphosphonates are recommended 
to most patients as the first-line pharmacologic therapy in spite 
of their inability to restore lost bone mass. Second-line therapies 
include denosumab the fully human monoclonal antibody to the 
receptor activator of nuclear factor kappaB ligand (RANKL) and 
the anabolic 1–34 portion of recombinant human parathyroid 
hormone (PTH, teriparatide). While these preventive pharmaco-
therapies reduce the risk of vertebral (30–70%) and nonvertebral 
fractures (12–53%), depending on agents and patients’ compli-
ance, none of these agents are indicated for fracture healing.4

The most common fragility fractures are osteoporosis-related 
vertebral compression fractures (OVCFs) (>750,000 fractures/year 
in the United States), which are associated with significantly high 
morbidity and mortality rates.5 As many as 150,000 OVCFs require 
hospitalization annually, which usually involves prolonged bed rest 
and i.v. administration of analgesic agents, which may worsen the 
underlying osteoporosis. When fractures occur, surgery is usually 
not an option for patients with osteoporosis due to the low bone 
density of their vertebral bodies. Unfortunately, neither is the pre-
viously advocated6,7 minimally invasive percutaneous injection of 
polymethylmethacrylate into the affected vertebral body, which 
was later proven as no more effective than sham surgery in ran-
domized clinical trials.8,9 Therefore, there is a clear medical need 
for the development of new, noninvasive therapies to treat OVCFs.

Mesenchymal stem cells (MSCs) can differentiate into osteo-
blasts, chondrocytes, and adipocytes.10,11 Systemically admin-
istered MSCs migrate preferentially to injury sites in various 
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disease models.4 Although the exact mechanism for this activity 
is not fully understood, it is likely that the injured tissue secretes 
specific ligands that facilitate migration, adhesion, and infiltration 
of MSCs, similar to the mechanism seen in recruitment of leuko-
cytes to sites of inflammation. MSCs can be reintroduced into the 
donor as an autologous graft or used as allogeneic cells to treat 
other recipients. Unfortunately, autologous MSCs may not be a 
suitable treatment for OVCFs, because patients with osteoporo-
sis have fewer MSCs or MSCs that are less prone to proliferate 
and differentiate into osteoblasts and consequently form bone.6,7 
Since allogeneic MSCs do not require a cell isolation phase for 
each patient and are believed to be immunomodulatory, their use 
is considered advantageous for the clinical setting. Indeed, alloge-
neic MSCs are being evaluated in many clinical trials as a systemic 
therapy for various diseases.6

To achieve efficient tissue regeneration following systemic 
administration of stem cells, a sufficient supply of cells must migrate 
to the injury site and subsequently differentiate in situ. In addition 
to being US Food and Drug Administration (FDA) approved for 
fragility fracture prevention, PTH has been shown in preclinical 
studies to increase endogenous MSC migration to injury sites,12 
promote osteoblast progenitor proliferation and differentiation,13,14 
and decrease osteoblast apoptosis. However, these preclinical stud-
ies not only used extremely high PTH dosages, ~140 times the 
clinical dosage, but also did not increase the number of available 
functional MSCs thereby limiting the potential efficacy of PTH.

Here, we hypothesized that combining systemic injection of 
exogenous MSCs and daily intermittent administration of PTH 
would enhance MSC migration to vertebral fractures, leading to 
osteogenic differentiation and eventual fracture repair in osteopo-
rotic animals. We further speculated that combined MSCs–PTH 
therapy would yield a synergistic effect on bone regeneration that 
would be superior to either treatment alone.

RESULTS
Osteoporotic rat study
A rat model of postmenopausal osteoporosis was generated in 
immunocompromised rats that can sustain human cell implan-
tation by ovariectomy in conjunction with a low-calcium diet 
(LCD); a similar model was previously reported using immuno-
competent rats.2 Once ovariectomy and 4 months of LCD were 
found to be sufficient to induce osteoporosis (Supplementary 
Figure S1), a different group of rats underwent this induction 
protocol and were subsequently switched to a regular diet (post-
LCD).  Micro-computed tomography (µCT) was used to scan 
these rats before initiation of the LCD and again on day 0 and at 
weeks 8 and 12 post-LCD to verify the persistence of osteoporosis 
with little spontaneous bone mass augmentation (Figure  1c–e). 
Hematoxylin and eosin staining further validated the drastic 
reduction in the trabecular bone component in the animals’ lum-
bar vertebrae following a 4-month LCD (Figure 1f). Consequently, 
a 4-month LCD was deemed optimal to achieve maximal irrevers-
ible osteoporosis and was used throughout the study.

MSC migration to vertebral bone defects
Human MSCs (hMSCs) were infected with a lentiviral vector har-
boring the reporter gene luciferase2 (Luc2) under the constitutive 

ubiquitin promoter to allow in vivo imaging of migration activity. 
Stable transfection of hMSCs-Luc2 and constitutive expression of 
Luc2 were validated by performing quantitative bioluminescence 
imaging (BLI) over six passages (Figure  2a,b). No significant 
change (P  >  0.05) in Luc2 expression was found in subsequent 
passages, indicating that BLI could be used to track hMSCs-Luc2 
in vivo.

Cylindrical defects were created in two lumbar vertebral bod-
ies in each osteoporotic rat. The rat then received a total of five 
i.v. injections of saline or hMSCs-Luc2 and phosphate-buffered 
saline (PBS), low-dosage PTH (ldPTH), or hdPTH daily start-
ing on postoperative day 3 (Figure 1a). The rats were monitored 
using BLI for 56 days postoperatively. At each time point the bio-
luminescent signal overlaying the lumbar region was quantified 
(Figure  2c). Next, a cumulative sum of bioluminescent signals 
(Σ total flux) was plotted against time for the different treatment 
groups (Figure 2d). The results showed an increase in Σ total flux 
(r2 = 0.92) for the hMSCs-Luc2 group during the 56 days of the 
study, indicating that hMSCs in this group both migrated to and 
engrafted in the lumbar region. A significantly higher Σ total flux 
was found for rats treated with hMSCs-Luc2+hdPTH as early as 7 
days postoperatively (P ≤ 0.05) and for all subsequent time points 
(P  ≤  0.01), but not for rats treated with hMSCs-Luc2+ldPTH. 
Overall, the trend of accumulation of MSCs in animals treated 
with MSCs-Luc2+hdPTH was logarithmic (r2 = 0.98), whereas in 
animals not treated with PTH it was linear, indicating profound 
changes in the pattern of MSC recruitment to the fracture site and 
in the cells’ subsequent survival.

The effect of hMSC-PTH treatment on vertebral bone 
defect regeneration
The therapeutic effect of combined IV-MSC and PTH therapy 
was evaluated using ldPTH and hdPTH (Supplementary Figure 
S4). The effect was then compared to each monotherapy, and to 
that of no treatment (hereafter referred as “control”). Bone regen-
eration in vertebral defects was monitored at several time points 
after surgery by performing in vivo µCT (Figure 3a). By analyzing 
the scans, we were able to quantify bone volume density (BVD; 
Figure 3b), an indication of bone formation, and apparent density 
(AD; Figure  3c), calculated as the mean mineral density of the 
segmented bone. The results indicated minimal bone regenera-
tion during the first 2 weeks postoperatively, and no additional 
bone formation at later time points in the control and hMSCs 
groups (Figure 3a–c). New bone formed mostly at the edges of 
the defect (Figure 3a). No significant differences in either BVD 
or AD were found between the two groups (P > 0.05) at any time 
point. Significantly enhanced bone formation was not found 
in rats treated with ldPTH, compared with the control groups 
(P > 0.05; Figure 3b). Only in rats treated with hMSCs+ldPTH 
was increased formation of cortical and trabecular bone evident 
on both 2D tomographic images and 3D reconstructed images as 
soon as week 2 postoperatively (Figure  3a). At this time point, 
significantly higher BVD (P ≤ 0.05; Figure 3b) and AD (P ≤ 0.01; 
Figure 3c) values were found in the hMSCs+ldPTH group than 
in the control and single-treatment groups. Both hMSCs+PTH 
treatments were superior to all other treatments except hdPTH 
alone, in BVD at 4 weeks postoperatively (P ≤ 0.01; Figure 3b). 
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Figure 1 Experimental design and model establishment. (a) Human bone-marrow mesenchymal stem cells (MSCs) were isolated, labeled to 
express the reporter gene Luciferase, and stained with DiI. Multiple vertebral defects were created in ovariectomized athymic rats after 4 months of 
low-calcium diet (LCD). These rats were daily administered parathyroid hormone (PTH) or PBS and given five i.v. injections of human bone-marrow 
MSCs or saline. Cell migration to vertebral defects was tracked using bioluminescence imaging (BLI), and bone regeneration was analyzed using µCT. 
Twelve weeks postoperatively, the vertebrae were harvested for histology and immunofluorescence. (b) Multiple lumbar vertebral defects were cre-
ated in minipigs. The minipigs were administered PTH or vehicle and given four i.v. injections of porcine adipose MSCs or saline. Bone regeneration 
was monitored using x-ray fluoroscopy and µCT. Five weeks postoperatively, the vertebrae were harvested for histology and immunofluorescence. 
(c) Bone loss induced by ovariectomy and LCD in athymic rats’ lumbar vertebrae was evaluated using longitudinal in vivo µCT. The trabecular com-
ponent is highlighted in red. (d,e) The trabecular component was then quantitatively compared over time for changes in bone volume density (BVD) 
and apparent density (AD). Data are shown as mean + SEM (n = 5). Repeated-measures one-way ANOVA with bonferroni correction for multiple 
comparisons was preformed; n.s., not significant; *P < 0.05, and ****P < 0.0001. (f) Osteopenia was assessed using H&E-stained histological sections 
of the lumbar vertebrae. H&E, hematoxylin and eosin.
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Interestingly, while neither BVD nor AD appear to change 
between weeks 2 and 4 postoperatively in hMSCs+ldPTH treated 
rats, the distribution of the newly formed bone appears to shift 
from a trabecular component to a cortical component. This might 
be related to accelerated remodeling of trabecular bone in com-
parison to cortical bone due to increased blood supply but could 
also could be an outcome of a therapeutic approach based on 
increased stem cell fracture tropism. By week 8, bone formation 
in the hMSCs+ldPTH group was sufficient to regenerate the cor-
tex completely, whereas in rats, in the control groups, there was 
clearly cortical discontinuity and lower bone mass (Figure  3a). 
Interestingly, while no significant difference in BVD was found 
between the hMSCs+hdPTH group and the hdPTH group at any 
time point (P > 0.05; Figure 3b), a significant difference in AD was 
found at week 8 between these two groups (P ≤ 0.01; Figure 3c). 
Therefore, while PTH was administered for a short period, a sig-
nificant lasting positive effect on AD was found only when PTH 
was combined with MSCs. Histological analysis showed that there 

was too little regrowth to regenerate cortex or trabeculae in the 
control and MSCs groups (Figure 4a). In ldPTH-treated animals, 
the defect was partially regenerated, but only in hMSCs+ldPTH–
treated animals (Figure  4a) were both cortex and trabeculae 
regenerated. Similar trends were found for  the hdPTH and 
hMSCs+hdPTH groups (Supplementary Figure S2A).

Fate of i.v.-injected hMSCs
To investigate the contribution of systemically administered 
MSCs to vertebral defect regeneration, we labeled these cells 
with 1,1’-dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine 
perchlorate (DiI) before injection and later stained retrieved 
tissue sections with immunofluorescent antibodies against 
the osteogenic markers bone sialoprotein and osteocalcin. 
Although we used antibodies against human osteogenic mark-
ers, some cross-reactivity with rat proteins was expected, and 
thus not all osteogenic cells co-localized with the DiI-stained 
donor human cells (Figure 4b), indicating contribution of host 

Figure 2 Parathyroid hormone enhances mesenchymal stem cell migration to vertebral defects. (a) Human mesenchymal stem cells (hMSCs) 
were transduced with the lentiviral vector harboring the reporter gene Luciferase2 (hMSC-Luc2). Representative in vitro bioluminescence imaging 
(BLI) of three confluent hMSC-Luc2 seeded wells (left) compared to three background wells without cells (right) is shown. (b) Luciferase2 expres-
sion was quantified based on in vitro BLI over six passages. Data are shown as mean + SEM (n = 5). One-way ANOVA with Bonferroni correction for 
multiple comparisons was preformed; n.s., not significant. (c) hMSC-Luc2 migration to vertebral defects was tracked over 8 weeks after the first cell 
injection and quantified by measuring the bioluminescent signal overlying the vertebral defects. Representative images of all three groups treated 
with hMSC-Luc2 (without PTH, ldPTH, and hdPTH) taken on postoperative day 14 are presented along the scale of the total flux. The red circle on the 
representative images indicates the region of interest in the lumbar spine proximity that was analyzed. (d) The average cumulative total flux (Σ total 
flux) up to each time point was calculated per animal. Data are shown as mean + SEM (n = 5 for each group). Repeated-measures two-way ANOVA 
with bonferroni correction for multiple comparisons was preformed. *P < 0.05; **P < 0.01; ***P < 0.001; and ****P < 0.0001.
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cells. The DiI-stained cells were found in vertebral defects in 
all MSCs-injected groups; however, the abundance of cells 
appeared qualitatively higher in animals that were also treated 
with PTH. Many injected cells were found in cancellous 

bone, where new tissue formed, but not in the cortical region. 
Co-localization of DiI-stained cells and osteocalcin and bone 
sialoprotein showed that some of the injected cells expressed 
either or both differentiation markers, while others expressed 

Figure 3 Intravenous mesenchymal stem cells and parathyroid hormone combination therapy regenerates vertebral defects in osteoporotic 
rats: micro-computerized tomography analysis. (a) Rats with identical vertebral bone voids were treated with mesenchymal stem cells (MSCs) or 
saline and with low-dosage parathyroid hormone (ldPTH), high-dosage parathyroid hormone (hdPTH), or vehicle. The animals were imaged using 
micro-computed tomography 1 day and 2, 4, 8, and 12 weeks postoperatively. A representative vertebral defect at various time points for each 
group is depicted in each panel as a frontal 3D image (left side) with new bone formation in the void highlighted in red, a sagittal 2D image (upper 
right), and an axial 2D image (lower right). (b and c) Quantitative analysis of bone formation in the voids was performed and bone volume density 
and apparent density were calculated. Data are shown as mean + SEM (control: n = 7; MSCs: n = 9; ldPTH: n = 8; hdPTH: n = 9; MSCs+ldPTH: n = 8; 
MSCs+hdPTH: n = 9). Repeated measures two-way ANOVA with Bonferroni correction for multiple comparisons was preformed; *P < 0.05, **P < 0.01, 
and ***P < 0.001.
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neither. Some staining for osteogenic markers was observed 
in the PTH-treated groups; this was probably due to the ana-
bolic effects of PTH. Importantly, more MSCs were visible in 
the regenerated defects of i.v.-MSC and PTH-treated rats. In 

addition to the microscopic detection of MSCs in the defect 
area, the systemic biodistribution of these cells was evaluated 
using PCR against Luc2. Evidence of MSCs was found only in 
the animals’ lungs (Supplementary Figure S2).

Figure 4 Intravenous mesenchymal stem cells and parathyroid hormone therapy regenerates vertebral defects in osteoporotic rats: histo-
logical and immunofluorescence analyses. (a) Representative vertebral defects of animals that received low-dosage PTH (ldPTH) or vehicle and 
 DiI-labeled mesenchymal stem cells (MSCs) or saline were harvested, decalcified, embedded in paraffin and sectioned. Slides were stained with stan-
dard hematoxylin and eosin and imaged with light microscopy. (b) Serial slides were also immunostained against the osteogenic markers osteocalcin 
(Oc), bone sialoprotein (BSP), and counterstained with DAPI. Slides were imaged using confocal microscopy for DAPI, DiI-labeled MSCs, Oc, and 
BSP. A representative panel for each treatment group includes: (i) a merged image of the defect site with the bone void marked by a dashed cylinder 
and an area subsequently magnified marked by a solid yellow square (bottom right corner); (ii) a merged magnification of the area denoted by the 
yellow square (top left corner) with a built in magnification of the solid white square in its’ top right corner; (iii) four single channel magnifications of 
the solid yellow square-marked area along the right and bottom edges denoted: BSP, Oc, DAPI, and DiI corresponding to the stain in the subfigure. 
DAPI, 4’,6-diamidino-2-phenylindole dihydrochloride.
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Expression of cell migration and chemoattraction 
molecules
To look into the mechanism of PTH-induced stem cell migration 
to vertebral defects, we assessed the activation of two previously 
investigated pathways of cell migration. First, we investigated 
the most extensively studied pathway of stem cell mobilization 
and migration to injury sites, the stromal cell-derived factor 1 
 (SDF1)/C-X-C chemokine type 4 (CXCR4) axis, which is known 
to be enhanced by PTH therapy.15,16 In this study, we stained har-
vested vertebrae sections to determine the expression of SDF1 by 
host cells in the defect site and that of CXCR4, a receptor for SDF1, 
which reportedly is expressed by migrating cells.15 We found 
SDF1-expressing cells in the vertebral defects of PTH-treated ani-
mals that had been treated with or without hMSCs, but no SDF1 
expression in the control group. As for CXCR4, we detected a few 
positive cells in tissue from animals in the hMSCs-treated group, 
some of which could be co-localized with DiI-labeled donor cells 
(Figure  5a). In the i.v.-MSC and PTH-treated group, we found 
abundant DiI-labeled MSCs co-expressing CXCR4, while SDF1 
expression was limited to host cells within and at the margins of 
the defect. We found no CXCR4 expression in the PTH-treated 
groups. Zhu et al.17 found that PTH also attracts MSCs to injury 
sites by stimulating expression of amphiregulin, an epidermal 
growth factor–like ligand that signals through the epidermal 
growth factor receptor (EGFR), in both osteoblasts and osteo-
cytes. Here, we stained the vertebral defect sites with antibodies 
against both the secreted ligand (amphiregulin) and the receptor 
(EGFR). Similarly to SDF1/CXCR4 expression, amphiregulin was 
detected in the PTH groups and EGFR staining was colocalized 
with DiI-labeled MSCs (Figure 5b).

Minipig study
Following the results of the rat study, we investigated the effect 
of the combined IV-MSC and PTH treatment on vertebral bone 
regeneration in an immunocompetent large animal model. 
Bone defects were created in the lumbar vertebrae of minipigs 
(Figure  1b), similarly to what was previously reported.8,9 The 
minipigs were treated with either four i.v. injections of allogeneic 
porcine MSCs (pMSCs) or PBS once a week and with daily s.c. 
injections of PBS or 1.75 µg/kg PTH for 4 weeks. Bone formation 
was monitored using in vivo x-ray fluoroscopy followed by ex vivo 
µCT scanning. We analyzed nine defects for each group (three 
pigs with three defects each).

Bone regeneration in minipig vertebral defects
Lateral x-ray films obtained few days postoperatively showed 
radiolucent defects that were similar in size and anatomical loca-
tion (Figure 6a). On postoperative week 5, these defects remained 
clearly visible in all control groups but not in the pMSCs+PTH 
group. In the control groups, a radiopaque rim indicated bone 
formation at the circumference of the defect site, but the defects 
themselves did not appear to have healed because they remained 
more radiolucent than the tissue around them. In contrast, in 
minipigs treated with pMSCs+PTH, the defect sites themselves 
were more radiopaque than surrounding uncompromised tis-
sue, indicating that the previously missing bone had regener-
ated at a greater mineral density than native vertebral bone. The 

Figure 5 Parathyroid hormone enhances migration of mesenchymal 
stem cells to the defect site via two pathways: confocal imaging of 
immunofluorescent staining. Representative vertebral defects of ani-
mals that received low-dosage PTH (ldPTH) or vehicle and DiI-labeled 
mesenchymal stem cells (MSCs) or saline were harvested, decalcified, 
embedded in paraffin, and sectioned. Slides were immunostained 
against migration markers (a) stromal cell-derived factor 1 (SDF1) and 
C-X-C chemokine type 4 (CXCR4) or (b) epidermal growth factor recep-
tor (EGFR) and amphiregulin (Amp) and both sets counterstained with 
DAPI. Slides were imaged using confocal microscopy and a representa-
tive panel for each treatment group is shown including: (i) a merged 
image of the defect site with the bone void marked by a dashed cylinder 
and an area subsequently magnified marked by a solid yellow square 
(bottom right corner); (ii) a merged magnification of the area denoted 
by the yellow square (top left corner) with a built in magnification of the 
solid white square in its’ top right corner; (iii) four single channel mag-
nifications of the solid yellow square-marked area along the right and 
bottom edges named corresponding to the stain in the subfigure. DAPI, 
4’,6-diamidino-2-phenylindole dihydrochloride.
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x-ray findings were corroborated by a µCT analysis, which indi-
cated that the BVDs (P  ≤  0.05; Figure  6b) and ADs (P  ≤  0.05; 
Figure 6c) of defect sites treated with pMSCs+PTH were about 
two times higher than those measured in controls. In conclusion, 
only minipigs treated with both pMSCs+PTH showed complete 

healing of the bone defect, while neither treatment alone seemed 
to affect the healing process (P > 0.05; Figure 6b,c). Histological 
analysis showed that, in the control groups, there was cortex-like 
formation of dense bone at the edges of the defect, whereas in the 
i.v.-MSC and PTH-treated group, the defect site was filled with 
trabecular bone that was denser than surrounding uncompro-
mised vertebral bone (Figure 7a).

Fate of i.v.-injected pMSCs
The contribution of allogeneic porcine MSCs to the regenera-
tion of bone defects was detected using fluorescence microscopy 
and imaging of the i.v.-injected DiI-labeled cells (Figure  7b,c). 
Similarly to the rat model, administered cells were found mostly 
in the region of the defect, in the bone marrow of newly formed 
bone tissue and not incorporated in the trabecular bone tissue 
itself. Also, similarly to the rats, some of the cells were co-localized 
with osteocalcin-expressing cells, indicating osteogenic differen-
tiation. In addition to MSCs found at the defect site, other MSCs 
were detected in the spleen and liver, but not in pigs treated with 
pMSCs+PTH (Supplementary Figure S3).

DISCUSSION
Our results showed that vertebral defects created in osteoporotic 
rats and in healthy pigs were efficiently repaired following com-
bined i.v.-MSCs+PTH treatment. This contrasts with the results 
in animals that received either treatment alone or no treatment. 
Moreover, the results support the hypothesis that administration 
of PTH enhanced hMSC migration to vertebral bone defects in 
osteoporotic rats.

Current treatment of patients with osteoporosis mostly 
focuses on OVCF prevention using medicines such as alendro-
nate sodium and PTH.18 Teriparatide (the 1–34 portion of PTH) 
is the only FDA-approved osteoporosis anabolic agent. Preclinical 
studies support the potential for PTH as a treatment for bone frac-
tures. Einhorn and colleagues demonstrated that PTH improves 
fracture callus quality, increases bone mineral content and den-
sity, and accelerates endochondral ossification in a rat femur 
diaphyseal fracture model.19 Kaback et al.12 also investigated the 
mechanisms underlying PTH-accelerated long-bone fracture 
repair by assessing the phenotype of MSCs from mice treated with 
40 µg/kg PTH or saline for 7 days. Their results showed that PTH 
induced the osteoblast transcription factors Osx and Runx2 in 
MSCs and accelerated osteoblast maturation and fracture healing 
in these mice. Other reports demonstrated that PTH stimulates 
MSC recruitment to bone by inducing CXCL12 and SDF1 expres-
sion in osteoblasts.15

Although randomized clinical trials have demonstrated that 
PTH therapy accelerates fracture healing,20,21 several conflicting 
results were found. These differences may be related to differences 
in study design including the fracture site and PTH dosage, and 
thus more evidence is needed to know if teriparatide alone accel-
erates fracture repair. In this study, we showed in a rat model of 
osteoporosis that a clinically relevant dosage of PTH had a limited 
effect on vertebral bone repair and was significantly inferior to the 
combined therapy of PTH and MSCs. These results could pave 
the way for further exploration of the efficacy of PTH and MSC 
combination therapy in additional fragility fractures and cases of 

Figure 6 Intravenous mesenchymal stem cells and parathyroid 
hormone therapy regenerates minipig vertebral defects: in vivo 
x-ray and micro-computerized tomography imaging. (a) Vertebral 
bone voids treated with mesenchymal stem cells (MSCs) or saline and 
with parathyroid hormone (PTH) or PBS were imaged in vivo using 
x-ray fluoroscopy on weeks 1 and 5 postoperatively and ex vivo using 
 micro-computerized tomography (µCT). Representative lateral radio-
graphs of L2–4 for each group are shown with white arrows pointing 
at the voids. A magnification of one of these voids with a white dashed 
circle marking the void circumference is shown in the upper left corner 
of each radiograph. Representative coronal, sagittal, and axial 2D µCT 
images are also shown for each group. (b and c) A µCT-based quantita-
tive analysis of bone formation in the voids was performed, and bone 
volume density and apparent density were calculated. Data are shown as 
mean + SEM (control: n = 6; MSCs: n = 5; PTH: n = 8; MSCs+PTH: n = 9). 
Two-way ANOVA with bonferroni correction for multiple comparisons 
was preformed; *P < 0.05.
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bone loss such as hip fractures and craniofacial bone defects. We 
believe that this novel therapeutic approach has great potential to 
be successfully applied when allogeneic stem cells are appropriate 
for bone regeneration.

The anabolic effects of PTH include increases in skeletal 
mass, bone turnover, and bone strength.22,23 However, continuous 
release of excess endogenous PTH, as occurs in hyperparathyroid-
ism, may be detrimental to the skeleton because bone resorption 

Figure 7 Intravenous mesenchymal stem cells and parathyroid hormone therapy regenerates vertebral defects in minipigs: histological and 
immunofluorescence analyses. Representative vertebral defects of animals that received PTH or vehicle and DiI-labeled mesenchymal stem cells 
(MSCs) or saline were harvested, decalcified, embedded in paraffin, and sectioned. (a) Slides were stained with standard hematoxylin and eosin 
and imaged with light microscopy. (b) Slides were also immunostained against the osteogenic markers Osteocalcin (Oc), bone sialoprotein (BSP), 
and counterstained with DAPI. Slides were imaged using confocal microscopy for DAPI, DiI-labeled MSCs, Oc, and BSP. A representative panel for 
each treatment group includes: (i) a merged image of the defect site with an area subsequently magnified marked by a white square (top right 
corner); (ii) a merged magnification of the area denoted by the white square (bottom right corner); (iii) four single channel magnifications of 
the white  square-marked area denoted: BSP, Oc, DAPI, and DiI corresponding to the stain in the subfigure. DAPI, 4’,6-diamidino-2-phenylindole 
dihydrochloride.
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is stimulated more than bone formation, which limits the duration 
of safe treatment.24,25 Therefore, the dosage of PTH and the dura-
tion of intermittent administration play a critical role in therapeu-
tic outcome. Currently, the FDA-approved treatment is 20 µg/day 
(~0.3–0.5 µg/kg) for up to 2 years. The dosage used in preclini-
cal studies to enhance fracture repair is 0.4–40 µg/kg26,27 in small 
animals and 1–5 µg/kg in large animals.28,29 Some studies showed 
a clear dose response to PTH,19,28 whereas other studies showed 
that higher dosages of PTH did not necessarily provide better 
outcomes.20,30 In agreement with findings in the latter studies, our 
results showed that a dosage of 0.4 µg/kg (ldPTH, equivalent to 
the clinical dosage of 20 µg/day) was more successful in accelerat-
ing and maintaining the repair of a bone defect in osteoporotic 
rats when combined with MSCs. Our results in pigs were achieved 
using a higher dosage (1.75 µg/kg); however, this is a much lower 
dosage than those reported in other large animals studies.26,28

This study demonstrates effective regeneration of vertebral 
defects that mimic compression fractures by using noninvasive 
systemic stem-cell-and-hormone therapy. While others have pre-
viously established vertebral bone defects as an injury model in 
osteoporotic sheep,31 this is the first study to our knowledge to 
develop an immuonecompromised rat OVCF model based on 
previously separately published rat osteoporosis2,32,33 and rat ver-
tebral defect models.34–36 Combining ovariectomy with a LCD was 
used to rapidly induce osteoporosis but LCD was not required for 
modeled osteoporosis maintenance (Figure 1d) and therefore rats 
were switched to a regular diet after 4 months of LCD. This novel 
rodent model offers a highly reproducible, multiple injuries per 
animal, readily quantifiable, and versatile system that allowed us 
to study a human cell therapy for fragility fractures. Nevertheless, 
it is limited in its similarity to human vertebral compression frac-
tures both in the development of the injury and the biomechan-
ics of its regeneration due to the lack of axial weight bearing and 
micromotion in rodents.

Several sessions of i.v. cell administration in combination 
with a few weeks of PTH therapy led to remarkable regeneration 
of vertebral defects in rodent (Figures 3 and 4) and large animal 
porcine (Figures 6 and 7) models. The rodent model enabled us to 
test our hypothesis in osteoporotic animals, in which the healing 
of bone defects is severely impaired. Since the combined therapy 
successfully overcame this obstacle, we believe that a similar ther-
apy in patients with osteoporosis could prove successful as well. 
Furthermore, using immunocompromised animals, we could spe-
cifically test the migration and differentiation of human MSCs. 
Others have shown that systemically administered MSCs were 
found in rodent fracture sites as much as 3 weeks after adminis-
tration.1–3 Therefore, we believe it would be reasonable to assume 
some cells survived and proliferated at the fracture site after the 
last injection on day 21 up to the last BLI on day 56.

Here we used minipigs, exploiting the similarity between the 
size of their skeletons and those of humans. Although all of the 
pigs were healthy, animals in the control groups did not regen-
erate defects within 5 weeks (Figures 6 and 7). Additionally, the 
MSCs utilized in the pig study were allogeneic and were injected 
without any immunosuppression therapy, since MSCs are known 
for their immune-privileged37 and immunomodulatory38 prop-
erties. The results of this study reinforce accumulating evidence 

that allogeneic MSCs can be used systemically without immuno-
suppression therapy; this has an advantage for future therapy in 
human clinical practice.

Surprisingly, most of the bone formed in the rat vertebral 
defects was found during the first 2–4 weeks postoperatively, as 
evident from the results of the bone volume quantification tests 
(Figure 3b), whereas the effect of the treatment on mineral den-
sity was mostly evident in the long term (Figure 3c).

The contribution of MSCs to the regeneration of vertebral 
defects was evident. It is difficult to estimate what fraction of cells 
administered actually migrated to the site of interest, but both 
in vivo imaging and IHF analysis detected significant populations 
of cells residing in the defect and nearby.

Co-localization of the DiI-stained cells and osteogenic mark-
ers showed that donor cells are not synchronized in their differ-
entiation: some cells expressed one of the markers; some cells 
expressed both markers; and some did not express any at all. 
This finding is probably due the fact that the administered cells 
migrated to the site of the defect at different stages in the therapy 
and thus were in different stages of differentiation.

Previous studies investigated the use of small molecules to 
enhance migration and targeting to bone on the part of i.v.- 
injected MSCs.39,40 However, in those studies, researchers did not 
investigate the capacity of MSCs to induce bone regeneration in 
an injury model but rather their ability to augment intact bone 
structures. Here, we showed that PTH had a significant effect on 
migration of MSCs to vertebral bone defects. The migration mech-
anism that can be enhanced by PTH has not been fully described 
yet; however, several of its components have been investigated and 
confirmed. Our results of bioluminescent imaging suggest that 
PTH increases migration of host MSCs to the injury site possibly 
via multiple pathways in addition to PTH’s well-established osteo-
anabolic effect. The main difference between our findings and 
those of previous reports is that we found that PTH plays an adju-
vant role in stem cell therapy and can be given at a minimal dosage 
for the minimal period of time required to support the migration 
and differentiation of multiple systemic cell injections. Our results 
show that hMSCs migrated to the injured vertebrae and differenti-
ated into osteoblasts. Interestingly, hMSCs migrated to the defect 
site in a dose-dependent manner in response to PTH administra-
tion. However, the therapeutic effect of the dosage that induced 
significantly higher migration of MSCs (4 µg/kg) was not signifi-
cantly different from the lower dosage (0.4 µg/kg). While we could 
not directly measure cell migration in pigs, we did find that when 
pigs were given PTH, no MSCs were found in the spleen or liver 
(Supplementary Figure S2), suggesting that PTH decreases off-
target biodistribution and increases MSC migration to injury sites.

The limitations of this study include the use of a vertebral 
bone void model in rodents and pigs in order to simulate OVCFs. 
Obviously, a compressed vertebra differs greatly from a vertebra 
with a cylindrical defect. Yet, better animal models have not been 
established yet, and therefore, we have followed published studies 
where rats, dogs, and sheep have been used.2,8,9,34,35,41–44 In addition, 
undoubtedly there is a need to verify our results in an osteoporotic 
large animal model. Very few attempts have been made to generate 
osteoporotic pigs, and so far, these have not been quite established 
and are extremely costly. More extended studies in pigs should be 
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performed in order to prove that PTH does not have toxic effects. 
In addition, in order to further support the hypothesis that PTH 
enhances the migration of injected MSCs to bone injury sites, 
more quantitative data is required, which could be obtained by 
sensitive invasive methods such as flow cytometry and PCR.

This study provides evidence for future therapies that could 
be attractive for the treatment of vertebral and other fragility frac-
tures, in patients with osteoporosis. The advantage of allogeneic 
cells is that they do not require the patient to undergo an addi-
tional medical procedure such as bone marrow aspiration. The 
systemic approach holds an additional monumental advantage, 
making noninvasive treatment of multiple fractures at the same 
time without the need for surgical intervention.

MATERIALS AND METHODS
Study design. The Cedars-Sinai IACUC approved all procedures described 
in this study. We first tested our hypothesis in an osteoporotic immuno-
compromised rat model and later in a minipig model (Figure 1a,b). In the 
rat model, hMSCs were injected systemically in combination with either 
ldPTH or hdPTH. The extent of hMSC migration to vertebral injury sites 
and the possible mechanisms for this activity were evaluated using optical 
imaging and immunofluorescence. Bone regeneration was quantified by 
using in vivo µCT in the rat model and by using in vivo x-ray and ex vivo 
µCT images in the minipig model; regeneration was validated by perform-
ing histological analyses. The biodistribution of MSCs in other organs and 
the possible systemic effects of the treatment were evaluated as well.

Culturing of MSCs and labeling with reporter genes. Fresh human bone 
marrow was purchased from Lonza (Walkersville, MD), and hMSCs were 
isolated according to a standard procedure.45 Briefly, bone marrow mono-
nuclear cells were collected and plated at a density of 2 × 105 cells/cm2. The 
pMSCs were isolated from porcine adipose tissue as previously reported.46 
Briefly, subcutaneous adipose tissue was harvested from euthanized mini-
pigs, following which mononuclear cells were retrieved using enzymatic 
digestion and then plated at a density of 106 cells/cm2. The media used for 
both cell types were changed two times per week.

Human MSCs were transduced with a lentiviral vector47 harboring 
Luc2 under the constitutive ubiquitin promoter, whereas pMSCs were 
transduced with a lentiviral vector harboring green fluorescent protein 
and firefly luciferase (Luc) under the ubiquitin promoter. Plasmids were 
generously provided by Dr Joseph Wu (Stanford University, Stanford, 
CA) and Dr Eduardo Marbán (Cedars-Sinai Medical Center, Los 
Angeles, CA). Both vectors were produced in 293HEK cells47,48 before 
their transduction.36 Green fluorescent protein expression was verified 
using flow cytometry and Luc expression was demonstrated using in 
vitro BLI36 (Xenogen IVIS Spectrum; PerkinElmer, Waltham, MA). For 
microscopic cell identification, the cells were labeled with  Vibrant-CM-
DiI (Invitrogen, Life Technologies, Grand Island, NY), as previously 
described,49 immediately before injection.

Vertebral defect models. The Institutional Animal Care and Use 
Committee of Cedars-Sinai Medical Center approved all animal proce-
dures used in this study. Multiple vertebral defects were created in lum-
bar spines of osteoporotic rats and healthy minipigs. A brief description 
of these procedures follows, and a detailed description can be found in the 
Supplementary Materials and Methods.

Rats. Six-week-old female athymic rats (Hsd:RH-Foxn1rnu), whose 
ovaries had been surgically removed, were purchased from Harlan 
Laboratories (Indianapolis, IN). Upon arrival, the rats were placed on a LCD 
consisting of 0.01% calcium and 0.77% phosphate (Newco Distributors, 
Rancho Cucamonga, CA). After 4 months of LCD, the surgical procedure 

was performed, and from that point onward, the rats were provided a reg-
ular diet ad libitum. Only data shown in Supplementary Figure S1 was 
obtained in rats in which the LCD was maintained for 8 months; these 
animals were the exception.

Preoperatively, each rat was anesthetized by administration of 2–3% 
isoflurane (Piramal, Bethlehem, PA) and placed in dorsal recumbent 
position on a 37 °C heating pad. The skin over the L4–5 vertebrae was 
cleaned, clipped free of hair, and swabbed three times with solutions of 
Betadine and 0.5% chlorhexidine gluconate. Prior to surgery, the animal 
received s.c. injection of carprofen (Zoetis, Florham Park, NJ) (5 mg/kg). 
Following anesthetization, a sterilized surgical scalpel was used to create a 
5-cm incision in the skin of each rat, and sterile soaked gauzes were used to 
wrap the internal organs. Next, L4 and L5 vertebral bodies were exposed. 
A micromotor drill (Stoelting, IL) with a 1.8-mm-diameter sterile trephine 
drill bit was used to create a 2.5-mm-deep bone defect through the center of 
the vertebral body. The s.c. tissue layer was sutured in a continuouspattern 
using an absorbable Vicryl 3-0 Braided (Ethicon), and the skin was sutured 
in a subcuticular pattern using a nonabsorbable Ethilon 2-0 Monofilament. 
Finally, the skin area was cleansed with sterile gauzes and a solution of 
0.5% chlorhexidine gluconate.

Pigs. A total of 12 adult female Yucatan minipigs (S&S Farms) were 
used. The mean weight ± SD of the animals was 45.0 ± 3.6 kg and the mean 
age ± was 9.2 ± 1.2 months. Following an 18-hour preoperative fast, each 
pig was sedated with i.m. drugs (acepromazine 0.25 mg/kg (Vetone, Boise, 
ID), ketamine 20 mg/kg, and atropine 0.02–0.05 mg/kg (Vetone), fol-
lowing which the animal was injected i.v. with propofol (Fresenius Kabi, 
Lake Zurich, IL) (2 mg/kg) to induce full anesthesia. After this had been 
achieved, the trachea was intubated, and anesthesia was maintained using 
1–3.5% isoflurane inhaled via the tracheal tube for the duration of the pro-
cedure. A 20-cm posterolateral skin incision was made over the lumber 
region (L2–5), which was then exposed by a lateral transpsoas retroperi-
toneal approach. In each vertebra, a critical-size cylindrical bone defect, 
15-mm in depth and 4-mm in diameter, was created. After surgery, the 
subcutaneous tissue was closed with an absorbable subcutaneous suture 
and the skin with an absorbable subcuticular suture. The animal received 
perioperative antimicrobial prophylaxis and postoperative analgesia.

Systemic treatment with MSCs and PTH. Beginning on postoperative day 3,  
the rats were given PTH26 or PBS administered s.c. daily for 3 weeks. Two 
different dosages of teriparatide (Eli Lilly, Indianapolis, IN)—0.4 µg/kg/
day (ldPTH) or 4 µg/kg/day (hdPTH)—were used. The pigs were admin-
istered research-grade PTH (1.75 µg/kg/day) resuspended in 0.9% NaCl 
(adjusted to pH5) and heat-inactivated (56 °C, 1 hour) 2% pig serum 
 (Sigma-Aldrich) or drug vehicle for 4 weeks beginning on postoperative 
day 5. The hMSC-Luc2 were prepared for injection and for the purposes of 
cell detection, injected cells were labeled with Vibrant-CM-DiI (Invitrogen) 
in accordance with previously described protocols.50 Rats receiving sys-
temic MSCs treatment were anesthetized by inhalation of 2–3% isoflurane 
and injected i.v. with hMSCs-Luc2 via the tail vein.51 Each rat received a 
total of five injections: 2 × 106 cells per injection, every 3–4 days beginning 
on postoperative day 3. Similarly to hMSCs, porcine  MSC-Luc was labeled 
with Vibrant-CM-DiI prior to the injection. Pigs receiving systemic MSCs 
treatment were injected i.v. with pMSCs-Luc. Each pig received a total of 
four injections beginning on postoperative day 5 and thereafter once a 
week. For each injection, 50 × 106 cells were suspended in 5 ml sterile saline 
and injected via the ear vein and flushed with additional 5 ml saline.

Imaging of MSCs as they migrate to the vertebral defect site in vivo. 
Luciferase expression in the defect site was quantified using a BLI system, 
as described previously.36,52 Briefly, before light detection, the rats were 
anesthetized by continuous administration of 1–3% isoflurane mixed 
with 100% oxygen. Ten minutes before imaging the rats were given an i.p. 
injection of 126 mg/kg luciferin (Promega, Madison, WI) in PBS. Light 
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emission was evaluated using the IVIS Spectrum. The exposure time was 
set automatically, and the bioluminescence was quantified as the total sig-
nal normalized to the exposure time and area of the region of interest.

µCT analysis of intact and operated vertebrae
In vivo µCT analysis. Vertebrae were evaluated using a cone-beam 
in  vivo µCT imaging system (vivaCT 40; Scanco Medical, Brüttisellen, 
Switzerland). Microtomographic slices were acquired using an x-ray tube 
with a 55-kVp potential and reconstructed at a voxel size of 35 μm.

Assessment of vertebral defect repair. Histomorphometric 3D evalua-
tion was performed on a volume of interest (VOI) including the trabecular 
region of the whole vertebra. A constrained 3D Gaussian filter (σ = 0.8, 
support = 1) was used to partly suppress VOI noise. The trabecular bone 
tissue was segmented from marrow and soft tissue by using a global thresh-
olding procedure. A quantitative assessment of BVD and AD based on 
microtomographic data sets was created using direct 3D morphometry.

Rats. To analyze healing, the animals were imaged on day 1 and again 
2, 4, 8, and 12 weeks after generation of the defect. Defect margins were 
located on day 1 scans and aligned to a standard position,53 and a cylin-
drical VOI (1.68 mm in diameter, 2.52 mm in height) was defined for 3D 
histomorphometric evaluation. Subsequent µCT scans (those obtained at 
postoperative weeks 2, 4, 8, and 12) obtained in each rat were automati-
cally registered to the standard position defined for the corresponding 
day 1 scan with the aid of Analyze imaging software (AnalyzeDirect, KS). 
The anatomical match obtained by the registration procedure allowed us to 
apply the exact predefined VOI of day 1 to all remaining time points. BVD 
and AD of the VOI were used to assess new bone formation.

Pigs. To analyze healing, x-ray films were obtained 1 week and 5 weeks 
after surgery. The pigs were sedated by i.m. administration of ketamine 
(10 mg/kg) and dexmedetomidine (0.08 mg/kg). Fluoroscopic images were 
acquired using the INFX-8000F DP-I system (Toshiba, Japan). Animals 
were placed in lateral recumbent position, and rotational acquisition was 
performed. The pigs were monitored during recovery from anesthesia. 
Immediately after the second sets of images had been obtained, the pigs 
were euthanized and their vertebrae excised. The vertebrae were scanned 
with µCT and evaluated in a previously described manner.53 Each defect 
was aligned to a standard position, and a cylindrical VOI (4 × 15mm) was 
defined for 3D histomorphometric evaluation. Both the BVD and AD of 
the VOIs were used to assess new bone formation.

Histological analysis and immunofluorescence imaging. Histological 
analysis was performed on rat vertebrae that had been retrieved 12 weeks 
postoperatively (at the endpoint of the experiment) and on pig vertebrae 
that had been retrieved after 5 weeks. The vertebrae were sectioned and 
stained using hematoxylin and eosin for morphological analysis, as pre-
viously described.54 For immunofluorescent staining, tissues were depa-
raffinized, and the antigens were retrieved by incubation in preheated 
Target Retrieval Solution (Dako, Carpinteria, CA) for 45 minutes in 
37  °C. Nonspecific antigens were blocked by applying blocking serum–
free solution (Dako). Slides were stained with primary antibodies against 
human bone sialoprotein and osteocalcin to examine osteogenic differen-
tiation and with SDF1, CXCR4, EGFR, and amphiregulin to determine 
the MSC migration mechanism. The primary antibodies were applied 
to the slides and incubated in 4 °C overnight, washed off using PBS, and 
the slides were incubated with secondary antibodies (Supplementary 
Table S1) for 1 hour in room temperature, after which they were washed 
off (Supplementary Table S1) with PBS. Slides were then stained with 
 4’,6-diamidino-2-phenylindole dihydrochloride (1 µg/ml) for 5minutes 
in the dark, after which they were again washed three times with PBS. A 
VectaMount mounting medium (Vector Laboratories, Burlingame, CA) 
was applied to the tissue. The slides were imaged using a four-channel 
Laser Scanning Microscope 780 (Zeiss, Pleasanton, CA) with ×20 magni-
fication, z-stacking, and 5 × 5 tile scanning. For zoom-in images, a single 
z-stacked image was generated. All samples were scanned using the same 
gain and exposure settings.

Statistical analysis. GraphPad Prism 5.0b software (GraphPad Prism, 
San Diego, CA) was used to analyze the data. Results are presented as 
means ± SE (*P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001; ns, not 
significant). Longitudinal data analysis was conducted using a one-way 
ANOVA or two-way ANOVA with repeated measures and the Bonferroni 
post-test. To assess significance, P  <  0.05 was considered statistically 
significant.

SUPPLEMENTARY MATERIAL
Figure S1. Establishment of the osteoporosis induction protocol in 
ovariectomized nude rats.
Figure S2. MSCs-hdPTH therapy regenerates vertebral defects in 
osteoporotic rats: histological and immunofluorescence analysis.
Figure S3. Biodistribution of cells following systemic administration.
Figure S4. Results of the metabolic toxicity study for MSC and PTH 
therapy.
Table S1. Antibodies used for the immunofluorescence throughout 
the study.
Materials and Methods
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