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Abstract

Adult multipotent stem cells have been isolated from a variety of human tissues including human

skeletal muscle, which represent an easily accessible source of stem cells. It has been shown that

human skeletal muscle-derived stem cells (hMDSCs) are muscle derived mesenchymal stem cells

capable of multipotent differentiation. Although hMDSCs can undergo osteogenic differentiation

and form bone when genetically modified to express BMP2; it is still unclear whether hMDSCs

are as efficient as human bone marrow mesenchymal stem cells (hBMMSCs) for bone

regeneration. The current study aimed to address this question by performing a parallel

comparison between hMDSCs and hBMMSCs to evaluate their osteogenic and bone regeneration

capacities. Our results demonstrated that hMDSCs and hBMMSCs had similar osteogenic-related

gene expression profiles and had similar osteogenic differentiation capacities in vitro when

transduced to express BMP2. Both the untransduced hMDSCs and hBMMSCs formed very

negligible amounts of bone in the critical sized bone defect model when using a fibrin sealant

scaffold; however, when genetically modified with lenti-BMP2, both populations successfully

regenerated bone in the defect area. No significant differences were found in the newly formed

bone volumes and bone defect coverage between the hMDSC and hBMMSC groups. Although

both cell types formed mature bone tissue by 6 weeks post-implantation, the newly formed bone in

the hMDSCs group underwent quicker remodeling than the hBMMSCs group. In conclusion, our
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results demonstrated that hMDSCs are as efficient as hBMMSCs in terms of their bone

regeneration capacity; however, both cell types required genetic modification with BMP in order

to regenerate bone in vivo.
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1. Introduction

Adult mesenchymal stem cells have been isolated from a number human tissue sources

including bone marrow, adipose tissue, dental pulp, and umbilical cord tissue. Although all

adult derived stem cells have been shown to be capable of multipotent differentiation, there

are advantages and disadvantages of using each of the populations. Among the various cell

types, bone marrow and adipose-derived stem cells are two of the most practical for clinical

application because of their availability; however, healthy bone marrow cells are not always

readily available. The abundance of adipose-derived stem cells makes them highly attractive

[1-3]; however, they are less efficient for bone regeneration after freezing [4]. Hence,

identifying other tissue sources for acquiring adult stem cells is highly desirable. Different

populations of human muscle-derived cells possess a multi-lineage differentiation capacity

in vitro and are capable of forming bone and cartilage in vivo [5, 6] and skeletal muscle is

easily accessible through a minimally invasive needle biopsy procedure. Human muscle-

derived stem cells (hMDSCs) isolated by the preplate technique have been shown to be

capable of improving the functionality of myocardial infarcted cardiac muscle more

effectively than myoblasts, and have been shown capable of effectively treating stress

urinary incontinence in human patients[7, 8]. hMDSCs display a similar marker profile as

human bone marrow mesenchymal stem cells (hBMMSCs), with more than 95% of the cells

expressing CD73, CD90, CD105, CD44, and being negative for CD45. Moreover, a high

percentage of hMDSCs express CD56 and CD146. These hMDSCs exhibit myogenic,

osteogenic, chondrogenic, and adipogenic capacities in vitro and are considered to be MSCs

of muscle origin. These cells were also shown to be capable of enhancing the healing of a

critical size calvarial bone defect created in mice when transduced with lenti-BMP2[9] ;

however, it has never been determined if hMDSCs are as efficient as bone marrow MSCs in

terms of their ability to promote bone repair. Consequently, we conducted a parallel

comparison study between these two human cell populations in terms of their osteogenic

differentiation capacities in vitro and their regeneration capacities in vivo utilizing a critical-

size calvarial defect model.

Many different scaffolds have been used for promoting the osteogenesis of bone marrow

MSCs in vivo, including collagen type I, alginate hydrogel [10, 11], gelatin beads [12],

hydroxyapatite [13, 14], small intestine submucosa, and akermanite bioceramics [15, 16]. In

the current study, we utilized fibrin sealant, which is the natural product of blood clot

formation and is completely bio-resorbable. Upon activation by thrombin, it forms a clot like

gel instantly and has been successfully used as scaffold for bone repair[9, 17-19]. It has also
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been used as a cell delivery vehicle to repair nerve and articular cartilage[20, 21] and

exhibits no adverse side effects on the transplanted cells or host tissue. Fibrin glue (Tisseel,

BAXTER) is FDA approved and is routinely used in clinic; therefore, this scaffold was used

to compare the bone regeneration capacities of both hBMMSCs and hMDSCs in vivo.

BMP2 effectively promotes the osteogenic differentiation of hBMMSCs and hMDSCs in

vitro and can mediate bone repair in vivo; therefore, we used a lenti-BMP2 viral vector to

transduce both populations of cells and compared their osteogenic and bone regenerative

potentials. In the current study, we performed a parallel systematic comparison between

transduced and non-transduced hMDSCs and hBMMSCs in terms of their osteogenic gene

expression profiles, in vitro osteogenic potential, and in vivo bone regeneration capacity in a

mouse critical size calvarial defect model using fibrin sealant as a scaffold.

2. Material and methods

The use of human tissues was approved by the Institutional Review Board (University of

Pittsburgh and University of Washington), and all animal experiments and procedures were

approved by Institutional Animal Care and Use Committee of the University of Pittsburgh.

2.1. Cell isolation

Four populations of hMDSCs were isolated, via a modified preplate technique as previously

described [22], from skeletal muscle biopsies purchased from the National Disease Research

Interchange (NDRI) from a 23 y/o male (23M), a 30 y/o female (31F), a 21 y/o male (21M),

and a 76 y/o female (76F). The late adhering (PP6) cells were grown and maintained in

proliferation medium that contained high glucose DMEM (Invitrogen) supplemented with

20% FBS, 1% chicken embryo extract, and 1% penicillin/streptomycin.

hBMMSCs were isolated from bone marrow obtained from the femoral heads of four

patients who had undergone total hip arthroplasty from an 81 y/o female (81F), 66 y/o

female (66F), 68 y/o male (68M), and a 52 y/o male (52M). Briefly, as described previously

[23], trabecular bone was cored out using a curette or rongeur and flushed with rinsing

medium containing [.alpha]-MEM, 1% antibiotic-antimycotic (Invitrogen, CA, USA) using

18-gauge hypodermic needles. The bone chips were then minced with scissors and the

flushed medium was passed through a 40 μm mesh cell strainer to remove debris and

centrifuged for 5 min at 300G. Pellets were washed twice with rinsing medium and

resuspended in mesenchymal stem cells (MSC) proliferation medium containing α-MEM

(Invitrogen, CA, USA), 10% fetal bovine serum (FBS, Invitrogen, CA, USA), 1% antibiotic-

antimycotic (Invitrogen), and 1 ng/ml FGF2 (RayBiotech, Inc., GA, USA) and plated on two

150 cm2 tissue culture flasks. On day 4, the cells were washed with PBS and fresh

proliferation medium was added. Proliferation medium was changed every 3-4 days. Once

the cell cultures reached 70-80% confluency, the cells were dissociated with 0.25% trypsin

containing 1mM EDTA (Invitrogen, CA, USA), frozen, and stored in liquid nitrogen for

future studies.
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2.2. Construction of the lentiviral-BMP2 construct

A lenti-viral construct encoding human BMP2 gene under the control of the human

cytomegalovirus (CMV) promoter was constructed in our laboratory (in collaboration with

Dr. Bing Wang Laboratory). A SV40 early promoter was inserted down-stream of the BMP2

expression cassette to drive a higher level of constitutive expression of an antibiotic

resistance gene to allow us to use blasticidin to select for the BMP2 transduced cells. Lenti-

BMP2 virus was packaged using 293T cells (ATCC).

2.3. Cell transduction

hMDSCs were transduced with lenti-viral-BMP2 construct in the presence of polybrene (8

μg/ml) at passage 8 for 16 hrs and the hBMMSCs were transduced with the same virus at

passage 2. Twenty four hours after transduction, both the hMDSCs and hBMMSCs were

selected with 10 μg/ml blasticidin for 24hrs. After selection, the cells were expanded in their

respective proliferation media. BMP2 secretion levels were measured using ELISA (R&D

system) at different passages post transduction.

2.4. Analysis of osteogenic related genes and early osteogenic markers

Semi-quantitative RT-PCR was performed on the hMDSCs and hBMMSCs to assess their

respective gene expression profile before and after lenti-BMP2 transduction. Total RNA was

extracted from both non-transduced and lenti-BMP2 transduced cells using Trizol reagent

(Invitrogen). cDNA was synthesized using Superscript II reverse transcriptase (Invitrogen).

PCR reactions were performed using a Promega GOtaq Kit. Primers were designed using

Primer 3[24, 25] and are shown in Table 1. Alkaline phosphatase (ALP, Sigma-Aldrich)

staining was performed on both, non-transduced and lenti-BMP2 transduced hMDSCs and

hBMMSCs.

2.5. In vitro osteogenic differentiation using 3D pellet cultures

Four populations of hMDSCs and hBMMSCs were subjected to pellet culture before and

after lenti-BMP2 transduction using a protocol previously described [9]. Four to 8 replicate

pellets were prepared for each population and cultured in osteogenic medium utilizing the

same conditions. At 3 and 4 weeks after initiating the osteogenic cultures, the pellets were

scanned with a microCT (Viva CT 40,Scanco Medical, Switzerland) to detect mineralization

using 21voxel size and medium resolution. The mineralized pellet volumes were evaluated

using the following parameters: Gauss Sigma 0.8, Gauss support 1.0, and threshold 122.

After 4 weeks, the cell pellets were fixed in 4% neutral buffered formaldehyde for 2 hrs at

RT, embedded in NEG 50 freezing medium, snap frozen in liquid nitrogen, and stored at

-80°C until cryosectioned at 8 μm. Von Kossa staining was performed using an online

protocol (IHC world) to verify the calcification of the pellets. Osteocalcin

immunohistochemistry using mouse anti-human osteocalcin (R &D system, USA) primary

antibody was also performed as previously reported [9]. DAB color reaction was used to

reveal osteogenic differentiation of the cells as shown in brown. Pellet culture experiments

were repeated three times for all cell populations.
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2.6. Creation of critical size calvarial bone defects

Critical size calvarial bone defects were created using an established protocol[19]. Briefly,

CD-1 nude mice (Charles River) were anesthetized using 2% isoflurane. An incision was

made just off the middle line of the skull in the scalp and the right parietal bone was

exposed. After removal of the periosteum, a 5 mm bone defect was created using a 5 mm

diameter trephine (Fine Science Tools, USA). The bone was carefully removed and the

defect area was rinsed with normal saline. The cultured cells were resuspended in 25 μl of

PBS and mixed with 15 μl of thrombin immediately before their implantation into the defect

area. Following cell implantation, 15 μl fibrin sealant was put on top of the cells and allowed

1-2 minutes to solidify. The wound was closed with suture and the mice were allowed to

recover in an oxygen chamber.

2.7. In vivo bone regeneration using non-transduced hBMMSCs and hMDSCs

Eight week-old male CD-1 nude mice (Charles River) were divided into 2 groups (N=8).

One group received 1.5×106 hBMMSCs from 2 donors (81F and 52 M) with each of the

donor cell populations were implanted into 4 mice. The other group received 1.5×106

hMDSCs from two donors (76F and 21M). hBMMSCs at passage 5 and hMDSCs at passage

13 were implanted into the defect area using fibrin sealant as the scaffold (Tisseel, Baxter).

MicroCT scans (Viva CT -40, Scanco Medical, Switzerland) were performed at days 1, 14,

28, and 42 post-implantation (PI) using 30 μm voxel size and medium resolution. Bone

volume was quantified using Scanco evaluation software according to the guidelines of the

American Society of Bone and Mineral Research [26] . Bone defect coverage was measured

using Image J software (NIH).

2.8. In vivo bone regeneration using BMP2 transduced hBMMSCs and hMDSCs

Thirty two male CD-1 nude mice at 8 weeks of age were divided into two groups (N=16):

Group 1 received 4 populations of lenti-BMP2 transduced hBMMSCs (N=4 for each

population at passage 3-4 after blasticidin selection); Group 2 received 4 populations of

lenti-BMP2 transduced hMDSCs at passage 5-6 after blasticidin selection (N=4 for each

population). 5mm critical size calvarial defects were created in the right parietal bone of the

mice as stated above and 1.5×106 cells were mixed with thrombin and implanted in the

defect, with fibrin sealant then being added onto the cells. The fibrin was allowed to solidify

and the wound was then closed with sutures. MicroCT scans (Scanco Medical) were

performed at days 1, 14, 28, and 42 PI using 30μm voxel size and medium resolution as

stated above.

2.9. Histology

Herovici's staining was used to identify collagen type I as previously described [27-29].

H&E staining was used to reveal the newly regenerated bone and bone marrow. Tartrate

resistant acid phosphatase (TRAP) staining was performed on the decalcified paraffin

sections using a 387A kit (Sigma, Milwaukee, USA). TRAP positive osteoclasts on the bone

surface were normalized to bone area (excluding bone marrow area) and expressed as cell

number/mm2.
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2.10. Statistical analysis

One way analysis of variance or Student's t-test was used to analyze bone volume and defect

coverage and TRAP positive cells between the different hBMMSC and hMDSC populations

and between the two groups. For the data that had high standard deviations, such as the in

vitro pellet cultures of the hMDSC (76F) and hBMMSC (52M), we used the Wilcoxon Rank

sum non-parametric test. A value of p<0.05 was considered statistically significant.

3. Results

3.1. Osteogenic gene expression profiles of hMDSCs and hBMMSCs

It took about 10 days to isolate and expand the hBMMSCs and 2 weeks to isolate the

hMDSCs. The hBMMSCs could be used up to passage 10 and the hMDSCs could be

cultured up to passage 20 without any noticeable change in their phenotype. The BMP2

secretion levels of the 4 populations of hBMMSCs at the time of implantation were: 29.9,

12.7, 14.1, 14.1 ng/million/ 24hrs for donors 81F, 66F, 68M, and 52M respectively. The

BMP2 secretion levels of the 4 populations of hMDSCs were: 2.7, 1.3, 0.5, and 0.35 ng/

million/24hrs for donors 23M, 30F, 21M, and 76F respectively. Both hMDSCs and

hBMMSCs expressed the osteogenic-related genes BMPR2, BMPR1b, COX-2, and SOX-9

(Fig.1A). Quantification of the relative gene expression levels indicated that lenti-BMP2

transduction increased COX-2 expression in both cell groups (Fig.1B). ALP staining

indicated that only a very small percentage of hMDSCs and hBMMSCs expressed ALP

(Fig.1C). Quantification of the number of positive cells after lenti-BMP2 transduction

showed that hBMMSCs 81F exhibited higher ALP positivity while hBMMSCs 66F

displayed a lower ALP positivity. All other populations had no significant changes (Fig.1D).

3.2. In vitro osteogenic capacities of hMDSCs and hBMMSCs

MicroCT evaluation of the 3D pellet cultures showed that all 4 populations of hBMMSCs

underwent mineralization by 3 to 4 weeks after initiating the osteogenic cultures; in contrast,

the non-transduced cells exhibited only very minimal mineralization (Fig. 2A showing two

populations). Lenti-BMP2 transduction greatly enhanced the pellets’ mineralization volumes

(Fig. 2B, C). Similarly, the 4 populations of hMDSCs cultured in osteogenic medium also

exhibited mineralization as detected by microCT at 3 and 4 weeks, although the mineralized

pellet volumes varied more among the different hMDSC populations. Of the four

populations of hMDSCs, three populations of cells (76F, 31F, and 23M) displayed

significant increases in mineralization volume after lenti-BMP2 transduction at the 3 and 4-

week time points (Fig.2D, showing 1 donor); however, one population of untransduced

hMDSCs (21M) actually displayed a significantly higher mineralized pellet volumes at both

the 3 and 4-week time points than the lentiBMP2 transduced cells (Fig.2 E). This

phenomenon could have been caused by the different growth rates between the untransduced

and lenti-BMP2 transduced hMDSCs, since we observed that this population of

untransduced cells grew much faster than the lenti-BMP2 transduced cells (data not shown).

Von Kossa staining demonstrated that all the hBMMSCs pellets underwent mineralization.

Notably, the mineralization of the untransduced cells was located at the periphery of the

pellets, while the lenti-BMP2 transduced cells mineralized at both the edge and center of the
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pellets. Similarly, the untransduced hMDSCs mineralized at the periphery of the pellets

while the lenti-BMP2 transduced cells mineralized both centrally and peripherally. For the

21M population, both the untransduced and transduced cells demonstrated extensive

mineralization throughout their pellets. As a result of this high level of mineralization, some

parts of the pellets peeled off especially in those areas that were highly mineralized (Fig.

3A).

Immunohistochemical staining of osteocalcin indicated that the cells in the pellets of the

hBMMSCs expressed the early mineralization marker osteocalcin (brown staining) as did

the hMDSCs(Fig. 3B).

3.3. In vivo bone regeneration capacities of untransduced hMDSCs and hBMMSCs

We tested the capacity of the hMDSCs and hBMMSCs to regenerate bone, using fibrin

sealant as a scaffold, in a critical size calvarial defect model. After implantation of the

nontransduced hBMMSCs or hMDSCs into the calvarial defects, microCT analyses revealed

no obvious bone formation in either the hMDSCs or hBMMSCs transplantation groups (Fig.

4A). Quantification of the bone defect area demonstrated less than 30% healing of the defect

in all groups with no significant difference between groups (Fig.4 B). Herovici's staining

indicated no bone matrix collagen type I (red) formation in the defect area; however,

collagen type 3 (blue) staining, which stains fibrotic tissues, was present in the defect area of

both the hBMMSCs and hMDSCs groups (Fig.5A). H&E staining displayed no bone

formation, but did demonstrate a layer of fibrotic tissue in both the hBMMSCs and hMDSCs

implantation groups (Fig. 5B).

3.4. In vivo bone regeneration capacities of BMP-2 transduced hMDSCs and hBMMSCs

All 4 populations of lenti-BMP2 transduced hBMMSCs were capable of forming new bone

in the calvarial bone defect site as early as 2 weeks post implantation, as shown by 3D

reconstruction of the microCT scans. Some animals showed complete healing (81F) at 4 and

6 weeks (Fig.6A). Similarly, the 4 populations of hMDSCs also displayed significant new

bone formation in the defect area with some of the animals showing complete defect healing

(31F) (Fig.6B); however, both cell types demonstrated variability between the different

populations. The quantification of the newly regenerated bone volumes is shown in Fig. 6C.

There were no statistical differences in the newly regenerated bone volumes or bone defect

coverage among the 4 populations of hBMMSCs or the different populations of hMDSCs

(Fig.6B). There were also no differences between the hMDSC and hBMMSC groups when

the data was combined and compared (Fig.6D). Quantification of the bone defect healing

areas revealed 50-90% healing in the 4 populations of hBMMSCs (Fig.6E). The defect

healing of the lenti-BMP2 transduced hMDSCs ranged from 60%-80% (Fig.6E). There were

no statistical differences among the 4 populations in terms of their percentage of total defect

healing. When the data from the 4 populations from both the hBMMSCs and hMDSCs were

combined and compared, there was no statistical difference between two groups (Fig.6 F).

3.5. Functional bone tissue formation by BMP2 transduced hBMMSCs and hMDSCs

Herovici's staining revealed the formation of bone matrix which consisted of collagen type I

(red) in the defect site (the area between the two black arrows), that resembled normal host
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bone on the contralateral side of the skull in both the hBMMSC and hMDSCs groups (Fig.

7A). The newly regenerated bone in the defect area was found to be fully integrated with the

host bone (Fig.7B). Bone matrix (shown in red) and typical cancellous bone could be seen at

high magnification (Fig. 7C). Collagen type III is detected as dark blue and bone marrow

stains light blue. H&E staining revealed the formation of cancellous bone and bone marrow.

We found myeloid cells (blue arrows), erythrocytes (green arrows ), and megakaryocytes in

the newly formed bone marrow (enlarged in insert boxes) and blood vessels in all the defect

sites implanted with the lenti-BMP2 transduced hBMMSCs and hMDSCs transplanted

populations (Fig.7D showing two populations).

3.6. Remodeling of the newly formed bone

To assess the bone remodeling of the newly formed bone, osteoclast formation was

examined by TRAP staining. Violet red TRAP positive osteoclasts (green arrows) were

found on the bone surface of the newly formed bone, similar to the contralateral side of the

native host bone in all the transplanted groups transduced with lenti-BMP2 (Fig.8A).

Quantification of the TRAP positive osteoclasts in the bone area indicated variability

between the different populations of hBMMSCs; however, the 4 populations of hMDSCs

displayed similar trends (Fig.8B). When the 4 populations were combined and compared

between the hBMMSCs and the hMDSCs, we found significantly more TRAP positive

osteoclasts in the new bone areas in the hMDSCs group than in the hBMMSCs group (Fig.

8C).

4. Discussion

In the current study, we performed a parallel comparison of the osteogenic capacity of

hMDSCs and hBMMSCs both in vitro and in vivo using a critical size bone defect model

and bioresorbable fibrin sealant scaffold. Our results demonstrated that both cell types had

similar osteogenic related gene expression profiles and exhibited equivalent osteogenic

differentiation capacities in vitro and bone regeneration capacities in vivo.

hBMMSCs have been extensively studied for their bone regeneration capacities and have

become the “gold standard” adult stem cells for bone repair. Autologous bone marrow stem

cells have been shown to be effective for treating non–union bone fractures [30-34] and

have been used to promote bone elongation [35]. Furthermore, genetic modification of

hBMMSCs with osteogenic genes like BMP has been shown to greatly increase their

osteogenic potential of the and effectively promote bone defect repair in different animal

models [36-39]. Recently, comparison studies of the hBMMSCs with other adult stem cells

have been performed. A comparative study of hBMMSCs and human adipose derived stem

cells in a rat spine fusion model using ex vivo adenoviral based gene transfer of BMP2

showed that both cell populations induced abundant bone formation and promoted similar

posterolateral spinal fusion [40]. hBMMSCs have also been shown to be more efficient at

promoting functional bone fracture healing than mesenchymal stem cells derived from

human embryonic stem cells [41]. However, until now, there have been no reports that

compared human bone marrow derived stem cells with other sources of adult stem cells for

bone repair using a critical size calvarial bone defect model.
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Human muscle derived multipotent progenitor cells(MPCs) isolated from traumatized

muscle tissues have been shown to express the mesenchymal stem cell markers CD73,

CD90 andCD105 and were negative for CD45. MPCs have been shown to be capable of

differentiating into osteoblasts, chondrocytes and adipocytes, but not myoblasts [42, 43].

Although they appeared to have a limited lineage commitment compared to bone marrow

derived MSCs, they are remain a promising cell source for bone regeneration due to their

availability and abundance following orthopaedic injuries [44] and are putative

osteoprogenitor cells that initiate ectopic bone formation in heterotopic ossification [45].

Recently, it has been shown that hMDSCs isolated via the preplate technique also display a

mesenchymal stem cell marker profile which is highly positive for CD73, CD90, CD105,

CD44, CD56, and CD146, and negative for CD45 and are capable of differentiating into

osteogenic, chondrogenic, adipogenic and myogenic lineages, and are considered to be a

muscle-derived mesenchymal stem cell population [9]. Indeed, hMDSCs, like hBMMSCs,

also expressed BMPR1b, BMPR2, COX-2, and SOX9 which allow them to be responsive to

BMP2 signaling through the BMP2-BMPR2 and BMPR1b pathways to activate the

osteogenic differentiation processes [46].

We found that BMP2 secretion levels were much higher in the lenti-BMP2 transduced

hBMMSCs than in the lenti-BMP2 transduced hMDSCs; however, this difference was not

reflected in the in vitro or in vivo osteogenic potential of the cells. Both cell types formed

comparable sized pellets that underwent similar mineralization in vitro and formed

comparable mature bone in vivo; however, neither the hBMMSCs nor the hMDSCs

underwent osteogenic differentiation after lenti-BMP2 transduction in vitro without being

grown in osteogenic medium in pellet cultures.

Both non-transduced hBMMSCs and hMDSCs formed negligible amounts of bone after

implantation into critical size calvarial bone defects in mice. This indicated that although

both stem cell types possess the ability to differentiate toward an osteogenic lineage in vitro,

sufficient osteoinductive signaling is required to initiate the bone regeneration processes in

vivo. It has been shown that hBMMSCs could facilitate bone regeneration and repair without

gene modification or stimulation with BMPs [47, 48]; however, the enhanced bone repair

capacity of the hBMMSCs in these studies was probably due to the osteogenic inductive

effect that the scaffolds had on the hBMMSCs. The fibrin sealant scaffold used in the

current study has no bone inductive effects on the transplanted cells and only served to keep

the cells at the defect site. Fibrin sealant is resorbed in approximately 7 days post-

transplantation, as can be observed at early time points of several of our previous studies[9,

19].

In contrast, the current study demonstrated that both hMDSCs and hBMMSCs could

efficiently promote critical size bone defect healing when genetically modified with lenti-

BMP2. Although the secretion levels of BMP2 were much lower in the lenti-BMP2

transduced hMDSCs than in the lenti-BMP2 transduced hBMMSCs, they formed similar

amounts of new bone. This finding cannot be explained by the age differences of the

patients from which the hMDSCs and hBMMSCs cells were isolated because we found that

the hMDSCs and hBMMSCs isolated from the older donor were not inferior to those of the
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younger donor (81F hBMMSC versus 52M, 66F, 68M hMDSCs; 76F hMDSC versus 21M,

23M, 31F hMDSCs).

Importantly, we found that all the populations of lentiBMP2 transduced hBMMSCs and

hMDSCs formed mature bone and bone marrow as shown by the presence of typical

cancellous (trabecular) bone structure which is composed of a highly organized dense

collagen type I matrix and is vascularized and populated by at least three hematopoietic cell

lineages (erythrocytes, myeloid cells, and megakaryocytes) in the newly formed bone

marrow, which was very similar to the native contralateral host bone (data not shown). In

the past, most research in the field of bone tissue engineering has focused on the formation

of mineralized tissue and not on the formation of truly mature bone; however, recently,

Scotti et al. were able to establish a mature hematopoietic stem cell niche using in vitro

cartilage based engineering in combination with in vivo implantation of hBMMSCs. In their

study, they seeded the stem cells in a collagen scaffold, stimulated them with different

factors for 5 weeks until the cells differentiated toward a cartilaginous lineage, and

subsequently implanted the scaffold and cells subcutaneously into host mice. Five to 12

weeks after implantation they found that the implants attracted host cells to form

vascularized bone and mature bone marrow [49]. In our study, both the lenti-BMP2

transduced hMDSCs and hBMMSCs demonstrated similar capacities to form functional

bone by 6 weeks post-implantation, and the newly formed bone marrow was populated by at

least three different hematopoietic lineages. These results were very encouraging because

our method omitted the necessity of the in vitro culture process, did not require the use of a

complicated scaffold, and took a shorter time to form mature bone which actually integrated

with the host bone.

We also found that the newly formed bone in the hMDSCs group underwent faster

remodeling (a measure of bone maturation) than the hBMMSCs group, as indicated by the

appearance of a greater number of TRAP positive osteoclasts in the newly formed bone

created by the hMDSCs. This is important because the faster bone remodeling occurs, the

quicker functional integration can occur with the host bone.

Limitations of the current study included the fact that we could not obtain bone marrow and

skeletal muscle biopsies from the same donors to perform side-by-side comparative studies

of the isolated hBMMSCs and hMDSCs. Also, the skull defect model is not an easy model

to determine biomechanical testing post-treatment, and therefore additional studies using a

long bone defect is required in the future.

5. Conclusion

In summary, we found that hMDSCs were as efficient as hBMMSCs in terms of their in

vitro osteogenesis and in vivo bone regeneration capacity, and all the populations studied

formed mature bone and bone marrow by 6 weeks when genetically modified with a lenti-

BMP2 viral vector. Genetic modification or stimulation with BMP of both cell populations

was a key requirement for the cells to efficiently regenerate bone. Therefore, skeletal muscle

is a potential reliable alternative source of adult mesenchymal stem cells (hMDSCs) for

applications in bone tissue engineering and bone defect repair.
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Fig. 1.
Gene expression and ALP staining of hBMMSCs and hMDSCs, before and after lenti-

BMP2 transduction. A) Gene expression analysis by semi-quantitative RT-PCR. B)

Quantification of the expression of osteogenic genes by hMDSCs and hBMMSCs. C) ALP

staining. D) Quantification of ALP positive cells indicated that their abundance was

significantly higher in the hBMMSC81F population and significantly lower in the hBMMSC

66F population after transduction. No difference was found in other populations after lenti-

BMP2 transduction. Scale bars in C represent 200μm. **P<0.01, *** P<0.001.
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Fig. 2.
MicroCT imaging of mineralization of in vitro 3D pellet cultures at 3 and 4 weeks after

osteogenic differentiation. A) Representative 3D microCT images of two populations of

hBMMSCs and hMDSCs. B-C) Quantification of mineralized volumes of the hBMMSC

pellets. D-E) Quantification of the mineralized volumes of hMDSC pellets. Transduction

with lenti-BMP2 enhanced mineralization of the pellets with the exception of donor

hMDSCs 21M.

* p<0.05, ** p<0.01, ***<0.001 compared to the untransduced cells.
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Fig. 3.
Von Kossa staining and osteocalcin immunohistochemistry of hBMMSCs and hMDSCs

pellet cultures. A) Von Kossa staining. Untransduced hBMMSCs mineralized mainly at the

periphery of the pellets and lenti-BMP2 transduction resulted in both peripheral and central

mineralization of the pellets. hMDSCs tended to mineralize throughout the entire pellet.

LentiBMP2 transduction enhanced the extent of mineralization. B) Osteocalcin

immunohistochemistry. Osteocalcin positive cells stained dark brown. Osteocalcin was

identified in the same location as the Von Kossa positive cells in both the hBMMSCs and

hMDSCs pellets.
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Fig. 4.
Comparison of in vivo bone regeneration by untransduced hBMMSCs and hMDSCs. A)

MicroCT 3D images of the calvarial bone defect at different times points post implantation

of the stem cells. B) Quantification of the defect healing percentage. The defect closure

ranged from 15-26% on average for both the hBMMSCs and hMDSCs. No statistical

differences were found.
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Fig.5.
Histological analysis of the regenerated tissues formed by the untransduced hBMMSCs and

hMDSCs. A) Herovici's staining. The defect area is shown between the two black arrows at

20X magnification. Both the hBMMSCs and hMDSCs transplantation groups stained

positively for collagen type III (blue) in the defect area while the host bone stained

positively for collagen type I (red) matrix. B) High magnification (200X) showing the defect

area was mainly filled with collagen type III (blue) in both populations of hBMMSCs and

hMDSCs while the host bones stained positively for collagen type I (red). C) H&E staining

further indicated the formation of fibrotic tissue in the defect area while the host bone

showed a dense bone matrix. COL3; Collagen type III. HB: Host bone; Br: Brain; COL1:

Collagen type I; FT: Fibrotic tissue.
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Fig. 6.
Comparison of bone regeneration capacity of lenti-BMP2 transduced hBMMSC and

hMDSCs. A-B) Representative microCT images of 4 populations of lenti-BMP2 tranduced

hBMMSCs and 4 populations of lenti-BMP2 transduced hMDSCs at various time points

post implantation. C) Quantification of newly formed bone volume by microCT for all

populations of both hBMMSCs and hMDSCs groups. D) Combined bone volume of

hBMMSCs and hMDSCs indicated no statistical differences. E) Quantification of defect

coverage (%) for both groups. N=4 for each population. F) Combined bone defect coverage

showing no statistical differences between the hBMMSCs and hMDSCs groups.
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Fig. 7.
Histological analysis of the newly formed bone in the defect area by the lenti-BMP2

transduced hBMMSCs and hMDSCs. A) Herovici's staining. The newly formed bone in

both groups contained similar collagen type I positive bone matrix (red) (20X

magnifications) as host bone. The region between the two black arrows indicates the defect

area. B) Herovici's staining indicated the whole defect area in detail. C). Herovici's staining

at high magnification indicated the structure of the bone matrix (red) and bone marrow (light

blue). D) H&E staining displayed the formation of bone and functional bone marrow. Both

the hBMMSCs and hMDSCs groups formed new functional bone as indicated by the dense

bone matrix (red) and functional bone marrow was demonstrated by the appearance of blood

vessels (yellow arrows) and three lineages of bone marrow cells including erythrocytes

(green arrows), myeloid cells (blue arrows), and megakaryocytes (blue box). Inserts are the

enlarged megakaryocytes in the blue boxes. COL1: Collagen type 1; COL3, collagen type 3;

BM: Bone marrow; B, Bone; Br, Brain.
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Fig. 8.
TRAP staining revealed osteoclasts mediated bone remodeling. A) Representative TRAP

staining images of the newly regenerated bone in the defect area of two populations of

hBMMSCs and hMDSCs. TRAP positive osteocalsts stain violet red (green arrows) on the

bone surface seen in the newly regenerated bone of 4 populations ofhBMMSCs and

hMDSCs, inserts in each picture showing TRAP positive osteoclasts. B). Quantification of

TRAP positive osteoclasts for each cell population. C. Comparison of hBMMSCs and

hMDSCs groups indicated more TRAP positive osteoclasts in the hMDSCs group than the

hBMMSCs group.

* P<0.05 compared to hBMMSCs group.
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Table l

Primer information

Gene name Accession number Primers (5’-3’) Product size (bp) Annealing temperature

SOX9 NM 000346.3 F: GCTCAGCAAGACGCTGGGCA 249 55

R: CCGGAGGAGGAGTGTGGCGA

BMPR1B NM 001203.2 F:AGGCCTCCCTCTGCTGGTCC 108 55

R: TTCGCCACGCCACTTTCCCA

BMPR2 NM 001204.6 F: TCCCATGCTGCCACAACCCA 231 55

R: TGGCCGTTCCCTCCTGTCCA

COX-2 NM 000963.2 F: GCGAGGGCCAGCTTTCACCA 225 55

R: CCTGCCCCACAGCAAACCGT

GAPDH NM_002046.4 F: GCCTTCCGTGTCCCCACTGC 211 55

R: CAATGCCAGCCCCAGCGTCA

F: Forward; R: Reverse
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