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Bone marrow transplantation can provide an effective 
cell-based strategy to enhance bone repair. However, 
the fate of implanted cells and the extent of their con-
tribution to bone osteoinduction remain uncertain. To 
define the fate of bone marrow–derived cells and their 
contribution in vivo, we used a bone-specific collagen 
I  promoter (2.3Col) driving green fluorescent protein 
(GFP) (2.3ColGFP) within a lentiviral vector. Prior to 
in vivo cell fate determination, we verified a high effi-
ciency of lentiviral transduction in human bone marrow 
stromal cells (hBMSCs), without altering the proliferation 
or differentiation potential of these cells. We showed that 
the 2.3ColGFP marker responded to endogenous tran-
scriptional regulation signals. In a mouse ossicle model, 
we demonstrated that the 2.3ColGFP marker is able to 
specifically define human bone marrow–derived stem 
cells that enter the osteoblast lineage in vivo. In addi-
tion, cells labeled with 2.3ColGFP with the donor origin, 
directly make a major contribution to bone formation. 
Furthermore, we also demonstrated in a calvarial defect 
model that a mixture of human bone marrow–derived 
populations, have stronger bone regenerative potential 
than that of hBMSCs, and an optimal dose is required for 
bone regeneration by the mixed populations.
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IntroductIon
Given the severe tissue loss associated with traumatic events such 
as auto accidents, industrial accidents, and war wounds, there is an 
immediate need for effective cell therapy to regenerate bone and 
other lost tissues. One therapy to regenerate tissue lost to injury 
is administration of human bone marrow–derived stem cells, 
which constitute an exciting therapeutic possibility, because they 
give rise to a number of cell types, including osteoblasts (bone), 

chondrocytes (cartilage), adipocytes (fat), and cells needed to 
reconstruct vascular beds.1 Indeed, the successful use of freshly 
isolated autologous bone marrow cells, or bone marrow–derived 
osteoprogenitors has been reported in several retrospective case 
series of nonunion fractures,2,3 osteonecrosis,4 and spinal fusion.5

In regenerative medicine, knowledge of the mechanisms by 
which cell grafts contribute to bone repair and regeneration is lim-
ited. Furthermore, the fate of transplanted stem cells and the extent 
of their direct contribution to tissue regeneration remain contro-
versial. Techniques which have been used with limited  success to 
define the fate of cells in new tissue formation included: (i) in situ 
hybridization to detect donor-specific chromosome,6,7 (ii) species-
specific gene sequences,8 (iii) the β-gal transgene reporter or PCR 
for detecting neomycin or other reporter genes,6 and (iv) immuno-
cytochemistry.9 Green fluorescent protein (GFP) reporters, includ-
ing tissue-specific promoter-directed GFP reporters, are widely 
used to track cell lineage progression.10–14 Several studies employ-
ing ubiquitously expressed GFP or lacZ to investigate the fate of 
engrafted mouse or rat cells during bone formation in vivo were 
frustrated by the technical difficulties due to loss of GFP expression 
during tissue processing.15–17 It has been assumed that contribution 
to bone formation should be originated from both donor and host 
sides. However, the exact contribution of implanted human cells in 
in vivo bone formation models also remains uncertain.

To address this issue, we used a rat bone–specific promoter 
(collagen type I 2.3 kb) driving GFP (2.3ColGFP) within a 
lenti viral vector for defining the fate of these human stem and 
 progenitor cells and their contribution to bone generation in vivo, 
as this 2.3ColGFP reporter has previously been demonstrated to 
distinguish specific stages of osteoblast differentiation in murine 
stem and progenitor cells.18

Two ex vivo expanded cell populations were examined in this 
study to assess their contribution to bone regeneration in vivo. One 
is the population of human bone marrow stromal cells (hBMSCs) 
expanded with a traditional cell culture method,19 which have pre-
viously been reported to contribute to bone formation in vivo.20 
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The other is an ex vivo expanded mixture of human bone marrow– 
derived stem and progenitor cells including cells from the mesenchy-
mal, hematopoietic, and endothelial lineages. This mixed population, 
termed tissue repair cells (TRCs), is generated in a 12-day culture 
of bone marrow mononuclear cells (BMMNCs), without the need 
for passage-purification.21 A proprietary cell production system 
has been developed for the ex vivo production of TRCs,22 and cells 
generated in this system have been used in the US Food and Drug 
Administration–approved clinical trials for several indications, 
including bone regeneration.23–25 To determine whether the mixed 
population (e.g., TRCs) is more suitable for osteoinduction than that 
of relatively pure population (hBMSCs), we also compare the poten-
tial of bone formation between these ex vivo expanded populations 
using total bone marrow cells from the same human donors.

results
lentiviral transduction produces  
GFP-labeled human cells
To evaluate transduction efficiencies of hBMSCs or TRCs with 
a lentivector containing a bone-specific promoter–driven GFP, 
we firstly used pLL3.7 with a titer of 5 × 105 viral particles/ml, 
which have the same lentiviral vector with a nonspecific promoter 
cytomegalovirus (CMV) driving GFP expression, to reflect its 
transduction efficiency. Two days after lentiviral transduction, 
microscopic evaluation revealed GFP expression in colony-form-
ing fibroblasts in the hBMSCs culture, and all cells were visually 
GFP+ with a fibroblast-like morphology by 7 days after trans-
duction (Figure 1a). Fluorescence-activated cell-sorting (FACS) 
analysis confirmed that 99.9% of transduced cells were GFP+ 
(Figure 1b), indicating high-transduction efficiency by the lenti-
virus in hBMSCs. We noticed the stable GFP expression over 40 

passages or in liquid nitrogen storage for >4 months (data not 
shown). The transduced cells maintained 99.9% of GFP+ just 
prior to transplantation.

Because a high titer of a lentivirus was required to transduce 
total bone marrow cells based on a previous report,26 we performed 
the transduction of human BMMNCs with a concentrated lenti-
virus at 108 infectious units/ml twice within 3 days prior to 12 days 
of TRCs culture.21 Typically, transduction of human BMMNCs 
with pLL3.7 resulted in 16% at TRCs harvest, 49% of GFP expres-
sion at 2 weeks of T-flask culture post-TRC harvest, and 29.9% in 
TRCs with Lenti2.3ColGFP transduction after 2 weeks culture in 
T-flask post-TRC harvest (Figure 1b). Because the transduction 
with pLL3.7 vector caused two GFP+ populations (GFPlow and 
GFPhigh) (Figure 1b), we carried out a flow cytometric analysis to 
exclude a possibility that might cause any changes in immuno-
phenotypes of TRCs. As shown in Table 1, the lentiviral trans-
duction did not affect immunophenotypes and compositions of 
TRCs. As the majority of hBMSCs are CD90+ or CD146+ (97%), 
and no changes were seen in these cell population in TRCs post-
 transduction (shown in Table 1), we did not perform a flow cyto-
metric analysis of immunophenotype in transduced hBMSCs.

lentiviral transduction does not affect proliferation 
or differentiation of hBMscs
Prior to in vivo defining the fate of implanted stem and progenitor 
cells, it was critical to ensure that the lentiviral transduction proto-
col did not alter the ability of cells to proliferate or differentiate. We 
selected hBMSCs for cell proliferation and differentiation assess-
ment as a representative human cell population because TRCs have 
shown to contain all osteopotential of hBMSCs.21 The effect of len-
tiviral transduction on cell proliferation in hBMSCs was  examined 
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Figure 1 transduction efficiency of hBMscs and trcs with a cMVGFP lentivirus. (a) GFP expression in transduced hBMSCs visualized by 
fluorescent microscopy. The left panel is a bright field image and right panel is fluorescence to visualize GFP+ cells. Original magnification: ×40. 
(b) Quantitative analysis of transduction efficiency of hBMSCs and TRC with pLL3.7 or Lenti2.3ColGFP vector by flow cytometry as shown in a 
two-parameter plot. GFP, green fluorescent protein; hBMSCs, human bone marrow stromal cells; TRCs, tissue repair cells.
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by 5′-bromo-2-deoxyuridine (BrdU) incorporation. As shown in 
Figure 2a, the percentage of BrdU+ cells in transduced hBMSCs 
did not differ significantly from that of nontransduced hBMSCs by 
both immunohistochemistry (transduced hBMSCs 72 ± 1% versus 
nontransduced hBMSCs 63 ± 4%) and flow cytometry (transduced 
hBMSCs 69% versus nontransduced hBMSCs 62%).

Next, to confirm that lentiviral transduction did not modify 
the differentiation potential of hBMSCs, nontransduced, and 
transduced hBMSCs with three lentiviral vectors (an empty lenti-
viral vector, pLL3.7, or Lenti2.3colGFP vector) were induced to 
differentiate into either osteoblast or adipocyte lineages. GFP 
expression, controlled by the CMV promoter, could be observed 
throughout the culture period (days 0–18) in the transduced cells; 
2.3ColGFP expression increased with induction of osteoblast dif-
ferentiation (Figure 2b). Reverse transcription–PCR was used to 
compare the expression of several osteoblast differentiation mark-
ers including alkaline phosphatase, bone sialoprotein, and collagen 
1A1. After cells were cultured in osteogenic media, the timing of 
expression of these genes in transduced hBMSCs with the empty 
lentiviral vector, pLL3.7, or Lenti2.3ColGFP vectors was similar 
to nontransduced hBMSCs (Figure 2b), and mineralization based 
on von Kossa staining, occurred in both cell groups (Figure 2c). 
When hBMSCs were grown in adipogenic media, both transduced 
and nontransduced cells differentiated into adipocytes as deter-
mined by Oil Red O staining (Figure 2d). Collectively, these data 
show that lentiviral transduction does not appear to alter the pro-
liferative or differentiate potential of hBMSCs, which are 97.7% 
CD90+ (Table 1). Because previous studies have shown that the 
in vitro osteogenic potential of TRCs is contained entirely within 

the CD90+ fraction, e.g., hBMSCs,21 therefore, separate studies 
were not performed to examine the osteogenic potential of TRCs 
after lentiviral transduction, but a similar result to transduced 
hBMSCs is expected for transduced TRCs.

2.3colGFP expression is associated with osteoblast 
differentiation in hBMscs
We next verified that the bone-specific promoter 2.3ColGFP would 
be able to define the fate of cells differentiating into the osteoblast 
lineage in vitro. Human BMSCs were transduced with either the 

table 1 Flow cytometric analysis of transduced, nontransduced trcs, 
and hBMscs

surface markers
transduced 

trcs
nontransduced 

trcs hBMscs

%CD11b+ 59.5 55.7 1.3

%Lin-CD34+ 0.3 0.4 0.1

%CD90+ 25.8 25.2 97.7

%CD14+ Auto− 7.4 9.5 0.1

%CD14+ Auto+ 26.2 32.7 1.2

%CD3+ 8.8 10.8 0.2

%CD19+ 0.4 0.4 0

%CD66b+ 16.1 15.2 0.5

%CD45+ 76.4 76.1 1.2

%CD146+ 24.9 24.1 97.9

Abbreviations: 7AAD, 7-aminoactinomycin; hBMSCs, human bone marrow 
stromal cells; TRC, tissue repair cells.
All flow cytometry data was 7AAD live-gated.
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Figure 2 characterization of transduced hBMscs in vitro. (a) Influence of lentiviral transduction on hBMSCs. BrdU incorporation assay was used 
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nonspecific pLL3.7 vector or the Lenti2.3ColGFP. Expression 
of GFP was visualized using fluorescence microscopy in culture. 
2.3ColGFP was very weakly expressed and only in a few cells at 
early stages of hBMSC culture, compared to the nonspecific CMV 
promoter vigorously driving GFP expression in vitro (Figure 3b). 
As time in culture increased, and cells adopted an osteogenic phe-
notype, both the intensity of GFP expression and the number of 
GFP+ osteogenic cells increased (Figure 3c) in cells containing 
2.3ColGFP. Expression of 2.3ColGFP peaked at day 24, prior to ini-
tiation of mineralization, and then decreased after mineralization 

(Figure 3c). For analysis of GFP expression, cells were harvested 
from six-well plates with trypsin at day 24 and then subjected to 
FACS analysis. The percentage of GFP+ was 93.3% at this time 
point in osteoblast differentiation culture. Transduction with the 
Lenti2.3ColGFP vector did not produce two separated GFP+ popu-
lations (lower or high) (Figure 3d). This bone-specific GFP expres-
sion also indicates a high efficiency of the lentiviral transduction as 
reflected by the CMVGFP lentivector as seen in Figure 1.

To determine whether there was an association between 
2.3ColGFP and osteoblast differentiation markers, the temporal 
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pattern for 2.3ColGFP expression was evaluated by quantita-
tive reverse-transcription–PCR using total RNA extraction from 
cultured hBMSCs transduced with the 2.3ColGFP vector. As 
expected, at the transcriptional level, this transgene marker 
increased 20–40-fold with induction of osteoblast differentiation 
as shown from days 15–18, which is supported by results obtained 
by fluorescence microscopy as shown in Figure 3c. Interestingly, 
this sequential expression paralleled other typical osteoblast dif-
ferentiation markers, such as osteocalcin (OC) and osteopontin, 
and was particularly closely associated with bone sialoprotein 
(Figure 3e). We also found that 2.3ColGFP expression responded 
to osteoblast regulatory factors. GFP expression in these cells was 
increased remarkably when stimulated by bone morphogenetic 
protein-2 at a concentration of 500 ng/ml, with a correspond-
ing change in cell morphology to that of osteoblast-like cells 
(Figure 3f). In contrast, GFP expression decreased, and cells had 
fibroblast-like morphology when treated with 10 ng/ml platelet-
derived growth factor (Figure 3f).

These results demonstrate that 2.3ColGFP expression, which 
responds to endogenous transcriptional regulation, is strongly 
correlated with typical osteoblast differentiation markers. The 
tempo of this transgenic marker reflects the progression of hBM-
SCs differentiation into the osteoblast lineage. Therefore, it pro-
vides us with a powerful tool for visually determining the fate of 
hBMSCs or TRCs into the osteoblast lineage in vivo during bone 
formation in a mouse ectopic model.

In vivo bone formation by human cells in a 
mouse ectopic model
To evaluate the osteoinductive potential of cells transduced with 
a lentivirus containing either CMVGFP (control), or the bone-
specific promoter 2.3ColGFP (test), transduced hBMSCs or TRCs 
were loaded onto the gelatin sponge (Gelfoam) and placed subcuta-
neously in immunodeficient (severe combined immunodeficiency) 
mice. GFP expression was evaluated in the resulting ossicles.

Both nontransduced and transduced hBMSCs and TRCs 
induced mineralized bone ossicles after 6 weeks of implantation 
(Figure 4a). Interestingly, micro-computed tomography (µ-CT) 
data indicated TRCs generated significantly more bone vol-
ume (12,912 ± 4,878 µm3, n = 8) than that of hBMSCs (6,657 ± 
1,277 µm3, n = 6) (P < 0.05; Figure 4a, right panel). In addition, 
we did not observe any differences in bone formation potential 
between transduced cells and nontransduced cells [transduced 
hBMSCs (n = 6) versus nontransduced hBMSCs (n = 6), P > 0.05; 
transduced TRCs (n = 8) versus nontransduced TRCs (n = 8), P 
> 0.05] after analysis of bone volume and bone mineral density 
measured by µ-CT, indicating that transduction did not affect in 
vivo bone formation potential of both hBMSCs and TRCs.

Followed by μ-CT detection of mineralization, implanted 
samples derived either from cell-free scaffolds (Gelfoam only), 
or scaffold loaded with hBMSCs or TRCs were processed for 
hematoxylin and eosin (H&E) staining. Among six samples of 
the cell-free scaffolds, we observed that there was no bone forma-
tion in three samples, in which a few cells with lymphocyte-like 
morphology were present in the empty spaces of scaffold (data 
not shown); whereas in another three samples, we observed that 
a large number of lymphocyte-like cells were infiltered into the 

scaffold structure and a few fibroblast-like tissues with minimal 
bone formation (indicated in blue square) were located at the edge 
of scaffold (Figure 4b-A, at a magnification of ×40). The scaffold 
structure (Gelfoam) was seen in the majority area of the implants. 
At a higher magnifications (×400), the minimal bone formation 
in the scaffold only was seen to be lamellar form with a few osteo-
cytes in lacunae; lymphocyte-like cells attached to the edge of 
scaffold with smooth surface (Figure 4b-D,G).

In the implants of hBMSCs or TRCs loaded into the scaffold, 
woven bone structure with disorganized/randomly-oriented col-
lagen fibers were observed, in which some cells were present on 
the surface of newly formed bone and a few cells were embed-
ded in bone matrix as osteocytes (Figure 4b-B,E,G for hBMSCs 
and Figure 4b-E,F,I for TRCs at magnifications of ×40 and ×400, 
respectively). Interestingly, we observed that TRCs formed denser 
woven bone structure with more cells (Figure 4b-F,I), and small 
vascular vessels were associated at fibrous tissues surrounding the 
ossicles (indicated in red square) (Figure 4b-E).

To confirm the results of H&E staining, we carried out a 
Masson’s Trichrome staining to demonstrate the bony structure 
of the implants. As shown in Figure 4b-J, the scaffold was stained 
in red with smooth surface and a few fibrous attached at the edges 
stained in blue. In contrast, the structure of the implant sections 
from either hBMSCs or TRCs was stained in blue, indicating that 
these were bony structure (Figure 4b-K,L). A representative of 
vessels in Figure 4b-C was shown in Figure 4b-M by Masson’s 
Trichrome staining.

Furthermore, we also performed immunofluorescent stain-
ing to detect human OC (hOC) expression in these bony struc-
tures, using a mouse-derived monoclonal antibody against 
hOC, a noncollagenous protein found in bone and dentin.27 It 
is secreted by osteoblasts and thought to play a role in miner-
alization and calcium ion homeostasis. This protein has been 
recognized as a specific marker for osteoblasts and bone  tissues. 
As shown in Figure 4c, we found hOC expressed in cells on the 
surface of the bony structure or cells embedded in the structure. 
In addition, this protein was also found in the tissue matrix 
indicated by red arrows. Therefore, the immunodetection of 
hOC in the structure of implants clarifies woven bone forma-
tion inside ossicles.

determining the fate of GFP-labeled cells for bone 
formation in a mouse ectopic model
The location of GFP+ cells adjacent to ossicle bone surfaces was 
examined at 4 weeks of implantation using fluorescence microscopy 
of 5-µm frozen sections of the ossicles. In contrast to the low inten-
sity of the GFP expression observed in ossicles induced by hBMSCs 
or TRCs transduced with pLL3.7, GFP expression was bright (high 
intensity) in ossicles induced by bone-specific 2.3ColGFP-grafted 
hBMSCs or TRCs (data not shown). It indicates that 2.3ColGFP is 
more suitable for mapping the osteoblast lineage fate in vivo, which 
led us to utilize 2.3ColGFP for further tracking the fate of TRC for 
bone formation in the following experiments.

We noticed that at 4 weeks after cell engraftment, ossicles 
 consisted primarily of cells with minimal bone formation; after 6–8 
weeks, bone-like tissue dominated the structure of the  ossicle and 
the number of cells in the ossicle greatly decreased. Due to lack of 
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cellular content in older ossicles, we elected to analyze only 4-week 
ossicles for in vivo cell fate determination with a GFP technology.

As shown in Figure 5a, the bone-specific 2.3ColGFP 
was strongly expressed in each individual cells within the 
TRCs-derived ossicle and the layer of fibroblasts surrounding 
the ossicle exhibited much weaker GFP expression, which may 

represent populations of cells at early stages of osteoblast lineage. 
Three representative areas are shown at a high magnification to 
demonstrate GFP+ cells within the ossicle (Figure 5b). GFP+ cells 
were embedded within bone of the ossicle, as  osteocytes, as well 
as being on the surface of the trabecular bone-like  structures, as 
osteoblasts. We observed segregated clusters of cells with intense 
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GFP expression and speculate that these clusters may represent 
clonal expansion of isolated stem or progenitor cells in TRCs, 
which then adopted an osteogenic fate. By matching and overlay-
ing bright field and GFP expression images, we confirmed that 
GFP− areas represented areas of bone matrix. Followed by GFP 
imaging, H&E staining confirmed the newly formed bone and 
distribution of cells (nuclei stained in blue color) on surface or 
embedded in bone matrix within the ossicle at a magnification 
of ×200 (left) and ×400 (right), respectively (Figure 5c).

We further examined GFP expression in TRC-derived ossicles 
by confocal microscopy (Figure 6a). We used 4′6-diamidino-2-
phenylindole nuclei staining to identify the distribution of all cells. 
Most cells located over bone surfaces or within the bone matrix 
strongly expressed GFP. A representative area was examined at higher 

magnification as shown in the lower panels. All 4′6-diamidino-2-
phenylindole positive cells were also 2.3ColGFPGFP+ and layered 
over the surfaces of bone matrix with cuboidal and/or flattened 
osteoblast-like morphology. Some 2.3ColGFP+ cells were embedded 
in the bone-like structure, indicating that these TRCs fully differ-
entiated and became osteocytes. H&E demonstrated newly formed 
woven bone and cell distribution at a high magnification of ×200 in 
Figure 6b and at ×400 in Figure 6c. These observations were similar 
with 2.3ColGFP-labeled bone of transgenic mice.18

Assessment of bone regeneration potential of trcs in 
a mouse calvarial critical-sized defect model
To further quantitatively evaluate the bone regeneration  potential 
of TRCs and address whether an optimal dose is required for bone 

Figure 4 detection of bone formation by implanted hBMscs or trcs in the mouse ectopic model. Human BMSCs or TRCs were implanted at 
3 × 106 cells per implant for 6 weeks in the mouse ectopic model. (a) µ-CT detection of new bone formation in ossicles after 6 weeks of implantation. 
GEMS MicroView software was used to make a 3D reconstruction (left panel) and to calculate bone volume (right panel) from the set of scans with 
a fixed thresholds of 900 (n = 5). (b) The histological examination of newly formed bone by H&E and Masson’s Trichrome stainings. H&E staining: 
from A to I. Cell-free Gelfoam: A, D, and G; Gelfoam loaded with hBMSCs: B, E, and H; Gelfoam loaded with TRCs: E, F, and I. For G, a representative 
of scaffold areas is shown in the left and a representative of mouse laminar bone is shown in the right. Blue squares indicate mouse laminar bone; 
a blue arrow indicates a mouse osteocyte in lacunae; and a white arrow points to a fibrous tissue inside scaffold. A red square indicates an area of 
vascular formation. Red arrows indicate osteocytes and green arrow indicate osteoblasts on the surface of bony structure. S, scaffold, e.g., Gelfoam; 
mB, laminar bone–derived host mouse cells; hB, woven bone derived from human donor cells. Masson’s Trichrome staining from J to M at a original 
magnification of ×400. J: scaffold only, a representative of scaffold areas is shown in the left and a representative of mouse laminar bone is shown in 
the right; K: Gelfoam loaded with hBMSCs; L: Gelfoam loaded with TRCs; M: a representative of vessels (an artery) in C. End, endothelial cells in tunica 
intima; El, elastic lamellae; TA, tunica adventia; Sm, smooth muscle. (c) Immunofluorescent detection of hOC expression in the sections of implants 
from either hBMSCs or TRCs. A mouse isoform matched IgG was used as a negative control. Green arrows indicate cells expressing hOC and red 
arrows point to matrix areas containing hOC. H&E, hematoxylin and eosin; hOC, human osteocalcin; hBMSCs, human bone marrow stromal cells; 
IgG, immunoglobin G; TRCs, tissue repair cells.
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Figure 5 the specificity of 2.3colGFP expression in transduced trcs 
in vivo. (a). GFP expression in a representative area of a whole TRCs 
ossicle frozen-section from a 4-week 2.3ColGFP implant. The left panel 
is a bright field in which a dotted line in red outlines a bone formation 
area inside the ossicle and the area between the red line and yellow line 
is a fibrous tissue. The right panel is a fluorescence phase, in which a 
dotted white line outlines the corresponding bone formation area inside 
the ossicle; the area between the white line and yellow line is the cor-
responding fibrous tissue. Original magnification: ×40. (b). Three repre-
sentative areas from panel b were examined at a higher magnification 
(×200). A, an area full of cells with strong GFP expression. B, a field 
containing a bony structure in the middle along with GFP+ cells on both 
sides. C, a display of two clusters of cells with extremely high expres-
sion of 2.3ColGFP. (c). H&E staining of the ossicle section at a magni-
fication of ×200 (left) and ×400 (right). GFP, green fluorescent protein;  
hBMSCs, human bone marrow stromal cells.
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Figure 6 the confocal imaging of 2.3colGFP expression in trans-
duced trcs in vivo. (a) Confocal imaging of 2.3ColGFP expression 
in ossicles generated by 4-week implantation of TRCs. Nontransduced 
cells served as a negative control and DAPI was used for staining cellular 
nuclei (left panel). DAPI staining indicates cellular distribution or exis-
tence inside the ossicle from either donor or host origin, whereas GFP 
indicates the donor origin of cells. Both GFP expression (G) and DAPI 
staining (D) were examined under Zeiss confocal microscopy at original 
magnification ×200 (middle two panels). The right panel is an overlay 
of GFP expression (G) and DAPI staining (D). A representative area with 
bone structure is amplified to exhibit the distribution of GFP+ cells (lower 
panels). (b) H&E of the ossicle section at a original magnification ×200. 
(c) H&E staining of the ossicle section at a original magnification ×400. 
DAPI, 4,6′-diamidino-2-phenylindole; GFP, green fluorescent protein.
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formation by TRCs or this bone regeneration process is in a dose-
dependent manner, we employed a standardized mouse calvarial 
critical-sized defect model to answer the questions, as this  calvarial 
defect model is believed as a reproducible model for fracture 
repair. Therefore, we took this model to further examine the frac-
ture repair/regeneration ability of implanted cells. Designed doses 
of TRCs (0, 0.1, 0.5, 1, or 3 million cells/scaffold) were implanted 
onto standard sized, mouse critical defect calvarial defects (drilled 
through the calvaria of immunodeficient mice, 5 mm in diameter). 
After 7 weeks of implantation, the mice were killed and the calvaria 
were resected and evaluated by μ-CT. The experiment was repli-
cated twice and each time it showed equivalent outcomes.

By assessing bone volume fraction transplantation of 0.1, 1, 
or 3 × 106 of TRCs resulted in significantly more bone formation 
than that by the cell-free group (Gelfoam only) in the standardized 
defect area in healing process (P < 0.05, P < 0.001, and P < 0.01, 
respectively) (Figure 7a). (μ-CT scans and histological images of 
these samples are shown in Supplementary Figure S1.) The high-
est bone volume values were associated with a given dose of 1 × 
106 cells (Figure 7a). Therefore, 1 million TRCs appeared to be an 
optimal dose required for bone formation in the mouse calvarial 
defect model. There were no statistically significant differences 
in bone volume fraction of a standardized area in the healing 
 calvaria between mice given 105–0.5 × 106 cells and those given 
3 × 106 cells (Figure 7a). Given a dose >1 million cells/scaffold did 
not produced more bone formation as expected; instead, increas-
ing doses above the optimal one appears to cause a reduction in 

bone formation. It supports our hypothesis that bone regeneration 
requires a threshold dosage, but does not appear to be in a cell-
dose dependent manner.

Because we found that transplantation of 1 million TRCs 
generated the maximum generated bone formation for repairing 
the calvarial defect as described above, we further compared the 
bone regenerative ability of TRCs with hBMSCs by implanting 1 
million cells of either hBMSCs or TRCs onto the defect sites in 
the calvarial defect model. As shown in Figure 7b, implantation 
of 1 million TRCs resulted in significantly higher bone volume 
than that of hBMSCs at the same dose (P < 0.005), indicating the 
higher regenerative capability of TRCs than that of hBMSCs at this 
same dose. This is consistent with the outcome from the ectopic 
model (Figure 4a), suggesting that a similar trend was observed 
from both models. This suggests that the TRC ex vivo expansion 
process, most notably the presence of multiple cell types, might 
enhance the osteogenic potential of human bone marrow stem 
and progenitor cells.

dIscussIon
The current study demonstrates that the 2.3ColGFP lentivector 
can specifically and selectively define the fate of hBMSCs or TRCs 
when they commit to osteoblast lineage in vitro or in vivo; the 
implanted stem and progenitor cells directly make a major con-
tribution to bone formation in the ectopic model. TRCs, a mixed 
population of bone marrow–derived cells which contain ~20% 
mesenchymal progenitors (Table 1),21 exhibited higher bone 
osteoinductive potential than that of conventionally cultured, pas-
saged hBMSCs, and an optimal dose is required for this process by 
TRCs (Figures 4 and 5).

The rationale to take hBMSCs in vitro study was to dem-
onstrate the efficiency of the transduction protocol reflected 
by CVM-driven GFP reporter, and to ensure that this protocol 
would not affect the potential of proliferation and differentia-
tion in the tested cells. In addition, it is necessary to reveal the 
responsiveness of the 2.3ColGFP reporter to the endogenous 
transcriptional regulation in human cells. Compared to the 
culture system of TRCs which is required to be carried out in 
a closed-automated AastromReplicell Cell Production System 
(Aastrom Biosciences, Ann Arbor, MI) for a 12-day period, the 
procedure for culturing hBMSCs is more  easily manipulated, 
which enables us to daily monitor the GFP expression in a cul-
ture flask. Because previous studies have shown that the in vitro 
osteogenic potential of TRCs is entirely contained within hBM-
SCs fraction,21 therefore, a separate study was not performed to 
examine the TRCs in vitro after lentiviral transduction. However, 
we demonstrated that the lentiviral transduction did not affect 
the in vivo osteogenic potential of both hBMSCs and TRC in the 
ectopic model (Figure 4a). After we demonstrated that a highly 
efficient transduction protocol did not alter the proliferation 
and differentiation potential of hBMSCs, and because the tempo 
of 2.3ColGFP expression represents the osteoblast differentia-
tion progression when hBMSCs enter the osteoblast lineage, we 
moved forward to define the fate of implanted TRCs by this 
powerful 2.3ColGFP in vivo.

The power of 2.3ColGFP strategy is that we can directly 
 visualize the implanted cells in real-time when they enter the 
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defect model. (a) µ-CT images evaluation of calvarial defect repair by 
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human bone marrow stromal cells; TRC, tissue repair cells.
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osteoblast lineage and clearly determine their donor origin 
and contribution. We have performed different time points for 
implantation, for example, 4-, 6-, 8-, and 16 weeks. We found that 
after 6 weeks, bony structure dominated the ossicles, relatively few 
GFP+ cells left on the surface of trabecular-bone or embedded 
in mineralized matrix and the majority of engrafted cells died as 
reported in previous publications. We believe that choosing a tim-
ing window is critical for visualizing cellular events and defining 
the fate of these cells during the bone generation process. Based 
on our preliminary study, we chose a 4-week point as a critical 
timing window at the time we can visualize all 2.3ColGFP+ cells 
functioning for bone formation. After 6 weeks, we observed much 
less 2.3ColGFP+ cells on surface or embedded in mineralized 
bone matrix, as the majority of grafted cells have completed their 
jobs and cannot be detected (data not shown). Therefore, it will be 
tricky to make a conclusion on the contribution of the implanted 
cells. This GFP marker has been demonstrated to function in a 
murine model for >6 months in the surviving cells in the calvarial 
defect model.

A self-inactivated lentiviral vector, in which low level of 
long-term repeat transcription is completely terminated, is 
ideal for lineage-specific gene expression to track the fate of 
stem cells. Previous studies demonstrated a lineage-specific 
expression driven by a tissue-specific promoter in hematopoi-
etic cells.13,28–30 In this study, we used a bone-specific promoter, 
2.3Col, which is a rat 2.3 kb type I collagen 1A1 promoter. The 
2.3ColGFP reporter has been well documented in a transgenic 
mouse model as GFP-labeled osteoprogenitor cells differenti-
ate to osteoblasts and osteocytes.18 Our data show that expres-
sion of 2.3ColGFP is very low at the beginning of culture in 
the osteogenic medium and that it increases steadily over 
time as the number of osteoblasts increases (Figure 3). The 
GFP-labeled cells differentiated at the same tempo as unmodi-
fied hBMSCs, and responded appropriately to transcriptional 
regulation (Figure 3). Taken together, these data demonstrates 
the specificity of the rat-derived 2.3Col promoter–driven GFP 
for osteogenic cells originating from human bone marrow. 
Therefore, the 2.3ColGFP reporter can be utilized as a valuable 
tool for determining the fate of human bone marrow stem and 
progenitor cells into osteoblast lineage.

As mentioned previously, technical difficulties have limited 
knowledge of the mechanisms in which cell grafts contribute to the 
repair or regeneration of bone tissue. To overcome loss of GFP sig-
nal during tissue processing for paraffin embedding in this study, 
we used a frozen-section approach to preserve consistent, robust 
GFP expression. With the osteoblast-specific 2.3ColGFP reporter, 
we successfully demonstrated that the implanted TRCs entered 
into the osteoblast lineage (Figure 5). In addition, we clearly dem-
onstrated that almost every individual cell inside the generated 
ossicles was GFP+ (Figure 6). This suggests that the bone forming 
cell populations are of donor origin, and that these cells directly 
make a major contribution to bone formation. In contrast, cells of 
host origin are not detectable because cells with 4′6-diamidino-
2-phenylindole staining inside ossicles are all GFP+ at the time 
examined (4 weeks of implantation). It remains to be determined 
whether the host-origin cells participate in the modeling of bone-
generating structures at late stages.

For the repair of complex tissues containing many cell types, 
a cell product with multi-lineage potential is highly desired. For 
example, in bone generation, the development of vascular struc-
tures is required prior to new bone formation.31 We have observed 
that TRCs had higher bone osteoinductive potential than con-
ventional cultured hBMSCs in the mouse ectopic ossicle model 
at a dose of 3 million cells/scaffold (Figure 4) and in the mouse 
calvarial defect repair model at a dose of 1 million cells/scaffold 
(Figure 7). One of the key features of TRCs is the presence of 
ex vivo expanded mixed population cells from multiple lineages 
in a single pass perfusion bioreactor, including hematopoietic 
(nonadherent cells) and mesenchymal (adherent cells). During 
culture, the CD90+ cells in TRCs, which represent mesenchymal 
stem and progenitor cells, are enriched >135-fold compared to the 
starting BMMNC population. CD90+ TRCs have been found to 
strongly correlate with colony-forming unit in fibroblastic colony-
forming ability and osteogenic potential.21 In addition to CD90+ 
cells, TRCs are enriched for cell populations expressing endothe-
lial lineage markers, including von Willebrand factor and vascular 
endothelial-cadherin and can form tube-like structures in a col-
lagen matrix.22 Therefore, unlike conventional hBMSCs, TRCs 
may provide both osteogenic and vascular components. As dem-
onstrated by histological staining (Figures 4 and 5), in compari-
son to ossicles formed by hBMSCs, there were more bone forming 
cells present in the surrounding layer of fibroblasts with weak 
expression of 2.3ColGFP in TRCs-derived ossicles, demonstrat-
ing that TRCs are able to provide more cells for bone formation. 
This may be one of mechanisms responsible for TRCs’ stronger 
bone osteoinductive potential.

From a clinical aspect, it is essential to consider a dosage 
for implanted cells for meeting mass transport processes and 
metabolic demand (reviewed by Muschler et al.).32 To regener-
ate bone, a sufficient number of stem cells must be available for 
regeneration.33 Limited clinical investigations indicate a positive 
correlation between bone marrow osteogenic capacity and cell 
concentration.5,34 A balance between consumption clearance and 
local delivery of substrate molecules (oxygen, glucose, and amino 
acids) is critical for cell survival.32 We used a mouse calvarial 
defect model to examine whether the potential for bone regen-
eration depends on dosage or it requires a threshold dosage. As 
shown in Figure 7, we observed that maximum bone regeneration 
is produced by an optimal dose of implanted TRCs, indicating 
that a threshold is required. Given the space within the scaffold 
for hosting the grafted cells and local vascular penetration are lim-
ited, and optimal dose is required to keep in balance of consump-
tion clearance and local delivery of nutrition (oxygen, glucose, 
and amino acids) for cell survival, proliferation, and function. 
Cells less than the optimal dose provided to the defect site will not 
reach to the maximum of regenerative function; while increasing 
the cells over the threshold will lead to interrupt the balance, lead-
ing to cell death and delaying the regeneration process. Therefore, 
a cell-dose threshold is required for bone regeneration by TRCs. 
Although we did not perform an optimal dosing experiment for 
hBMSCs, this general principal may be applied to all cells for tis-
sue regeneration and their optimal doses may be different. This 
observation may provide an insight for designing clinical practice 
of stem cell therapy–based bone regeneration.
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In conclusion, we used a lentivirus to efficiently deliver GFP 
reporter driving by a bone-specific promoter into bone marrow–
derived stem cells populations. This in vivo cell fate determination 
method enabled us to define the fate and contribution of TRCs 
and hBMSCs to bone formation. We also found that TRCs, as 
an innovative mixture of stem and progenitor cells, had stronger 
in vivo osteogenic potential than traditionally cultured hBMSCs. 
Finally, we determined that an optimal cell dose is required for 
bone regeneration by TRCs.

MAterIAls And Methods
Cell culture. Human BMMNCs were purchased from Poietics (Walkersville, 
MD) for producing hBMSCs and TRCs from the same donors (n = 8). 
Human BMSCs were cultured as previously described;19 in brief, a single 
cell suspension of freshly obtained BMMNCs was plated in T-75 flasks at a 
density of 22.5 million cells per flask (0.3 million cells/cm2) and cultured in 
growth medium consisting of α-minimum essential medium (Invitrogen, 
Grand Island, NY), 10% fetal bovine serum (Invitrogen, Carlsbad, CA), 
2 mmol/l l-glutamine, 10−8 mmol dexamethasone (Sigma, St Louis, MO), 
100 U/ml penicillin, 100 μg/ml streptomycin sulfate (Biofluids, Rockville, 
MD). Nonadherent cells were removed on day 3 at the first medium 
change and fresh medium was replaced twice per week thereafter. The cells 
were passaged two times prior to transplantation. For TRC cell production, 
human BMMNCS were cultured in a single perfusion bioreactor system in 
long-term bone marrow culture medium consisting of Iscove’s modified 
Dulbecco’s medium, 10% fetal bovine serum, 10% horse serum, 5 μmol/l 
hydrocortisone.21 After inoculation of cells, the bioreactor was placed 
into the automated AastromReplicell Cell Production System (Aastrom 
Biosciences) and medium was exchanged at a controlled ramped perfu-
sion schedule during a 12-day culture process.35 Cultures were maintained 
at 37 °C with 5% CO2 and 20% O2. The TRC product was then harvested 
with 0.025% trypsin in 0.9% sodium chloride and used for these studies. 
Neither hBMSCs nor TRCs were cultured in any osteoinduction medium 
prior to implantation in vivo. In addition, a similar TRC product could 
be achieved with T-flask based small-scale culture at a seeding density of 
0.3 million BMMNCs/cm2 as described previously.36

Lentiviral constructs. A CMV promoter driving GFP lentiviral vector, 
pLL3.737 was purchased from the American Type Culture Collection 
(Manassas, VA). A lentiviral vector containing a bone-specific 2.3ColGFP 
was constructed to track osteoblast lineage determination. The 2.3 kb col-
lagen 1A1 promoter was derived from an original plasmid, Col3.6Puc12 
(ref. 38) by restriction enzyme digestion with HindIII and ligated with a 
PacI linker. The 2.3-kb fragment was further cut with PacI and BamHI, 
and subcloned into a lentiviral vector FUGW13 at corresponding sites. The 
resulting vector was designated as Lenti2.3ColGFP (Figure 3a).

Lentiviral production. Third generation packaging systems for lentiviral 
production were used as described previously.13 The isolated media was 
then passed through a 0.4-µm filter, after which the virus was concentrated 
by ultracentrifugation for 2 hours at 25,000 r.p.m. in a Beckman SW28 
rotor. Titers were determined by infecting 293 FT cells with serial dilutions 
of concentrated lentivirus. GFP expression of infected cells was determined 
by FACS analysis (Epics XL-MCL; Beckman Coulter, Fullerton, CA) 3–4 
days after transduction. Typically, the titer was expected to be ~5 × 106 
infectious units/ml and 107–108 infectious units/ml after concentration.

Lentiviral transduction. We conducted lentiviral transductions of  primary 
hBMSCs with a lentivirus (pLL3.7 or Lenti2.3ColGFP, MOI: 5 × 105 viral 
particles/ml) when individual colonies began to appear in primary cul-
ture of hBMSCs, typically from days 4–7 of culture. Transductions were 
repeated twice before examination for GFP expression under a fluorescent 
microscope or by flow cytometry. For lentiviral transduction of TRCs, we 

performed transduction of BMMNCs prior to initiating the 12-day culture 
process to generate TRCs. Briefly, human BMMNCS were seeded in T-75 
flasks at a density of 45 × 106 cells/flask in 5 ml of long-term bone marrow 
culture medium and 5 ml of a concentrated lentivirus with a titer of ~8 × 
107 viral particles/ml in the presence of protamine sulfate (8 µg/ml; Sigma) 
for overnight. Next day, cells were rinsed with 10-ml phosphate buffered 
saline and cultured in 20 ml long-term bone marrow culture medium for 
a day before repeating the second viral transduction as described above. 
On day 3, the transduced BMMNCs were harvested by trypsinization and 
cultured for TRC production as described earlier and previously.39 The effi-
ciency of transduction was determined by flow cytometric analysis of GFP 
expression.

Flow cytometric analysis of cell immunophenotypes. We performed flow 
cytometry to compare immunophenotypes of TRCs and hBMSCs and 
assess whether lentiviral transduction affected cell immunophenotypes 
by an Epics XL-MCL flow cytometer (Beckman Coulter) as previously 
described.21 All PE- or FITC-conjugated antibodies were purchased from 
Bechman Coulter and all flow cytometry data was 7-aminoactinomycin 
live-gated.

Cell proliferation and differentiation assay. To monitor cell prolifera-
tion, we used a BrdU incorporation assay according to the manufacturer’s 
instructions (FITC BrdU Flow Kit; BD Pharmingen, San Diego, CA) in 
conjunction with immunocytochemistry or FACS. Briefly, passaged non-
transduced hBMSCs, and hBMSCs transduced with the pLL3.7 lentivirus, 
were cultured on four-well chamber slides (2 × 105 cells/well) for 5 days, 
and exposed overnight to 10 µmol/l BrdU before fixation with 4% para-
formaldehyde. Immunohistochemical staining for BrdU was visualized by 
microscopy. For FACS analysis of BrdU+ cells, 2 × 106 cells were cultured 
in a 10 cm2 dish for 24 hours and then labeled with BrdU at a final concen-
tration of 10 µmol/l for 17 hours. Flow cytometric analysis of stained cells 
was conducted using an APC BrdU flow kit (BD Biosciences, San Diego, 
CA) per the manufacturer’s instructions and a flow cytometer (Epics Altra; 
Beckman Coulter).

To induce osteogenic differentiation, passaged hBMSCs, with or 
without lentiviral transduction were treated with osteogenic medium 
consisting of α-minimum essential medium supplemented with 10% fetal 
bovine serum, 50 µg/ml ascorbic acid (Sigma), 10 nmol/l dexamethasone 
(Sigma), and 5 mmol/l β-glycerophosphate (Sigma) for 4 weeks as described 
previously.19 To identify newly deposited mineral in the cell culture, the 
cells were fixed with 10% normal buffered formalin for 20 minutes at room 
temperature, and stained with 1% silver nitrate (Sigma; von Kossa staining) 
for 20 minutes under ultra violet light to identify mineralization. To test for 
potential of adipogenic differentiation, hBMSCs, or lentiviral transduced 
hBMSCs were treated with adipogenic medium consisting of α-minimum 
essential medium supplemented with 10% fetal bovine serum, 1 µmol/l 
hydrocortisone (Sigma), 0.1 mmol/l indomethacin (Sigma), and 0.5 mmol/l 
3-isobutyl-1-methylxanthine (Sigma) for 3 weeks. Then cells were fixed 
with 4% formaldehyde, stained with Oil Red O (Sigma) for 10 minutes, and 
then counterstained with hematoxylin (Sigma) for 1 minute.

Reverse transcription–PCR analysis of osteoblast differentiation markers. 
Human BMSCs were cultured in 10-cm dishes in the osteogenic medium 
for 0, 6, 10, 15, or 18 days. Total RNA extraction from cultured hBMSCs at 
designated time points was done with Trizol reagent (Invitrogen, Carlsbad, 
CA). Total RNA was further purified by PureLink Micro-to-Midi total 
RNA Purification System (Invitrogen, Grand Island, NY) according to the 
manufacturer’s instructions. The mRNA from 1 µg purified total RNA was 
reverse transcribed to complementary DNA using SuperScript III-First-
Strand Synthesis SuperMix (Invitrogen, Carlsbad, CA) and  complementary 
DNA was amplified using Platinum PCR SuperMix (Invitrogen, Grand 
Island, NY) and an ABI GeneAmp PCR System 97 °C (Applied Biosystems, 
Boston, MA) at 94 °C for 30 seconds, 55 °C for 30 seconds, and 72 °C for 
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60 seconds for 30 cycles, after initial denaturation at 94 °C for 2 minutes. 
Primers used for amplification were described previously.19 PCR products 
were separated on a 2% agarose gel by electrophoresis. Quantitative real-
time PCR was carried out using TaqMan Universal PCR Master Mix and 
TaqMan premade primers (Applied Biosystems). Primers for bone mor-
phogenetic protein-2 are: forward 5′ GGTGGAATGACTGGATTG 3′; 
reverse 5′ GCATCGAGATAGCACTG 3′. All experiments were done with 
two biological and two technical replicates. Values were calculated using 
the comparative C(t) method and normalized to hypoxanthine phosphori-
bosyltransferase expression.

Mouse ossicle and calvarial critical-sized defect models. All experimen-
tal protocols were approved in accordance with the University Committee 
on Use and Care of Animals at the University of Michigan. Animals were 
housed in a light- and temperature-controlled environment and given 
food and water ad libitum. The ossicle bone formation model has been 
described previously.40,41 Briefly, up to 3 million fresh TRCs or passaged 
hBMSCs (passages 2–3) were collected in 1.5-ml microcentrifuge tubes 
by centrifuging for 5 minutes at a speed of 1,500 r.p.m. and resuspending 
in 40 µl Dulbecco’s modified Eagle’s medium (Invitrogen, Grand Island, 
NY). Concentrated cells were loaded into 3.5-mm Gelfoam (a gelatin scaf-
fold; Pharmacia & Upjohn, Kalamazoo, MI) cubes for the ossicle model 
and Gelfoam discs with a diameter of 5 mm and thickness of 3.5 mm for 
a mouse calvarial critical-sized defect model. Five-week-old female severe 
combined immuno deficiency mice (NIH-bg-nuxid BR; Harlan Sprague 
Dawley, Indianapolis, IN) were anesthetized by peritoneal injection of an 
anesthetic cocktail (75 mg/kg ketamine, 10 mg/kg xylazine of body weight). 
An incision was made on the dorsal surface of skin in each mouse. Two or 
four subcutaneous pockets per mouse were created by blunt dissection and 
three severe combined immunodeficiency mice per cell group were used. 
A single implant was placed into each pocket and incisions were closed 
with surgical staples. Mice were killed at 4, 6, or 8 weeks after surgery with 
inhaled CO2 and their ossicles were harvested.

For quantitative analysis of bone formation by TRCs or hBMSCs, we 
utilized a critical-sized calvarial defect model in 5-week-old female severe 
combined immunodeficiency mice as previously described.8,40 Briefly, a 
linear scalp incision was made from the nasal bone to the occiput and full-
thickness flaps were elevated. The periosteum overlying the calvarial bone 
was completely resected. A trephine was used to create a craniotomy defect 
(5 mm in diameter) centered on the sagittal sinus and the wounds were 
copiously irrigated with Hanks’ balanced salt solution (Invitrogen, Grand 
Island, NY) while drilling. The calvarial disc was removed carefully in order 
to avoid injury to the underlying dura or brain. After careful hemostasis, 
gelatin sponges previously loaded with cells were placed into the defects. 
The cells were concentrated by centrifugation in 1.5-ml tubes before being 
loaded onto gelatin sponges. The cells loaded onto the gelatin sponge were 
incubated for 30 minutes before implantation. The sponges were placed to 
fill the entire defect and allowed to attach to the bone edges around the 
entire periphery. The incision was closed with 4-0 Chromic Gut suture 
(Ethicon/Johnson & Johnson, Sommerville, NJ). Mice were killed 7 weeks 
after surgery with inhaled CO2 and their calvaria were harvested for µ-CT 
analysis of calvarial defect repair, followed by histological examination.

µ-CT analysis. Implants from the ossicle and calvarial model were har-
vested at 6 or 7 weeks after surgery, respectively. After fixation in aqueous 
buffered zinc formalin for 24 hours at 4 °C, we conducted µ-CT to assess 
bone regeneration such as bone mineral density, bone volume, and bone 
volume fraction as previously described.41 In general, specimens were 
scanned at an 8.93-µm voxel resolution on an EVS Corporation µ-CT scan-
ner (London, Ontario, Canada), with a total of 667 slices per scan. GEMS 
MicroView software (GE, Medical Systems, Toronto, Ontario, Canada) was 
used to make a 3D reconstruction from the set of scans. Fixed thresholds of 
1,500 and 500 were used to extract the mineralized bone phase of ossicles 
and calvaria, respectively. Actual bone volumes were then calculated.

Histological examination. For histology and detection of GFP expression 
in tissues, fixed implants were decalcified in 10% EDTA for 3 days. For 
H&E staining, decalcified implants were embedded in paraffin and sec-
tioned (5-µm thick) at the Histology Core Facility, University of Michigan 
School of Dentistry. For detection of GFP expression, a CryoJane Tape-
Transfer System (Instrumedics, Hackensack, NJ) was utilized to section 
frozen decalcified samples (5-µm thick) as previously described.42 GFP 
expression was assessed using a Zeiss Axioplan 200 inverted microscope 
equipped with epifluoresence and a Zeiss AxioCam color digital cam-
era. The filter combinations that were used to distinguish the GFP signal 
from the autofluorescent background of bone marrow were: Excitation 
475/25; Emission 495; Dichroic 525/45. Confocal imaging of GFP expres-
sion was done at the Imaging Core of the University of Michigan Medical 
School (Zeiss LSM 510 meta, excitation 488 and emission 505/550). 
Documentation of H&E staining for implant sections was recorded by 
Zeiss Observer Z1 with AxioCam HRC camera (Carl Zeiss MicroImaging 
GmbH, Göttingen, Germany). Immunofluorescent staining of hOC was 
performed following the manufacturer’s instruction (R&D Systems, 
Minneapolis, MN). A mouse-derived monoclonal anti-hOC antibody 
was purchased from R&D Systems and it was diluted by 1:200 to 10 μg/ ml 
for immunofluorescent detection of human osteocalcin expression in 
the ossicle sections. A mouse isotype prematched immunoglobulin, 
immunoglobulin G, of irrelevant antispecificity at the same concentra-
tion was used as a negative control. Human OC expression was visualized 
by rhodamine red coupled anti-mouse immunoglobulin G under fluo-
rescent microscopy and cell nuclei were stained with 4′6-diamidino-2-
phenylindole. Masson’s Trichrome staining was carried out according to 
Sigma–Aldrich’s instruction for Trichrome Stain (Masson) kit (Sigma; cat. 
no. HT15), which stains nuclei in black; cytoplasm, muscle and erythro-
cytes in red, and bone/collagen in blue.

Statistics. Data are presented as the mean ± SD or the mean ± SEM, 
dependent on sample numbers. For ossicle samples, Student’s t-test for 
independent groups was used for statistical analysis. P value <0.05 was 
considered statistically significant. Significant differences between mean 
values in calvarial samples were evaluated by Dunnett’s method with 
either hBMSC or acellular group as a control using JMP 6.0.3 software 
(SAS Institute, Cary, NC).

suPPleMentAry MAterIAl
Figure S1. µ-CT images and H&E staining of calvarial defect repair by 
implantation of different doses of TRCs (a magnification of ×200).
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