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Abstract
AIM: To investigate adenoviral transduction in 

mesenchymal stem cells (MSCs) and effects on 
stemness in vitro  and function as a cell therapy in vivo .

METHODS: Bone marrow-derived adult and fetal MSC 
were isolated from an equine source and expanded 
in monolayer tissue culture. Polyethylenimine (PEI)-
mediated transfection of pcDNA3-eGFP or adenoviral 
transduction of green fluorescent protein (GFP) 
was evaluated in fetal MSCs. Adenoviral-mediated 
transduction was chosen for subsequent experiments. All 
experiments were carried out at least in triplicate unless 
otherwise noted. Outcome assessment was obtained by 
flow cytometry or immunohystochemistry and included 
transduction efficiency, cell viability, stemness (i.e. , 
cell proliferation, osteogenic and chondrogenic cell 
differentiation), and quantification of GFP expression. 
Fetal and adult MSCs were then transduced with an 
adenoviral vector containing the gene for the bone 
morphogenic protein 2 (BMP2). In vitro  BMP2 expression 
was assessed by enzyme linked immunosorbent assay. 
In addition, MSC-mediated gene delivery of BMP2 was 
evaluated in vivo  in an osteoinduction nude mouse 
quadriceps model. New bone formation was evaluated by 
microradiography and histology.

RESULTS: PEI provided greater transfection and 
viability in fetal MSCs than other commercial chemical 
reagents. Adenoviral transduction efficiency was 
superior to PEI-mediated transfection of GFP in fetal 
MSCs (81.3% ± 1.3% vs  35.0% ± 1.6%, P  < 0.05) and 
was similar in adult MSCs (78.1% ± 1.9%). Adenoviral 
transduction provided significantly greater expression 
of GFP in fetal than adult MSCs (7.4 ± 0.1 vs  4.4 ± 0.3 
millions of mean fluorescence intensity units, P  < 0.01) 
as well as significantly greater in vitro  BMP2 expression 
(0.16 pg/cell-day vs  0.10 pg/cell-day, P  < 0.01). Fraction 
of fetal MSC GFP positive cells decreased significantly 
faster than adult MSCs (1.15% ± 0.05% vs  11.4% ± 
2.1% GFP positive at 2 wk post-transduction, P  < 0.05). 
Cell proliferation and osteogenic differentiation in vitro 
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were not affected by Ad transduction in both fetal and 
adult MSCs, but fetal MSCs had reduced chondrogenic 
differentiation in vitro  when compared to adult (P  < 
0.01). Chondrogenic differentiation was also significantly 
reduced in Ad-GFP transduced cells (P  < 0.05). Ad-
BMP2 transduced adult MSCs induced new bone 
formation in more thighs than Ad-BMP2 transduced fetal 
MSCs (83% vs  17% of the six treated thighs per group, 
P  < 0.05) and resulted in increased femur midshaft 
diameter due to greater extent of periosteal new bone 
(1.57 ± 0.35 mm vs  1.27 ± 0.08 mm, P  < 0.05).

CONCLUSION: Fetal MSCs may be genetically manipulated 
ex vivo  with adenoviral vectors. Nonetheless, the 
abbreviated expression of the exogenous gene may limit 
their applications in vivo . 

Key words: Adenovirus; Bone morphogenic protein 2; 
Fetal; Green fluorescent protein; Mesenchymal stem 
cell; Gene transfer technique
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Core tip: Fetal mesenchymal stem cells (MSCs) can be 
genetically manipulated ex vivo  with adenoviral vectors 
without major effects on stemness. Their greater 
expression of exogenous genes than adult MSCs is 
promising for MSC-mediated gene therapy. MSC-
mediated bone morphogenic protein 2 gene delivery 
provides osteogenic induction in vivo , which could have 
clinical applications in bone regeneration. Nonetheless, 
the abbreviated expression of the exogenous gene 
provided via  adenoviral transduction may limit their 
applications in vivo . 
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Introduction
The best-characterized source of  human mesenchymal 
stem cells (MSC) to date is bone marrow (BM)[1]. 
Transplantation of  BM-derived MSCs has been studied 
as a potential therapy for myocardial ischemic injury[2,3], 

autoimmune diseases[4], and musculoskeletal conditions 
such as osteoarthritis[5]. MSCs could be useful in the 
active regeneration of  joint and cartilage tissue because of  
their multipotency and fast proliferation, as a cell therapy 
acting to replace lost lineages and to modify existing 
cells. However, in certain degenerative diseases, such as 
osteoarthritis, MSCs are depleted and have reduced ability 
to differentiate and proliferate[6]. As an alternative source 
of  MSCs, young cells such as fetal (f) MSCs could be 
harvested from the umbilical cord, placental stroma, and 

the amnion[7-9]. Ethical concerns regarding the isolation of  
MSCs from fetal sources are minimized, as these tissues are 
normally discarded after birth[1].

Zhang et al[10] demonstrated that human fMSCs are 
a superior cellular candidate for bone tissue engineering 
applications. This related to their superior proliferation 
capacity, more robust osteogenic potential, and lower 
immunogenicity, as compared to MSC from postnatal 
sources[10]. Nevertheless, the permissiveness to gene delivery 
and the effect of  genetic engineering on stemness in these 
young cells has not been extensively studied. Gene delivery 
to fMSCs may differ from adult (a) MSC due to immaturity 
of  gene expression cellular pathways and cell surface 
receptors, such as the coxsackievirus adenovirus receptor 
required for adenoviral transduction[11]. To our knowledge, 
only two original research studies have evaluated gene 
delivery on fMSCs. Campagnoli et al[12] demonstrated that 
fMSCs could be retrovirally transduced with high efficiency 
without selection. Also, Chan et al[13] showed that human 
fMSCs retain their proliferative and differentiation capacities 
after stable lentiviral transduction. The paucity of  studies 
addressing gene delivery in fMSCs, and the lack of  studies 
on transient gene delivery in these young cells, highlights 
the need for more studies in these topics. 

We chose to study the transient transduction characteristics 
of  adenoviral vectors (Ad) in fMSC. Adenoviral vectors’ 
lack of  insertional mutagenesis result in a desirable safety 
profile, which added to their capacity to achieve high 
levels of  transgene expression[14], make them attractive 
for gene delivery particularly for bone regeneration. 
Our study addressed the effectiveness of  Ad-mediated 
transduction of  equine fetal bone marrow-derived MSCs. 
We hypothesized that Ad-mediated transduction will 
be efficient in fMSCs without affecting measures of  
cell stemness. In addition, Ad-transduced equine MSC-
mediated bone morphogenic protein 2 (BMP2) gene 
delivery was studied to assess its ability to induce bone 
formation in a mouse model.

MATERIALS AND METHODS
Ethics
The use of  animals in this study was carried out in 
accordance to regulations by The Ohio State University 
Institutional Animal Care and Use Committee (IACUC) in 
compliance with national guidelines. The IACUC reviewed 
and approved our Protocol 2009A0119.

Study design
Both bone marrow-derived aMSCs and fMSCs were isolated 
and expanded in monolayer tissue culture. Low passage 
MSCs were immunophenotyped by CD90 and CD34 
surface expression by flow cytometry. Polyethylenimine 
(PEI)-mediated transfection of  pcDNA3-egreen fluorescent 
protein (GFP) or Ad transduction of  GFP were evaluated 
in fMSCs. Ad-mediated transduction was chosen for 
subsequent experiments. Outcome assessment included 
transduction efficiency, cell viability, stemness (i.e., 
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cell proliferation, osteogenic and chondrogenic cell 
differentiation), and quantification and duration of  GFP 
and BMP2 gene expression. All experiments were carried 
out at least in triplicate unless otherwise noted. In vitro 
BMP2 gene expression was assessed by ELISA. MSC-
mediated BMP2 gene delivery was then evaluated in vivo in 
an osteoinduction nude mouse quadriceps model.

Isolation and culture of MSCs from equine bone marrow
Adult MSCs were obtained from equine bone marrow 
of  the sternum of  adult horses (age range 2-5 years old) 
using methods described by Ishihara et al[15]. Fetal MSCs 
were isolated following a similar protocol from a 20-wk-
old equine fetus. The mare was euthanized for terminal 
problems, while the fetus was apparently healthy. Isolated 
cells were then resuspended in 1 mL of  90% fetal bovine 
serum with 10% dimethyl sulfoxide for cryopreservation. 
Prior to each experiment, preserved cells were allowed 
to thaw at 37 ℃, rinsed in Dulbecco’s modified Eagle 
medium (DMEM; Gibco, Grand Island, NY, United 
States), and were grown separately in T-75 flasks in DMEM 
supplemented with 10% fetal bovine serum (Sigma, St. 
Louis, MO, United States), 100 U/mL penicillin, and 100 
ug/mL streptomycin (Gibco). Cells were incubated at 
37 ℃ and 5% CO2. Medium was changed every 2-3 d. 
Cells were trypsinized when confluency was above 80% 
with Trypsin-EDTA (Gibco) after a washing step with 
Dulbecco’s phosphate buffered saline (PBS, Gibco). 
MSCs were evaluated by microscopy for homogenous 
elongated spindle-shaped morphology. Cells were also 
immunophenotyped by flow cytometry for expression 
of  CD90 after incubation with phycoerythrin (PE)-
conjugated ant i-hCD90 ant ibody (561970,  BD 
Biosciences) detected with a 585/40 nm optical filter. Lack 
of  expression of  CD34 was assessed with allophycocyanin 
(APC)-conjugated anti-hCD34 antibody (555824, BD 
Biosciences) detected with a 675/25 nm optical filter.

Amplification and purification of plasmid DNA
Escherishia coli DH5α were transformed with a plasmid 
consisting of  a pcDNA3 backbone containing a gene for 
the enhanced GFP. The transformed cells were amplified 
in lysogeny broth medium at 37 ℃ overnight at 225 rpm 
in a shaker incubator. Isolation and purification of  the 
plasmid was carried out with a Midiprep kit (K2100, 
LifeTechnologies) according to the given protocol. The 
concentration and purity of  the plasmid were determined 
by the 260/280 ultraviolet absorbance method with a 
Nanodrop 2000 (Thermo Scientific). The purified plasmid 
was stored at -20 ℃.

PEI/DNA complex preparation
A 1 mg/mL transfection reagent solution was made from 
50 mg of  linear PEI (23966, Polysciences) in 50 mL of  
PBS adjusting the pH to 4.5 with HCl and dissolving at 
70 ℃, followed by filter sterilization and storage at 4 ℃. 
On the day of  transfection a stock solution was made 
with 100 µL of  warm PBS, 5 µL of  1 mg/mL PEI, and 2 

µL of  the pcDNA3-eGFP plasmid, which is sufficient for 
transfection in one well in a 6-well plate. The transfection 
solution was upscaled as needed.

Adenoviral production and titering
Replication-deficient, E1-A-deleted adenoviral vector 
encoding either a 1547 base-pair open reading frame 
segment of  human BMP2 (Ad-BMP2) or GFP (Ad-GFP) 
under the control of  the cytomegalovirus promoter were 
previously generated[16]. These were amplified in 80% 
confluent HEK 293A cells (R70507, Invitrogen) and 
titered by plaque assay following the methods described 
in the provided user guide by Life Technologies. Aliquots 
were stored at -80 ℃.

Fluorescent microscopy and flow cytometry
A fluorescent Olympus 1X51 microscope was used to 
evaluate the PEI-mediated eGFP transfection and Ad-
GFP transduction efficiency of  MSCs in monolayers 
at various time points. Fluorescent and phase contrast 
images were merged using ImageJ.

Green fluorescence after gene delivery into aMSCs 
and fMSCs was assessed in an Accuri C6 BD Biosciences 
flow cytometer, excited by an argon 488 nm laser and 
detected by use of  a 533/30 nm optical filter. The mean 
fluorescence intensity (MFI) data were collected from 
these cell populations. All data was analyzed with a 
minimum of  15000 events setting the respective negative 
control to less than 1% in BD CFlow software.

Transient gene delivery optimization
MSCs were seeded at a density of  6 × 104 cells/well in a 
12-well plate to 75% confluency with 2 mL of  DMEM 
per well. PEI, FuGENE 6 (Promega), and Lipofectamine 
(Invitrogen) were tested for GFP gene transfection in 
fMSCs. Transfection conditions were optimized for the 
three reagents. Transfection efficiency and viability were 
qualitatively assessed at 48 h post-transfection. In addition, 
transduction with Ad-GFP was tested at MOI of  0.5, 3, 
15, 25, and 50 in fMSCs.

Transgene expression, proliferation, and viability of 
MSCs post-transduction
Adult MSCs or fMSCs were seeded at 1 × 105 cells in 
triplicate in T-25 flasks and transduced 24 h later or kept 
as control cells. Ad-GFP transduced cells (Ad-GFP-MSC) 
and control cells were evaluated by flow cytometry at 48 
h, 1 wk, and 2 wk post-Ad-GFP transduction at MOI of  
25. Outcome assessment included transduction efficiency, 
MFI, cell confluence to calculate cell proliferation, 
and cell viability by staining with 7-AAD (559925, BD 
Biosciences) detected with a 670 nm long pass filter. Cell 
morphology and GFP expression were documented with 
fluorescent microscopy.

Differentiation post-transduction
Chondrogenic and osteogenic differentiation was carried 
out following Lonza’s protocol (AA-2501-16). The 
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or saline using a 25 G needle. All mice recovered from 
anesthesia uneventfully. Three weeks after injection, mice 
were euthanized by CO2 followed by cervical dislocation. 
The hind limbs were harvested, and the skin was removed.

Diagnostic imaging
Digital microradiography (Model LX-60, Faxitron 
Bioptics, Tucson, AZ, United States) was performed 
separately for each experimental group. Lateromedial 
views of  the hind limbs were obtained at 30 kV for 10 
sand analyzed with ImageJ at 40% contrast. Outcome 
measurements included: number of  mineralized bodies 
(i.e., ossicles), lateromedial area (mm2) of  the ossicles, 
extent of  periosteal new bone formation, and midshaft 
diameter (mm). Extent of  periosteal new bone was scored 
as 0, 1, 2, 3, or 4 corresponding to no formation, new 
bone in less than 50% of  the cranial aspect of  the femur, 
more than 50% cranial, less than 50% involving both the 
cranial and the caudal aspects of  the femur, or more than 
50% cranial and caudal aspects involved, respectively.

Histological examination
Harvested limbs were fixed in 10% neutral buffered 
formalin for 4 mo. Samples were decalcified in 14% 
EDTA neutralized solution, overnight. The samples then 
underwent procedures for embedding, incising, and staining 
with toluidine blue or hematoxylin and eosin.

Statistical analysis
Data were reported as the mean ± SD. Group means 
were compared with two-tailed sample t test or One-way 
ANOVA. Relationships between categorical variables 

cultures were stained with Von Kossa stain and toluidine 
blue for evaluation of  osteogenesis and chondrogenesis, 
respectively, of  Ad-GFP-MSCs compared to control 
MSCs. Images were evaluated in ImageJ software.

In vitro BMP2 expression and osteoinduction in vivo
MSCs at 80% confluency were transduced at MOI of  25 
with Ad-BMP2 or used as control. On the following day, 
ascorbic acid was added to both, tranduced and control 
cells, in the DMEM to a final concentration of  50 pg/mL. 
At day 3 after transduction, samples from the media were 
evaluated for BMP2 expression using methods described 
for the BMP2 Quantikine ELISA Kit (BD Biosciences, 
DBP200). BMP2 expression per cell was estimated through 
quantification of  BMP2 standard provided with the kit 
and using media from untransduced cells as background.

Ad-BMP2 MSCs and control cells were trypsinized 
at day 3 post-transduction and trypan blue exclusion 
count was performed to confirm viability of  at least 90%. 
The cells were washed twice with PBS and resuspended 
in 0.9% NaCl to a concentration of  2 × 106 cells/0.1 
mL. Thighs from twelve 6-wk-old mice (BALB/c Foxn1 
nu/nu, Taconic Farms, Hudson, NY, United States) were 
randomly assigned to five groups: aMSC, Ad-BMP2-
aMSC, fMSC, Ad-BMP2-fMSC, or saline. Anesthesia 
was induced with 5% isoflurane (IsoFlo, Abbott Animal 
Health, North Chicago, IL, United States) in 100% 
oxygen and maintained with 0%-2% isoflurane delivered 
by a precision vaporizer. Cranial thigh injection sites were 
disinfected with three alternating scrubs of  povidone 
iodine and 70% isopropyl alcohol. Mice received one 
intramuscular injection in each thigh of  0.1 mL cells 
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Figure 1  Morphology and immunophenotyping 
of fetal mesenchymal stem cells and adult 
mesenchymal stem cells. (A) fMSCs and 
(B) aMSCs were evaluated by microscopy 
for homogenous elongated spindle-shaped 
morphology. Scale bar = 100 μm; C and D: 
Corresponding positive expression of CD90 and 
absent CD34 as measured by flow cytometry. 
fMSCs: Fetal mesenchymal stem cells; aMSCs: 
Adult mesenchymal stem cells.
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were tested by the chi-square method. Statistical analysis 
was performed using StatPlus. A value of  P ≤ 0.05 was 
deemed significant.

RESULTS
Morphology and phenotypic expression of MSCs in vitro
Cultured fMSCs and aMSCs displayed an elongated 
spindle-shaped population and maintained their 
morphology during subsequent passages (Figure 1A and 

B). MSCs were more than 90% positive for CD90 and 
negative for the hematopoietic stem cell marker CD34 
(Figure 1C and D).

Screening for a transient gene delivery reagent for 
fMSCs
A qualitative analysis of  fluorescent photomicrographs 
48 h after pcDNA3-eGFP transfection revealed that 
FuGENE 6 resulted in the lowest transfection efficiency 
(Figure 2A-D) and Lipofectamine resulted in the lowest 
viability (Figure 2E-H), while PEI provided superior 
transfection efficiency (Figure 2I-L) in fMSCs than 
FuGENE 6 or Lipofectamine transfection reagents at 3:1, 
3:2, 6:1, and 5:2 μL of  reagent to μg of  DNA ratio.

Optimized PEI-mediated transfection of  pcDNA3-
eGFP (5:2 μL of  reagent/μg of  DNA ratio) resulted in 
a maximum efficiency of  35.0% ± 1.6% as assessed by 
flow cytometry. No significant decrease in viability was 
observed at either of  the tested MOIs when compared 
to control untreated cells (Figure 3). Ad transduction at 
MOI of  25 resulted in transduction efficiency above 70% 
with similar viability to control cells (Figure 3). Thus, Ad 
transduction at an MOI of  25 was selected for succeeding 
experiments.

GFP expression and cell proliferation of MSCs post-
transduction
Ad-GFP transduction at MOI of  25 resulted in transfection 
efficiency of  81.3% ± 1.3% in fMSC, which was not 
statistically different from the efficiency of  78.1% ± 1.9% 
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Figure 2  Chemical transfection of fetal mesenchymal stem cells. Representative merged photomicrographs for (A-D) FuGENE 6, (E-H) Lipofectamine and (I-J) PEI 
mediated transfection of pcDNA3-eGFP into fMSCs at 3:1, 3:2, 6:1, and 5:2 reagent (μL): DNA (μg) ratio, respectively. In combination, qualitative transfection efficiency 
and viability reveal that PEI was superior at all the tested conditions. fMSCs: Fetal mesenchymal stem cells; PEI: Polyethylenimine.
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Figure 3  Optimization of E1-A-deleted-green fluorescent protein transduction 
and viability of fetal mesenchymal stem cells post-transduction. Transduction 
efficiency and viability as a function of MOI at 48 h post-transduction with Ad-GFP. 
Ad-GFP: E1-A-deleted-green fluorescent protein.
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in aMSCs. There was a greater decrease of  GFP positive 
cells in fMSC than aMSC within 2 wk post-transduction 
(Figure 4A-G). Mean fluorescence intensity (MFI) was 7.43 
± 0.08 × 106 and 4.40 ± 0.25 × 106 channel numbers in 
fMSCs and aMSCs, respectively, at 48 h post transduction 
(Figure 4H). Ad-GFP-fMSCs retained superior gene 
expression intensity compared to Ad-GFP-aMSCs at one 
and two weeks post transduction.

Cell viability of  both fMSCs and aMSCs in culture 
was not significantly affected by exogenous administration 
of  GFP gene via Ad-transduction at MOI of  25 when 
compared to control untransduced cells (Figure 5A). 

Number of  cells was similar in both Ad-GFP-MSCs and 
control MSCs, with fMSCs showing a greater number of  
cells than aMSCs (Figure 5B), which in combination with 
results on viability reflect greater proliferation capacity of  
about 1.5 times faster proliferation than aMSCs (doubling 
time of  29 h vs 45 h). The latter, in combination with data 
on % GFP positive expression, suggests that Ad genome 
is gradually diluted out as cell division occurs.

Differentiation capacity post-transduction
Chondrogenic differentiation in vitro was significantly 
less for fMSCs than aMSCs and decreased post Ad-

228 January 26, 2015|Volume 7|Issue 1|WJSC|www.wjgnet.com

P < 0.01

P < 0.05

aMSC
fMSC

2                           7                           14
Days post-transduction

100

  80

  60

  40

  20

    0

%
 G

FR
 p

os
iti

ve

P  < 0.01

P < 0.05

aMSC
fMSC

2                           7                           14
Days post-transduction

8

7

6

5

4

3

2

1

0

M
ea

n 
flu

or
es

ce
nc

e 
in

te
ns

ity
(R

FU
 ×

 1
06 )

P  < 0.01

P < 0.05
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GFP transduction as assessed by intensity and amount 
of  toluidine blue staining in cell pellets (Figure 6A-D). 
Osteogenic differentiation was robust in transduced fMSC 
and aMSC, with no statistically significant difference 

between groups (Figure 6E-H).

In vitro BMP2 expression by transduced MSCs
Supernatants collected 3 d post-transduction from 
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monolayer cultures used for osteoinduction were evaluated 
for BMP2 expression. It was determined that Ad-BMP2-
fMSCs transduced at MOI of  25 released significantly 
more soluble BMP2 than Ad-BMP2-aMSCs (0.16 pg/day-
cell vs 0.10 pg/day-cell; Table 1). Also, BMP2 expression 
per injection of  2 × 106 transduced MSC was estimated 
at 3.28 and 1.85 × 104 pg/dwith fMSCs and aMSCs, 
respectively (Table 1), consistent with the greater intensity 
of  GFP expression in Ad-GFP-fMSCs than aMSCs.

In vivo MSC-mediated BMP2 delivery and osteoinduction
Digital microradiography of  the harvested thigh 
specimens revealed intramuscular bone ossicle formation, 
new periosteal bone, and femur cortical bone thickening 
in treated mice with Ad-BMP2-MSCs, but not in saline-
injection control group (Figure 7A and B). Five of  six 
thighs treated with Ad-BMP2-aMSC resulted in new 
bone formation, which was significantly greater than 
saline, untransduced, and Ad-BMP2-fMSC groups (Table 

2). The Ad-BMP2-aMSC group also had significantly 
greater femur midshaft diameter due to cortical thickening 
and new periosteal bone when compared to saline, 
untransduced, and Ad-BMP2-fMSC groups (Table 2). 
Bone ossicles were identified in two of  the six thighs 
treated with Ad-BMP2-aMSCs (Table 3 and Figure 7C) 
and of  the other four thighs in the Ad-BMP2-aMSC 
group, 3 showed femur cortical thickening and new 
periosteal bone (Table 4 and Figure 7D), while no changes 
were found in the untransduced aMSC group (Figure 
7E-F). One of  the six thighs treated with Ad-BMP2-
fMSCs showed ossicle formation (Figure 7G-H), none 
resulted in periosteal changes, and no changes were noted 
in the untransduced fMSC group (Figure 7I-J).

Histological examination confirmed new trabecular 
bone formation, normal in morphology, in the thighs 
of  the Ad-BMP2-aMSC group (Figure 8A). This new 
trabecular bone contained highly cellular bone marrow 
(Figure 8B). A nodule of  what appears to be our MSCs 
was identified in the untransduced aMSC group with no 
bone or cartilage formation (Figure 8C) as evaluated by 
H&E and toluidine blue stains, respectively (Figure 8D-E). 

DISCUSSION
Our study confirmed that adenoviral vector-mediated 
transduction was efficient in fMSCs without affecting 
measures of  MSC stemness. Chemical-mediated transfection 
was less efficient than Ad transduction, but PEI was 
superior and more effective in fMSCs than other commercial 
products. Fetal MSCs were not superior to aMSCs in 
osteoinduction in vivo. Both fMSCs and aMSCs were able 
to express BMP2 in vitro and to deliver BMP2 in vivo, which 
could have clinical applications in bone regeneration.
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Table 1  Bone morphogenic protein 2 expression from adenoviral-transduced mesenchymal stem cells

Medium O.D. (Mean ± SD) Corrected O.D. BMP2 (pg/cell-day) Total BMP2 injected (ng/day)

fMSC 0.043 ± 0.004 - - -
aMSC 0.031 ± 0.002 - - -
Ad-BMP2-fMSC 2.99 ± 0.33 2.95 0.02 32.8b

Ad-BMP2-aMSC 1.69 ± 0.27 1.66 0.01 18.5

bP < 0.01 Ad-BMP2-fMSC vs Ad-BMP2-aMSC. BMP2: Bone morphogenic protein 2; MSCs: Mesenchymal stem cells; Ad-GFP: E1-
A-deleted-green fluorescent protein; fMSCs: Fetal mesenchymal stem cells; aMSCs: Adult mesenchymal stem cells.

Table 2  Summary data of the analysis of the microradiographs

Treatment group Total thighs 
(n )

Thighs with new bone 
[n  (%) of total]

Mean ossicle 
area (mm2)

Mean extent of 
periosteal new bone

Mean midshaft 
diameter (mm ± SD)

Saline 4 0 0 0 1.24 ± 0.07
Ad-BMP2-aMSC 6 5 (83)a 0.78 1  1.57 ± 0.35c

aMSC 4 0 0 0 1.26 ± 0.09
Ad-BMP2-fMSC 6 1 (17) 0.45 0 1.27 ± 0.08
fMSC 4 0 0 0 1.23 ± 0.07

aP < 0.05 Ad-BMP2-aMSC vs Ad-BMP2-fMSC; cP < 0.05 intergroup comparison. BMP2: Bone morphogenic protein 2; MSCs: Mesenchymal stem cells; Ad-GFP: 
E1-A-deleted-green fluorescent protein; fMSCs: Fetal mesenchymal stem cells; aMSCs: Adult mesenchymal stem cells.

Table 3  Association between ossicle formation and E1-A-deleted-
bone morphogenic protein 2-mesenchymal stem cell treatment

Treatment group No.of thighs (n ) Ossicles (n ) Mean ossicle area 
(mm2 ± SD; range)

Ad-BMP2-aMSC
  No ossicle 4
  Ossicle 2 6 0.78 ± 1.23 (0.03-3.20)
Ad-BMP2-fMSC
  No ossicle 5
  Ossicle 1 3 0.45 ± 0.12 (0.32-0.47)

BMP2: Bone morphogenic protein 2; MSCs: Mesenchymal stem cells; Ad-
GFP: E1-A-deleted-green fluorescent protein; fMSCs: Fetal mesenchymal 
stem cells; aMSCs: Adult mesenchymal stem cells.
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In the evaluation of  chemical-mediated transfection, 
we found that PEI provided a significant level of  
transfection efficiency in fMSCs. Our results are in 
accordance with a study by Wang et al[17], which showed 
that genetic modification of  human MSCs by PEI with 
a relatively low efficiency of  4% achieved biologically 
significant effects in vivo, with transfection efficiency 
proportional to cells in S phase[17]. Our analysis further 
supported the use of  PEI as a transfection reagent in 

MSCs over other reagents. While we achieved around 35% 
transfection efficiency of  pcDNA3-eGFP ratio, we found 
PEI to be relatively nontoxic in contrast to Lipofectamine 
and FuGENE 6. In conclusion, PEI offers an alternative 
to viral vector transduction and advantages over other 
chemical transfection reagents, especially when funding to 
support the use of  viral vectors is not available.

Furthermore, the current study showed that Ad 
transduction provided superior efficiency to chemical 
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Figure 7  Osteoinduction in vivo by mesenchymal stem cell-mediated bone morphogenic protein 2 delivery. Twelve 6-wk-old SCID mice received a 100 μL 
injection of 2 × 106 MSCs or saline into the quadriceps muscles. Muscle samples harvested from the mice were examined by microradiography, 21 d after treatment. 
Treatment groups consisted of (A-B) saline control; C-D: Ad-BMP2-aMSC injection; E-F: plain aMSCs; G-H: Ad-BMP2-fMSCs; I-J: injected with plain fMSCs. The white 
arrows point at ossicles. The green arrow points at cortical thickening and new periosteal bone. BMP2: Bone morphogenic protein 2; Ad-GFP: E1-A-deleted-green 
fluorescent protein; fMSCs: Fetal mesenchymal stem cells; aMSCs: Adult mesenchymal stem cells.

A

C

B

D E

Figure 8  Histological examination of thighs after osteoinduction. A: Arrow points at new periosteal bone and cortical thickening of Ad-BMP2-aMSC treated mouse; 
B: Corresponding H and E photomicrograph showing normal bone formation with new bone marrow adjacent to the periosteum; C: Radiograph of control aMSC injected 
mouse and corresponding; D: H and E slide; E: toluidine blue-stained slide showing a nodule of MSCs and no bone or cartilage formation. Scale bar = 100 μm. BMP2: 
Bone morphogenic protein 2; aMSCs: Adult mesenchymal stem cells.
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transfection, including PEI. It has been shown that 
lentiviral and retroviral-mediated transduction are effective 
in fetal MSCs[12,13], however these are non transient and 
oncogenic such that their confirmed risk may be even 
greater when used in a stem cell. Our study was the first 
to test transient adenoviral mediated transduction in fetal 
MSCs. The present study confirmed that Ad transduction 
of  fMSCs did not significantly affect measures of  
stemness, consistent with the previous studies addressing 
lentiviral and retroviral-mediated transduction of  fMSCs. 
Viability was maintained above 90% for both fetal and 
adult MSCs, consistent with Ishihara et al[18] who reported 
equine aMSCs to not be sensitive to cytotoxic effects 
associated with Ad transduction at MOI of  100 or less. 
Our study also confirmed that fMSCs maintained a higher 
proliferative capacity than aMSCs post-transduction. This 
is again consistent with previous studies on viral vector-
mediated stable transduction[12,13]. Also, our observed 
greater proliferative capacity of  fMSCs than their adult 
counterpart is consistent with studies in human fMSCs[19]. 
These advantages of  fMSCs would suggest advantages in 
vivo.

Ad-mediated transduction provided a similar 
efficiency in both fMSCs and aMSCs, but significantly 
greater intensity with greater decrease of  the fraction of  
GFP positive cells in fMSCs compared to aMSCs. The 
greater proliferation of  fMSC is sufficient to explain 
the greater reduction in GFP positive cells resulting in a 
gradual dilution of  the adenoviral genome as cell division 
occurs[20-22]. This is due to the fact that Ad transduction 
does not result in DNA integration into the host genome; 
therefore the delivered gene will be expressed only as long 
as the viral genome is present[11,18].

Osteogenic differentiation capacity was not affected 
by Ad transduction in vitro. Our results are consistent 
with those of  Zhang et al[10], who suggested that human 
fMSCs are a superior cellular candidate for bone tissue 
engineering applications than their adult counterpart 
because of  their higher proliferation capacity, lower 
immunogenicity, and robust osteogenic potential as 
assessed via mineralization in vitro. On the other hand, 
the chondrogenic capacity of  aMSCs was superior to 
fMSCs when inducing chondrogenesis with TGFb3, and 
both decreased post-transduction with Ad-GFP. In fact, 
TGFb3 was recently shown to induce chondrogenesis in 
aMSCs by phosphorylating SMAD3 but not in fMSCs[23], 
which explains in part the lower differentiation of  fMSCs 
into chondrocytes found in the present study.

In the evaluation of  osteogenesis in vivo, the present 

study showed that Ad-BMP2-aMSCs are capable of  
inducing regenerative bone formation more effectively 
than Ad-BMP2-fMSCs. Naïve fetal or adult MSCs alone 
were not osteoinductive in vivo. In fact, previous work by 
Zhang et al[10] have demonstrated that predifferentiation 
and a scaffold were necessary for osteoinduction by naïve 
MSCs. Although fMSCs showed higher BMP2 expression 
post-tranduction in vitro, fMSC resulted in minimal new 
bone formation in vivo. These findings may be related 
to the shorter expression of  the transgene in fMSCs. 
Alternatively, initial high BMP2 expression and release 
from fMSCs could have caused a transient increase in 
number of  osteoclasts derived from hematopoietic stem 
cells[24] but there was no evidence of  bone remodeling 
in our histology to suggest this mechanism was at work.  
Based on our in vitro findings with fMSC, and recent work 
from our laboratory demonstrating superior outcomes 
of  neocartilage growth with a mosaic of  90% naïve and 
10% Ad-BMP2-transduced juvenile chondrocytes[25], it 
was anticipated that the dilution of  BMP2 expressing 
cells in the rapidly proliferating fMSC population may 
be an advantage in vivo. In addition, Brady and colleagues 
recently demonstrated that recombinant BMP2 can induce 
chondrogenesis in pellet culture of  fetal but not adult 
MSCs[23]. However, we were unable to demonstrate this 
potential as either enhanced endochondral ossification or 
chondrogenesis in vivo by fMSC, which could be due to 
difference in delivery method (recombinant BMP2 protein 
vs BMP2 gene transduction) or the fact that our study was 
in vivo. It is also possible that chondrogenesis would not 
be identified by microradiography and chondral ossicles 
may have evaded histologic sectioning, but, regardless, we 
saw minimal evidence of  activity of  fMSC in vivo. 

In conclusion, the present study demonstrated 
adenoviral vectors as an effective method to transiently 
deliver genes into fMSCs. Nonetheless, the relative faster 
decrease in the fraction of  cells expressing the exogenous 
gene when compared to transduced aMSCs may limit their 
applications. Our study also suggested fMSC-mediated 
BMP2 gene delivery and osteogenic induction in vivo was 
less robust than aMSCs at least in their capacity to induce 
bone formation. Both Ad-BMP2-aMSCs and Ad-BMP2-
fMSCs were capable of  expressing BMP2 in vitro and can 
be employed to deliver BMP2 for osteoinduction in vivo 
for the purpose of  bone regeneration. Cell delivery may 
offer advantages over direct vector delivery. In addition, 
Ad vectors lack insertional mutagenesis, resulting in 
transient expression of  the exogenous gene, which may be 
desirable over stable expression in applications involving 
bone morphogenic proteins to induce bone or cartilage 
regeneration. Further studies are necessary to elucidate 
differences in osteoinductive mechanisms of  aMSCs and 
fMSCs in vivo.
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morphogenic protein 2-adult mesenchymal stem cell treatment 
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Extent of periosteal new bone Thighs (n ) Midshaft diameter (mm)
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4 1 2.10
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Research frontiers
Bone regeneration is a complex process that requires interplay of molecular, 
cellular, and metabolic factors. In the area of bone tissue regeneration and MSCs, 
the current hotspot is genetic engineering, microenvironment, and homing of 
MSCs to optimize bone healing.
Innovations and breakthroughs
Previous studies have found that fetal MSCs can be retrovirally and lentivirally 
transduced with high efficiency and retain their proliferative and differentiation 
capacities. The present study demonstrated that adenoviral vectors are 
an effective method to transiently deliver genes into fetal MSCs and bone 
morphogenic protein 2 (BMP2)-transduced MSCs can be employed for 
osteoinduction in vivo. 
Applications
The study results suggest that fetal MSCs can be genetically engineered with 
adenoviral vectors to deliver BMP2 and induce osteoinduction, with promising 
applications in bone tissue regeneration.
Terminology
MSCs are capable of self replicating and differentiating into mesenchymal tissues 
such as bone, cartilage, and adipose tissue. MSCs can be genetically engineered 
for applications in tissue regeneration. Adenoviral vectors can deliver genetic 
material into MSCs. These vectors lack insertional mutagenesis resulting in a 
desirable safety profile, which added to their capacity to achieve high levels of 
transgene expression make them attractive for gene delivery particularly for 
bone regeneration. BMP2 is a growth factor involved in signaling pathways for 
osteoinduction resulting in osteoblast differentiation of stem cells.
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fetal vs adult MSCs for their ability to express transgenes via viral and non-viral 
vectors, and their differentiation capability. It is a very good study. Conclusions are 
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