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Abstract

ABSTRACT

A major limitation in tissue engineering is the insufficient formation of blood vessels in
implanted tissues, resulting in reduced cell density and graft size. We report here the
fabrication of angiogenic cell sheets using a combination of two magnetic force-based
techniques which use magnetite cationic liposomes (MCLs), magnetofection and
magnetic cell accumulation. A retroviral vector encoding an expression cassette of
vascular endothelial growth factor (VEGF) was labeled with MCLs, to magnetically
attract the particles onto a monolayer of mouse myoblast C2C12 cells, for gene delivery.
MCL-mediated infection increased transduction efficiency by 6.7-fold compared with
the conventional method. During the fabrication of the tissue constructs, MCL-labeled
cells were accumulated in the presence of a magnetic field to promote the spontaneous
formation of a multilayered cell sheet. VEGF gene-engineered C2C12 (C2C12/VEGF)
cell sheets, constructed using both magnetic force-based techniques, were
subcutaneously transplanted into nude mice. Histological analyses revealed that on day
14 the C2C12/VEGF cell sheet grafts had produced thick tissues, with a high cell
density, and promoted vascularization. This suggests that the method described here

represents a powerful strategy in tissue engineering.
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Vascularization, Tissue engineering



1. Introduction

Angiogenesis is the vascular sprouting from pre-existing blood vessels into an
avascular tissue in the response to various growth factor stimuli [1]. To date, several
angiogenesis-related growth factors, such as vascular endothelial growth factor (VEGF),
fibroblast growth factor (FGF), platelet-derived growth factor (PDGF) and transforming
growth factor-f (TGF-B), have been identified [2]. Among these, VEGF is widely
recognized as an attractive therapeutic target in diseases requiring pro- [3, 4] and
anti-angiogenic treatments [5], as it is a major regulator of vessel formation, with high
specific activity in endothelial cells.

In the field of tissue engineering, the size and thickness of grafts have been limited
by an inadequate infiltration of vessels during the initial phase post-implantation [6, 7].
Insufficient vascularization reduces cell integration in grafts and causes cell death,
which leads to nonfunctional tissues with low cell densities. Thus, the development of
pro-angiogenic, tissue-engineered constructs is an important focus of current research.
Although there have been extensive examinations into the incorporation of recombinant
VEGF protein into scaffolds [8, 9], their efficacy was limited by the short half life of the
protein in vivo. Therefore, the genetic modification of implants, using a highly efficient
gene delivery method, could achieve the active induction of angiogenesis in the graft.

Magnetic nanoparticles have attracted great attention in various fields of biomedical
research [10-13] as two of their major properties are; a responsiveness to magnetic
fields and a large surface area for biochemical modification. Magnetite cationic
liposomes (MCLs), used for the magnetic labeling of cells with magnetic particles, have
been previously developed by encapsulating 10 nm-magnetite nanoparticles in cationic
liposomes which creates an electrostatic interaction with the negatively-charged cell
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membrane [14]. We have developed a technique, designated “magnetic force-based
tissue engineering (Mag-TE)”, which applies the use of MCLs in tissue engineering to
promote the assembly of three-dimensional tissues, in a high-cell density sheet-like
structure [15]. This is achieved by accumulating MCL-labeled cells in the presence of a
magnetic field. It has been previously shown that magnetofection, a gene delivery
technique using magnetic particles, enhances transduction efficiency compared with
pre-existing viral and non-viral techniques [16-18]. In a previous study, we
demonstrated that retroviral vector particles could be captured using MCLs and
concentrated by a magnetic force. We also showed that spatial patterns of reporter gene
expression could be created by manipulating MCL-labeled retroviral particles, using
magnetic concentrators with micro-scale patterns [19]. Although these results suggest
that magnetofection using MCLs is an effective method of fabricating genetically
engineered tissue constructs, a feasibility study using a gene of interest for its
application has currently not been performed.

In the present study, we examined the feasibility of this strategy to fabricate VEGF
gene-engineered myoblast cell sheets possessing angiogenic potential, by using
MCL-mediated retroviral gene transduction and tissue fabrication. Transplantation of
myoblast-based tissue-engineered constructs holds promise for regeneration of skeletal
muscle tissues following traumatic injury or aggressive tumor ablation that often results
in significant loss of muscle tissues [20]. Functional skeletal muscles have to integrate
abundant blood vessels. Therefore, the angiogenic potential of the VEGF
gene-engineered myoblast cell sheets fabricated by Mag-TE technique was evaluated in

a subcutaneous transplantation model.

2. Materials and Methods



2.1. Cells and culture

Mouse C2C12 myoblast cells were cultured in low-glucose Dulbecco’s modified
Eagle medium (DMEM; Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10%
fetal bovine serum (FBS; Biowest, Nuaille, France), 0.1 mg/ml streptomycin sulfate and
100 U/ml potassium penicillin G (Wako Pure Chemical Industries, Osaka, Japan) [21].
Human umbilical vein endothelial cells (HUVECSs) (Kurabo, Japan) were cultured in
HuMedia-EG2, a commercially available growth medium (Kurabo, Osaka, Japan).
Virus-producer 293FT cells were grown in high-glucose DMEM (Sigma-Aldrich)
supplemented with 10% FBS, 0.1mM MEM non-essential amino acids and 10 mM
2-[4-(2-Hydroxyethyl)-1-piperazinyl] ethanesulfonic acid (HEPES; Dojindo
laboratories, Kumamoto, Japan). These cells were cultured at 37°C in a 5% CO;

incubator.

2.2. Cloning of mouse VEGF and vector construction

Total RNA was extracted from C2C12 cells using a kit (QuickPrep Total RNA
Extraction Kit; GE Healthcare, Buckinghamshire, UK) according to the manufacture’s
protocol. Isolated RNA was reverse-transcribed with ReverTra Ace reverse transcriptase
(Toyobo, Osaka, Japan). A DNA fragment of mouse VEGF isoform 164 (mMVEGF44)
was amplified by PCR using the following primers: 5’
CGGGATCCACCATGAACTTTCTGCTGTCTTGGGT 3’ (forward) and 5’
CGGGATCCGAATTCACCGCCTCGGCT 3’ (reverse), which append BamHI sites.
PCR was initiated using KOD-plus DNA polymerase (Toyobo, Japan) at 94°C for 2 min,
followed by 35 cycles of amplification at 94°C for 15 s, 56°C for 30 s and 68°C for 40 s.

The retroviral vector plasmid for VEGF expression
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(PQMSCV/CMV-VEGF-IRES-EGFP) was constructed by ligation of the mVEGF¢4
DNA fragment into BamHI-digested pQMSCV/CMVHBD-3-IRES-EGFP plasmid [22].
In this vector, VEGF and green fluorescent protein (GFP) are bicistronically expressed
under the control of a CMV promoter. The self-ligated pQMSCV/CMV-IRES-EGFP

plasmid without VEGF gene was used for production of the control retroviral vector.

2.3. Retroviral vector production

Retroviral vector particles were produced by transient transfection with three
plasmid DNAs; the retroviral vector plasmid, pcDNA4-gag/pol and pLP/VSV-G [23].
293FT cells (1.2 — 1.6 x 10° cells/dish) were seeded onto 60-mm collagen-coated dishes
(Asahi Techno Glass, Tokyo, Japan) and cultured to ~90% confluency. Cells were then
co-transfected by lipofection using 20 ul of lipofectamine2000 (Invitrogen, Carlsbad,
CA, USA) and the three plasmids (3.07 pg retroviral vector plasmid, 3.07 pg
pcDNA4-gag/pol and 1.86 ug pLP/VSV-G). At 48 h post-transfection, the viral
particle-containing medium was collected and filtered to remove cell debris using a 0.45

um-cellulose acetate filter (Advantec, Tokyo, Japan).

2.4. Preparation of MCLs

The magnetite (FesO4; average particle size, 10 nm) used as the core of MCLs was
supplied from Toda Kogyo (Hiroshima, Japan). Cationic liposomes of MCLs, composed
of N-(a-trimethylammonioacetyl)-didodecyl-D-glutamate chloride (TMAG),
dilauroylphosphatidyl-choline (DLPC) and dioleoylphosphatidyl-ethanolamine (DOPE)
in a molecular ratio of 1:2:2, were prepared as described previously [14]. Briefly, the
lipid mixture was dissolved in chloroform and evaporated to form lipid films. The films
were then hydrated in colloidal magnetites under vortexing to form liposomes, followed
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by sonication for 30 min.

2.5. Retroviral magnetofection using MCLs

C2C12 cells (3 x 10° cells/well) were seeded into the wells of 96 well-plates
(Greiner Bio-One, Frickenhausen, Germany) 1 day prior to infection. To investigate the
effect of MCL concentration on transduction efficiency, the viral solution (150 ul) was
mixed with various amount of MCLs (0, 75, 150, 300 or 600 ng-magnetite). The
magnetite concentrations at infection corresponded to 0, 12.5, 25, 50 or 100 pg per cell
in the culture wells. After incubating for 30 min on ice, the solutions containing the
MCL-retroviral particle complexes were added to the cell-cultured wells and a
96-magnet plate (Oz Biosciences, Marseille, France) was placed under the well plates to
attract the complexes to the cells. After 6-h incubation at 37°C, the viral-containing
medium was exchanged for growth medium and the magnet was removed. In some
experimental conditions, polybrene was added to viral solution at the concentration of 8
ug/ml.

To examine the effect of the magnetic force intensity on transduction efficiency,
neodymium and ferrite magnets (diameter, 50 mm; height, 10 mm) were employed for
magnetofection using MCLs (600 ng-magnetite). The magnetic flux densities were
measured at the culture surfaces using a gauss meter (F. W. Bell, Orlando, FL, USA)
and corresponded to 1010G (96-magnet plate), 617G (neodymium magnet) and 278G
(ferrite magnet).

To determine the viral titration, C2C12 cells were infected using a tenfold serial
dilution of the viral solution and GFP-expressing C2C12 cells were counted under a
fluorescent microscope (Olympus, Tokyo, Japan) 48 h post-infection. All of the
retroviral infections were in the range of 0.46-5.7 x 10° IU/ml viral titers, determined in
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the presence of polybrene.

2.6. Fabrication of VEGF gene-engineered cell sheets by Mag-TE

C2C12 cells (1 x 10° cells/dish) were seeded into a 35-mm tissue culture dish
(Greiner Bio-One). After 24-h culture, 2 ml MCL-retroviral particle complex solution
(20 ug-magnetite) was added to the cell-culture dish and a cylindrical neodymium
magnet was placed under the dish. The magnetite concentration corresponded to 100 pg
per cell. At 6 h post-infection, the virus-containing medium was exchanged for growth
medium. After 1-d culture, MCLs were added to the cells (100 pg/cell) and the cells
were cultured for 4 h. Subsequently, the cells were harvested and 500 pl of medium
containing 1.2 x 10° cells was seeded inside a silicone rubber tube (inner diameter, 1
cm), which was placed at the center of a 35 mm culture dish (hydrophobic lumox dish,
Cat. no. 9607-7331, Greiner Bio-One). Immediately thereafter, a cylindrical neodymium
magnet (diameter, 30 mm; height, 15 mm) was placed under the dish to accumulate
MCL-labeled cells on the culture surface and form a multilayered cell sheet. After 2-h
culture, the silicone tube was removed and medium (1.5 ml) was added, followed by
continued cultivation.

Cell sheets were observed using a fluorescence microscope (BZ-9000; Keyence,
Osaka, Japan), to confirm GFP expression, and the images were processed by

BZ-Analyzer (Keyence).

2.7. Detection of VEGF expression
Cell sheets and culture media were collected 24 h after the construction of cell
sheets to determine VEGF expression.

Total RNA was extracted from the cell sheets for semi-quantitative RT-PCR, and
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reverse-transcribed to prepare cDNAs, as described previously herein. Using the cDNA
samples, specific sequences were amplified by PCR using the following primers:
MVEGF4 (forward, 5> ACAGAACAAAGCCAGAAAATCACTG 3’; reverse, 5
GTTTAACTCAAGCTGCCTCGCC 3’) and mGAPDH (forward, 5’
CTACCCCCAATGTGTCCGTC 3’; reverse, 5 GCTGTTGAAGTCGCAGGAGAC 37).
PCR was initiated using G-Taq DNA polymerase (Cosmo Genetech, Seoul, Korea) at
94°C for 2 min, followed by 20-30 cycles of amplification at 94°C for 15 s, 56°C for 30
sand 72°C for 9 s. The PCR products were electrophoresed on a 3% agarose gel and
stained with ethidium bromide for observation.

To detect VEGF secretion from the cell sheet, the culture medium was analyzed by
Western blotting. The media (10 ul) were mixed with SDS-PAGE sample buffer
containing 2-mercaptoethanol and boiled for 5 min. Subsequently, the samples were
electrophoresed using 12% acrylamide gels and fractionated proteins were transferred to
a polyvinylidene-fluoride membrane at 0.35A for 90 min. The membrane was then
immersed with blocking solution, composed of 5% skimmed milk in Tris-buffered
saline containing 0.05% Tween 20 (TBS-T), at 4°C overnight. Following this, the
membrane was incubated with polyclonal anti-VEGF antibody (Santa Cruz
Biotechnology, Santa Cruz, CA, USA), diluted 1:200 in blocking solution, at room
temperature for 1 h, followed by further incubation with horseradish peroxidase
(HRP)-conjugated anti-rabbit 1gG antibody (Santa Cruz Biotechnology) diluted 1:5000
using the same reaction condition. The membrane was washed with TBS-T after each
step. The HRP activity was detected using a kit based on chemiluminescence (ECL
detection system; GE Healthcare)

To quantify VEGF secretion in the medium, the samples were analyzed using a kit
based on enzyme-linked immunosorbent assay (mouse VEGF ELISA kit; Ray Biotech,
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Norcross, GA, USA), in accordance with the manufacturers protocol.

2.8. In vitro bioassay of VEGF secreted from cell sheets

The effect of VEGF activity on proliferation and tube formation of endothelial cells
was measured in C2C12 cells by a slight modification of previously reported protocols
[24]. During the proliferation assay, HUVECs were seeded into wells of a 96-well plate
at a density of 2 x 10° cells/well and cultured with growth medium for 24 h. The cells
were then carefully rinsed twice with phosphate buffered saline (PBS) and exposed for
6 h to Humedia-EB2 supplemented with 2% FBS (basal medium). Subsequently, the
medium was exchanged for basal medium containing 100 ng/ml mVEGF¢4 (Relia Tech
GmbH, Braunschweig, Germany), 3% myoblast growth medium or 3% conditioned
medium collected from the cell sheet cultures. After 96 h of stimulation, 10 ul WST-8
solution (Cell Counting Kit 8; Dojindo Laboratories) was added to each well and
incubated for 4 h, and the absorbance at 405 nm was measured using a
spectrophotometer (Smart Spec3000; Bio-Rad Laboratories, Hercules, CA, USA).

In the tube formation assay, 250 ul growth factor-reduced Matrigel (BD Biosciences,
Franklin Lakes, NJ, USA) was added to each well of a 24-well plate (Greiner Bio-One)
and allowed to polymerize for 30 min at 37°C. HUVECs were pre-stained with
CMTMR (5-(and-6)-(((4-chloromethyl)benzoyl)amino)tetramethylrhodamine; orange
fluorescent probe) and the cells (5 x 10* cells/well) were seeded onto the gel with
conditioned medium (500 ul). After 12 h of stimulation, three random fields in each
well were photographed under the fluorescent microscope (Olympus). To compare the
tubular length, tubes in the images were manually traced with lines and the number of
pixels occupied by the lines was calculated using image analysis software (Adobe
Photoshop 6.0; Adobe Systems, San Jose, CA, USA).
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2.9. Subcutaneous transplantation of cell sheets

Female 4- to 5-week old KSN/SIc (Japan SLC, Shizuoka, Japan) nude mice were
used for transplantation experiments. Mice were anesthetized by intraperitoneal
injection of pentobarbital and a small incision was created in the dorsal skin. Cell sheets,
constructed by 1-d cultivation using a magnet, were rinsed twice with PBS and
harvested on thin films as a physical support. Subsequently, the cell sheet and film was
inserted subcutaneously into the dorsal skin through the incision and the film was
removed, leaving the cell sheet on the underlying tissue. Thereafter, incisions were
closed using silk sutures. At 14 days post-implantation, mice were sacrificed and the
grafts were resected.

All animal experiments in this study were approved by the Ethics Committee for

Animal Experiments of the Faculty of Engineering, Kyushu University (A19-114-1).

2.10. Histological examination

Resected grafts were fixed in 4% formaldehyde solution and embedded in paraffin.
Thin slices (4 um) were placed on silanized slides for immunohistochemistry or staining
with hematoxylin-eosin (H&E). For immunofluorescent staining of CD31, anti-mouse
CD31 antibody (Santa Cruz Biotechnology) and Alexa Fluor 488-conjugated anti-goat
antibody (Invitrogen) were used as primary and secondary antibodies, respectively.
Briefly, sections were blocked with 1% bovine serum albumin for 10 min at 37°C,
followed by overnight incubation at 4°C with the primary antibody and 30 min at 37°C
with the secondary antibody. After each step slides were washed with TBS. To quantify
the microvessel areas, eight non-overlapping fields in each section of the graft were
photographed under the fluorescent microscope. The number of pixels occupied by
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CD31-positive vessels was divided by the total pixels within the image to calculate the
microvessel area percentage using image analysis software (Adobe Photoshop 6.0). To
evaluate tissue formation, the cross-sectional area in each graft was measured using

H&E-stained sections by a similar procedure as described above. The number of nuclei

was counted to calculate cell density of the grafts.

2.11. Statistical analysis
All data are expressed as means * SD. Statistical comparisons were evaluated using
one-way analysis of variance (ANOVA), and any values of p < 0.05 were considered

significantly different.

3. Results

3.1. Retroviral magnetofection using MCLs

The retroviral magnetofection procedure using MCLs is illustrated in Fig. 1a.
Retroviral vectors were captured by MCLs via electrostatic interaction, as reported
previously [19], and the MCL-retroviral particle complexes were attracted onto a
monolayer of C2C12 cells through the application of a vertical magnetic force. To
optimize the magnetofection condition, the effects of magnetite concentration and
magnetic force intensity on the viral infectivity were examined. First, the
magnetofection experiment was performed by varying MCL amounts, with 0-600
ng-magnetite in 150 ul viral solution, under a fixed magnetic field intensity (Fig. 1b).
The magnetite concentrations corresponded to 0-100 pg per cell in the culture wells. We
have previously confirmed that the addition of MCLs in this range did not affect the
viability of C2C12 cells [25]. Transduction efficiency was measured for each MCL
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amount when the efficiency without MCLs was expressed as 1.0. As shown in Fig. 1b,
the transduction efficiency was dramatically enhanced by increasing magnetite amount
in the range of 0-150 ng; however, only a slight improvement was observed above this
range (> 150 ng). This indicates that > 150 ng magnetite is necessary for sufficient
conjugation of viral particles with MCLs. Following this, the MCL-mediated
magnetofection was performed at a constant MCL amount (150 ng) using three different
magnets with magnetic flux densities of 278, 617 or 1010 G at the culture surfaces.
Figure 1c shows the transduction efficiency for each magnetic flux density when the
efficiency without a magnetic field was expressed as 1.0. Transduction efficiency
increased with increased magnetic field intensity, indicating that transduction efficiency
depends on the magnetic field intensity.

To evaluate the potential of magnetofection using MCLs, the transduction
efficiencies were compared for several conditions, including a conventional method
using a cationic polymer, polybrene (Fig. 2). Relative transduction efficiencies to that
for polybrene alone are shown in Fig. 2b. Unexpectedly, as compared with solely
infected cells (without using polybrene and MCLSs), there was no increase in
transduction efficiency for cells infected using polybrene and/or MCLs in the absence of
a magnet. This suggests that the cationic agents had no significant effects on the
retroviral infection of C2C12 cells. Conversely, the transduction efficiency was 6.7-fold
higher for the magnetofection using MCLs and magnetic force, indicating that
magnetofection using MCLs improved retroviral infection by magnetically attracting
retroviral vectors onto target cells. This suggests that this method is applicable to gene

therapy requiring the high-expression of a target gene.

3.2. Fabrication and characterization of VEGF gene-engineered cell sheets using MCLs
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A procedure for fabrication of VEGF gene-engineered C2C12 cell (C2C12/VEGF)
sheets by MCLs and magnetic force is illustrated in Fig. 3a. After C2C12 cells were
transduced with VEGF gene using the magnetofection technique, MCL-labeled
C2C12/VEGEF cells were three-dimensionally accumulated onto a non-cell adherent
surface using a magnetic force. After 1-d culture using a magnet, the cells formed a
multilayered sheet-like construct. The resultant cell sheet had a brown color under the
bright-field microscope due to the presence of magnetite (Fig. 3b). In the present study,
as the transduced cells co-express both VEGF and GFP, the cell sheets expressing GFP
were observed under the fluorescent microscope (Figs. 3c, d). In our previous study,
C2C12 cell sheets with a similar thickness were prepared using Mag-TE technique, and
the histological analysis revealed that there was no substantial necrotic area within the
cell sheets at least 1-d after the construction [26]. For the long-term maintenance of cell
sheets in vivo, the induction of vessels may be necessary. Additionally, the fluorescent
intensity at the border of the cell sheets was appeared to be stronger than that at the
center (Fig. 3c). This was not due to the cell necrosis at the center, as mentioned above.
As shown in a previous report, cell sheets started to shrink gradually after the
fabrication and the border of them rolled inward [15]. Thus, the border of the cell sheet
became thicker, resulted in the enhanced fluorescent intensity at the border.

To detect exogenous VEGF gene expression, cell sheets were analyzed by
semi-quantitative RT-PCR and Western blotting. Control cell sheets expressing only
GFP (C2C12/GFP sheets) were also fabricated using the same procedure. As can be
seen in Fig. 3e, a small amount of the endogenous VEGF expression was observed in
the C2C12/GFP sheets, which is consistent with a previous report [27]. In contrast, a
higher exogenous VEGF expression was observed in the C2C12/VEGF sheets (Fig. 3e).
In the Western blot analysis using the anti-VEGF antibody, a single band with a
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molecular weight of approximately 25 kDa was detected for the culture medium from
the C2C12/VEGF sheets (Fig. 3f). Conversely, the VEGF secretion was undetectable
from the culture of the C2C12/GFP sheets. VEGF secretion into the medium was also
measured by ELISA. The secretion levels of C2C12/GFP and C2C12/VEGF sheets
were 2.98 £ 0.04 and 240 £ 29 ng/day, respectively. These results demonstrate that the
VEGF gene-engineered cell sheets were successfully fabricated by combining the

magnetofection and Mag-TE techniques.

3.3. In vitro bioassay of VEGF secreted from cell sheets

HUVECs were cultured in the basal medium containing 3% conditioned medium
from each cell sheet culture for 4 d, and the cell proliferation was determined by WST-8
assay (Fig. 4a). No significant difference in cell proliferation was observed among the
groups cultured with basal medium alone and the conditioned medium from
C2C12/GFP sheets or medium containing myoblast growth medium. In the group using
conditioned medium from C2C12/GFP sheets, the rate of proliferation did not change
even when HUVECSs were cultured with 10% conditioned medium (data not shown). In
contrast, a significantly higher level of HUVEC proliferation was observed for the
culture containing conditioned medium from C2C12/VEGF sheets compared with basal
medium alone or conditioned medium from C2C12/GFP sheets. The proliferation was
almost equivalent to the culture containing a recombinant VEGF protein standard (100
ng/ml). Following this, HUVECs were seeded onto Matrigel and in vitro morphological
differentiation into vascular structures was investigated. As shown in Figs. 4b and c,
HUVECs cultured with conditioned medium from C2C12/VVEGF sheets formed
well-organized networks compared with the control groups, and the tube length was

more than 1.5-fold compared with that cultured in basal medium. Overall, the results in
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the tubular formation assay supported the cell proliferation assay (Fig. 4a, b), suggesting
that VEGF secreted from C2C12/VEGF sheets is biologically active. Although VEGF
was detected in the medium from C2C12/GFP sheets by ELISA, the biological activities

for both assays was negligible due to the extremely low level of VEGF expression.

3.4. Transplantation of VEGF gene-engineered cell sheet

To evaluate the angiogenic potential of VEGF gene-engineered cell sheets in vivo,
C2C12/VEGEF sheets were transplanted into subcutaneous spaces of nude mice. At 2
weeks post-transplantation, the grafts were retrieved and subjected to histological
examinations. The representative sectional images of immunofluorescent staining for
CD31 within the grafts are shown in Fig. 5a. Capillary vessels with a remarkably high
density were observed in C2C12/VEGF sheet-derived tissues (Fig. 5a). The percentage
of microvessel area within the tissues of C2C12/VEGF sheets was significantly higher
than that of C2C12/GFP sheets (Fig. 5b). This high vascularity was also confirmed by
macroscopic observation during the retrieval of grafts (data not shown).

Figure 5c shows the representative micrographs of H&E-stained sections of
transplants. Both grafts formed cell-dense tissues containing brown magnetite
nanoparticles. The cell densities for C2C12/GFP and C2C12/VEGF sheet-derived
tissues were 9915 + 2147 and 9613 + 1112 cells/mm?-section, respectively, which are
not statistically different. However, the size and thickness of the grafts were apparently
different. C2C12/VEGF sheet-derived tissues were composed of a core region
containing magnetite-labeled C2C12/VEGEF cells and a surrounding thick peripheral
region formed by cell proliferation. This resulted in the formation of a bulky tissue mass,
compared with C2C12/GFP tissues which formed a reduced core and surrounding
regions. Multinucleated myotubes were observed in both periphery and core regions of
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C2C12/VEGEF sheet-derived tissues (data not shown), indicating that the transplanted
myoblasts proliferated and migrated into the peripheral region from the core region. The
cross-sectional area of C2C12/VEGF tissues was 2-fold larger than that of C2C12/GFP
tissues (Fig. 5d). Taken together, these results suggest that VEGF gene-engineered cell
sheets provide sufficient tissue vascularization and promote the growth of grafts while
maintaining a high-cell density due to enhanced nutrient supply. Thus, this approach is

applicable to repair of skeletal muscle tissue defect.

4. Discussion

Genetically engineered angiogenic tissue constructs have a great potential in
cell-based therapies. They accelerate the formation of functional tissue through
increased vascularization which is induced by recombinant angiogenic growth factors
secreted from genetically engineered cells. Herein this study, we applied magnetic
biomanipulation techniques for both gene transfer and tissue fabrication processes
whose technological developments are considered important for the next-generation of
regenerative medicine.

As angiogenesis in response to VEGF stimulation occurred in a dosage dependent
manner [28], successful treatment requires the application of high-efficient gene transfer
methods. In the present study, we utilized a magnetic gene delivery technique,
magnetofection, in which MCL-retroviral vector complexes were attracted onto a
monolayer cultured cells using magnetic force. This increased transduction efficiency
by 6.7-fold compared with the conventional method using polybrene. In general,
cationic polymers, including polybrene, have been widely used for the enhancement of
retroviral infection by increasing the flux of active viruses to the cells [29, 30]. However,
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in this study, polybrene addition did not improve the gene transduction in C2C12 cells
(Fig. 2), which may be due to a cell type-specific sensitivity. In addition, similar to the
results reported by Scherer et al. [17], polybrene addition decreased the efficiency of
magnetofection by half using MCLs (Fig. 2). This may be due to the competitive
binding between polybrene and MCLs to the retroviral particles. In this study, the
transduction efficiency was improved by increasing the magnetic force intensity (Fig.
1c). As MCL-retroviral particle complexes were rapidly attracted to the magnet placed
under the culture plate, even when the 278 G ferrite magnet was used, it may be
possible to achieve high infection of MCL-mediated magnetofection with C2C12 cells.
Several researchers demonstrated that the increases of transduction levels could be
induced by using agitating magnetic fields [16, 31], suggesting that the cellular uptake
of vector-associated particles was promoted by additional physical energies. Therefore,
we speculate that the cellular uptake of magnetite nanoparticles is enhanced by physical
energies due to magnetic force.

We have developed a magnetic tissue fabrication technique in which MCL-labeled
cells were accumulated three-dimensionally in the presence of magnetic field and
cultured to form a multilayered sheet-like structure [15, 25]. In our preliminary
experiment, cell suspension of wild-type or VEGF over-expressing C2C12 cells labeled
with MCLs was injected subcutaneously into nude mice using a needle. In this case,
only a small tissue was formed at the injection site due to insufficient organization of
cells, although the enhanced angiogenesis was observed for the injection of VEGF
over-expressing cells. In contrast, the cells forming a sheet-like construct were strongly
attached each other, maintaining the tissue structure. Kondoh et al. also reported the
effectiveness of pre-assembly of cells in myoblast graft implantation [32]. Thus, the
transplantation of cell sheets constructed in vitro may be an effective method for
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delivering cells. Moreover, the true benefit of this technology is that cell-dense tissues
mimicking normal tissues can be created compared with conventional scaffold-based
procedures [33, 34]. Particularly, high-cell density culture, where cell-cell contacts are
tightly maintained, enables to develop the skeletal muscle tissue with a substantial
function, as shown previously [21]. In the present study, the artificial skeletal muscle
tissue was constructed by the magnetic tissue fabricating technique using MCLSs.
Although the thickness of magnetic tissue-engineered cell sheets is controllable by
seeding cell number, grafts with substantial thickness, volume, and cell density are more
preferable to achieve higher therapeutic performances by transplantation. However,
owing to the cell-dense property, it may cause difficulty in mass transport, which
induces necrosis within grafts. We evaluated the angiogenic potential of C2C12/VEGF
sheets created by combining magnetofection and magnetic tissue fabrication techniques.
Histological analysis revealed that C2C12/VEGF sheet-derived tissue maintained a
high-cell density by promoting vascular network formation and produced thick tissues
compared with the control grafts (Fig. 5). This indicates that VEGF gene introduction
was an effective strategy for the induction of angiogenesis into cell-dense constructs. In
contrast, although Shimizu et al. succeeded to create ~1 mm thick tissue by the
step-by-step polysurgery of thin cell sheets with 1-d intervals [35], this procedure may
be impractical for the clinical application due to its complexity. Alternatively, several
groups have attempted to construct pre-vascularized networks within the artificial
tissues and demonstrated the rapid anastomosis in the host vasculature [36, 37].
However, the formation of these networks requires complicated culture conditions and a
long-term culture in vitro, which may limit the application. We have proposed here a
simple and inexpensive approach with a continuous procedure composed of gene
transfer and tissue fabrication processes using the magnetic force-based technique.
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Moreover, it was truly effective in terms of positive induction of angiogenesis, and thus
useful for efficient tissue regeneration.

Functionality and maturation of the newly formed blood vessels in the grafts are
important issues. We could confirm the presence of blood cells in the vessels formed
within C2C12/VEGF sheet-derived tissues (data not shown). In addition, the cells
stained with a-smooth muscle actin antibodies were detected around the vessels in the
peripheral region of the graft, indicating the presence of smooth muscle cells. These
results suggest that the VEGF-induced vessels were inosculated with the host’s
vasculature and functional for metabolic exchange, although they might be insufficient
in maturation. Korpisalo et al. demonstrated that combination gene transfer of VEGF
and PDGF successfully induced the effective vessel maturation [38], because PDGF
mediated pericyte proliferation and migration, and thus associated with vessel
maturation. Therefore, the magnetic VEGF gene transfer combined with a supportive
angiogenic gene such as PDGF, which enhances vessel stabilization, may improve
vessel functions.

There are issues that remain to be investigated or addressed for the clinical
application of this approach. In vivo administrations of magnetic particles have been
attempted as a contrast agent for magnetic resonance imaging (MRI) [39] and as a
heating mediator for cancer hyperthermia [40]. In a previous experiment [41], a high
dose of MCLs (90 mg/mouse) was administered intraperitoneally into mice to examine
the effect of magnetite exposure in vivo. The magnetite nanoparticles were completely
cleared from circulation by 10th day after injection, and none of the 10 mice injected
with MCLs died during the study. In the present study, although the amount of MCLs
within transplanted cells was a negligible level (< 0.24 mg/mouse) compared with the

previous study, the localized accumulation of magnetite were clearly evident even after
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14 d of implantation (Fig. 5¢). When C2C12 cells with or without MCL-labeling were
injected into the subcutaneous space of nude mice using a needle, the size of tissue
constructs formed was similar between with and without MCL-labeling, suggesting that
the MCL-labeling did not affect in vivo cell survival and tissue formation. For clinical
application, further researches on the effect of MCL-labeling on cell and tissue survival
may be necessary. In addition, although retroviral vectors possess several beneficial
points in gene therapy, such as stable integration of a target gene into host genome and
continuous protein expression at high level, the use of retroviral vectors may trigger
oncogenesis by upregulating cellular proto-oncogenes. As the safer gene delivery
method, plasmid vectors may be preferable for human applications, although the
expression is transient. As MCL-mediated magnetofection was applicable for plasmid
vectors [18], the effectiveness for fabrication of angiogenic cell sheets should be

compared between the gene vectors.

5. Conclusions

In this study, we combined magnetic gene delivery and tissue fabrication techniques
to create VEGF gene-engineered myoblast cell sheets. Here, the efficient gene transfer
and the induction of cell-dense tissue were successfully achieved. Moreover, VEGF
gene-engineered cell sheet grafts produced well-vascularized tissues with substantial
mass, thickness and cell density when subcutaneously implanted into nude mice. Thus,
this procedure may be applicable not only to the tissue regeneration where the
angiogenesis is beneficial but also to the other therapeutic situations in which the useful

protein expressions for tissue engineering or gene therapy are required.
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Figure captions

Fig. 1. Optimization of retroviral magnetofection using MCLs. a. A schematic presentation of
magnetofection procedure. MCLs are added to retroviral vector-containing medium and incubated for 30
min on ice to form MCL-retroviral vector particle complexes. Subsequently, the MCL-treated viral solution is
added a monolayer of C2C12 cells in culture, and a magnet is placed beneath the dish to attract
MCL-retroviral vector complexes to the cells. After 48-h incubation, GFP-expressing cells are counted
under a fluorescent microscope. b. The effect of MCL concentration on transduction efficiency. Retroviral
magnetofection was performed with various magnetite concentrations using a magnet with 1010G magnetic
flux density at the culture surface. The retroviral solution (150 ul) was mixed with MCLs (0, 75, 150, 300 or
600 ng-magnetite) and added to the cell-cultured wells in 96-well plates. Data are expressed as fold
increase of the group without MCL addition and mean + SD (n=3). *P < 0.05 vs. - MCLs group. c. The effect
of magnetic force intensity on transduction efficiency. Magnetofection was performed with MCLs (600 ng) in
150 pl retroviral solution using three types of magnets whose magnetic flux densities at the culture surfaces
were 278, 617 and 1010G, respectively. Data are expressed as fold increase of the group without a magnet

and mean + SD (n=3). *P < 0.05 vs. - magnetic field group.

Fig. 2. Evaluation of retroviral magnetofection using MCLs. 150 ul viral solutions mixed with or without
MCLs (600 ng) and polybrene (8 ug/ml), were added to the cell-cultured wells placed with or without
magnets (1010G). After 48-h culture, GFP-expressing cells were counted under a fluorescent microscope.
a. Representative fluorescence microscopy images of GFP-expressing C2C12 cells at 48 h post-infection.
The scale bar indicates 200 um. b. Relative transduction efficiency to that of conventional method using
polybrene (polybrane group). Data are mean + SD (n=3). *P < 0.05 vs. + polybrene group. **P < 0.05 vs.

polybrene + MCLs + magnet group.
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Fig. 3. Fabrication and characterization of C2C12/ VEGF cell sheets. a. A schematic presentation of
fabrication procedure for cell sheets. MCL-labeled C2C12/VEGF cells are seeded inside a silicone rubber
tube frame placed in the dish. The cells are attracted and accumulated in 3-D on the bottom of dish by a
magnet placed beneath the dish, and then cultured to form a multilayered cell sheet. b, c. The overall view
of the C2C12/VEGF cell sheets. Micrographs were taken under the bright-field (b) and fluorescent
microscope (c), respectively. d. The fluorescence image of cross-section of the C2C12/VEGF cell sheet. e, f.

VEGF expression of the cell sheets were analyzed by semi-quantitative RT-PCR (e) and Western blotting

().

Fig. 4. In vitro bioassay of VEGF secreted by cell sheets. a. Proliferation assay for HUVECs. HUVECs
were seeded into 96-well plate and cultured in Humedia-EB2 supplemented with 2% FBS (basal medium,
BM) with or without 100 ng/ml recombinant VEGF protein, 3% myoblast medium, or conditioned medium
(CM) collected from C2C12/VEGF or C2C12/GFP cell sheets. After 96-h culture, cell proliferation was
determined by WST-8 assay. Data are mean * SD (n=3). *P < 0.05 vs. BM group. **P < 0.05 vs. BM +
C2C12/GFP-CM group. b, c. Tubular formation assay for HUVECs. HUVECSs were pre-stained with orange
fluorescent probe and seeded into the Matrigel-coated 24-well plate, and then cultured with the
aforementioned media. After 12-h culture, micrographs were taken under the fluorescent microscope, and
the lengths of the tubes in the images were measured (b). Data are expressed as relative tubular length to
that of BM group and mean = SD (n=3). *P < 0.05 vs. BM group. **P < 0.05 vs. BM + C2C12/GFP-CM group.
Representative images of morphological features of HUVECs were shown in (c). The scale bar indicates

500 pm.

Fig. 5. Transplantation of C2C12/VEGF cell sheets. Cell sheets were subcutaneously transplanted into
the dorsal sites of nude mice. On 14 d after implantation, grafts were retrieved and analyzed by histological

examination. a, b. Analysis of angiogenesis within implanted cell sheets. Representative images of section
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of Immunofluorescent staining for CD31 (a). The microvessel area in grafts was calculated as a percentage
to the total area (b). Data are mean + SD (n=5). *P < 0.05 vs. C2C12/GFP cell sheet grafts. ¢, d. Angiogenic
effect on tissue formation. Bright-field images of hematoxylin/eosin-stained cross-section of cell sheets (c).
Cross-sectional area of cell sheet-derived tissues was measured (d). Data are mean + SD (n=5). *P < 0.05

vs. C2C12/GFP cell sheet grafts.
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