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Although the majority of current gene transfer techni-
ques have focused on increasing the ability of the DNA
to enter the cell, it is possible that changing the
proliferative and migratory state of cells will influence
the cells ability to take up and express plasmid DNA.
This study was designed to test the hypothesis that
growth factors (basic fibroblast growth factor (bFGF)
and hepatocyte growth factor/scatter factor (HGF/SF))
used to alter the proliferative and migratory state of cells
can alter plasmid DNA uptake and expression. In vitro
studies indicate that enhancing cell proliferation with
growth factor exposure enhances plasmid DNA uptake
and expression. Furthermore, dual localized delivery of
bFGF and plasmid DNA in vivo increases the expression,
3-6 times over control, as compared to plasmid delivery
alone. Dual delivery of a factor promoting cell prolifera-
tion and a plasmid led to a further increase in the
expression of the plasmid encoding bone morpho-
genetic protein-2 in a rat cranial defect by specific cell
populations. The results of these studies suggest that
increasing the proliferative state of target cell popula-
tions can enhance non-viral gene transfer.

Received 16 December 2005, accepted 28 August 2006.
doi:10.1038/sj.mt.6300017

INTRODUCTION
Gene transfer techniques hold much promise for the treatment
of disease and healing of injuries but have been limited by their
safety and/or low transfer efficiencies.' Although extremely
efficient, viral vectors (i.e. retroviruses and adenoviruses) have
safety concerns in relation to immunogenicity and random
incorporation into the host genome.” Non-viral vectors,
including cationic polymers and lipids, have emerged as possible
alternatives to viral delivery, but have been limited by low
efficiency as compared to viral delivery.>*

Although the majority of current gene transfer techniques
have focused on increasing the ability of the DNA to enter the

cell, it is possible that changing the proliferative and migratory
state of cells will influence their ability to take up and express
plasmid DNA. It has been previously shown that cells will
internalize plasmid DNA through endocytosis in vitro™® and also
that the amount of endocytosis will increase during migration
and proliferation.”” These findings suggest that one may
increase the efficiency of gene transfer by increasing endocytosis
via induced cell proliferation and migration. Growth factors are
commonly utilized to promote cell proliferation and migration,
and basic fibroblast growth factor (bFGF) has been shown to
induce the proliferation of many cell types.'®'' Hepatocyte
growth factor/scatter factor (HGF/SF) can induce migration in a
number of cell types.'?

In light of the potential interplay between proliferation and
endocytosis-mediated gene transfer, we hypothesized that
growth factors used to alter the proliferative and migratory
state of cells can alter plasmid DNA uptake and expression. To
address this hypothesis, a combination of in vitro and in vivo
studies were performed, which examined expression of both
marker genes and a plasmid encoding a protein with significant
therapeutic potential (bone morphogenetic protein-2 (BMP-2)),
in both a subcutaneous implant site, and orthotopic wound site
(cranial defect). bFGF and HGF were used as model substances
to stimulate cellular proliferation and migration, respectively, in
these studies.

RESULTS

Relation between proliferation, migration, and
transfection in vitro

Cultured cells were exposed to varying concentrations of bFGF
and HGF to confirm that their proliferation and migration could
be regulated by these factors. NIH3T3 fibroblasts exhibited an
increase in proliferation when exposed to bFGF concentrations
of 10 ng/ml and greater (Figure 1a). In contrast, exposing cells to
varying concentrations of HGF/SF led to no significant increase
in proliferation over control conditions (Figure 1b). Cells were
then exposed to ‘high’ (50 ng/ml) or low’ (10 ng/ml) concentra-
tions of bFGF and HGF to determine if migration was influenced
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Figure 1 In vitro characterization of the growth factors. Quantification of the change in NIH3T3 fibroblast cell number in response to 1%
FBS-containing media supplemented with 50 ng/ml (®), 10ng/ml (), 1 ng/ml (M), and Ong/ml (O) (a) bFGF or (b) HGF/SF. (c) Net radial
migration as a percentage of control (1% FBS). Values represent mean (n=6) and SD. *Significance with P<0.005. (d) Expression of f-gal was
analyzed as a quantitative measure of NIH3T3 transfection in the presence of HGF and bFGF. Relative light units (RLU) were measured and normalized
to the control where no DNA was delivered. Values represent mean (n=4) and SD. *Significance between data points with P<0.003, and
**significance over all other data points with P<0.001. In addition, ***significance over “No DNA"" condition with P<0.01.

by these growth factors. Neither concentration of bFGF caused
significant increases in migration. In contrast, low concentra-
tions of HGF caused a significant increase in migration in
NIH3T3 fibroblasts (Figure 1c).

Cells were subsequently transfected in the presence of these
growth factors to assess if they increased transfection (Figure
1d). Exposure of cells to bFGF led to a significant increase in the
gene expression level, as compared to control medium. In
contrast, gene expression levels were not enhanced when cells
were cultured with HGE. To rule out the possibility that the
bFGF was increasing DNA expression through means other than
proliferation, cells were transfected in the presence of bFGF
when cultured in a confluent state that inhibited proliferation.
These cells had significantly decreased levels of gene expression.

To determine if cell transfection correlated directly with the
proliferation of individual cells, cells that were transfected with
green fluorescent protein (GFP) were also immunostained for
the presence of proliferating cell nuclear antigen (PCNA), and
co-localization of the two fluorescent probes was assessed. PCNA
immunohistochemistry positively stains the nuclei of cells that
have recently passed through the S phase of the cell cycle, and
therefore provides a marker of recent cell proliferation.
Fluorescent images of transfected cell demonstrated significant
co-localization of PCNA with GFP expression (Figure 2a). While
52% of the cells in this population were proliferating,
approximately 31% of the cells were transfected with GEFP.
However, 98% of the transfected cells also had positive PCNA
staining, indicating that cells which are actively proliferating are
largely responsible for plasmid expression. To determine,
whether the increase in cell proliferation was increasing plasmid
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Figure 2 Mechanism of DNA Uptake. (a) Representative confocal
photomicrographs showing co-localization of GFP-transfected (green)
cells and the PCNA (red). (b) Fluorescing cell area as a qualitative
measure of the amount of labeled PEI/DNA condensates within the cells.
Values represent mean (n=25) and SD. “Significance over other data
points with P<0.004. (c) Representative photomicrographs showing

co-localization (yellow) of the lysotracker dye (green) and the PEI/DNA
condensates (red).

DNA uptake as well as expression, fluorescent polyethylenimine
(PEI)/DNA condensates were prepared, exposed to cells, and the
internalized PEI/DNA condensates were visualized with confocal
microscopy under varying degrees of proliferative stimuli.

www.moleculartherapy.org vol. 15 no. 2, feb. 2007



© The American Society of Gene Therapy

Qualitative analysis suggested a significant increase in DNA
uptake when the cells were cultured in conditions promoting
proliferation (Figure 2b). To confirm the mechanism of DNA
uptake into these cells, a dye that localizes to lysosomes was used
to track cellular internalization of DNA (Figure 2c). Cells were
transfected with PEI/DNA condensates, allowed to incubate
overnight, and exposed to media containing the lysotracker dye.
Visual analysis of over 100 cells demonstrated a strong co-
localization of the DNA and the lysotracker dye within cells,
indicating that the mechanism of PEI/DNA condensate uptake
was endocytosis, and that endocytotic uptake of PEI/DNA was
increased in proliferating cell populations.

Gene expression and cell infiltration in vivo

To determine if increasing cell proliferation and/or migration
could similarly enhance gene uptake in vivo, polymeric scaffolds
releasing plasmid DNA with or without simultaneous bFGF
release were fabricated and implanted into two animal models.
Scaffolds were formed from microspheres (Figure 3a), and
possessed an interconnected porous structure (Figure 3b) that
has been previously demonstrated to support host cell infiltra-
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tion.">'* The efficiency of bFGF incorporation into the scaffolds
was 79+5%. In vitro, 50% of the incorporated bFGF was
released in the first 5 days when scaffolds were placed in an
aqueous environment, followed by approximately 1% per day for
the duration of the study (Figure 3c). The efficiency of plasmid
DNA incorporation into scaffolds was 61+ 3%. Immersion of
scaffolds in aqueous medium in vitro led to a release of 50% of
the DNA in the first 4 days, followed by a release rate of 0.4% per
day for the duration of the study (Figure 3c). To confirm that
the bFGF retained biological activity after incorporation and
release, the released bFGF was added to cultured cells, and their
proliferation was monitored. Knowledge of the release kinetics of
bFGF from these scaffolds, together with the known response of
NIH3T3 cells to various concentrations of bFGF, allowed the
calculation of released bioactivity to be 80-100% of initial
bioactivity over a 42-day release period in vitro (Figure 3d).
Scaffolds containing the f-galactosidase (f-gal) plasmid were
implanted into the subcutaneous tissue of Lewis rats, and
subsequently removed after 2, 4, and 8 weeks to determine if
plasmid expression was increased with simultaneous bFGF
delivery. At all time points, scaffolds releasing plasmid DNA in
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Figure 3 Scaffold characterization and subcutaneous gene expression. Photomicrographs of (a) PLG microspheres used to fabricate
(b) gas-foamed scaffolds. In vitro release profile of bFGF (¢, ¥) and plasmid DNA (¢, O) from PLG scaffolds. Values represent mean (n=6) and SD.
(d) Bioactivity of released bFGF, relative to bFGF never incorporated into scaffolds. Values represent mean (n=6) and SD. (e) -gal expression at 2, 4,
and 8 weeks following implantation with (l) or without ([J) simultaneous growth factor (3 pig bFGF) delivery. Values represent mean (n=4) and SD.

*Significance with P<0.025 and **P<0.01.
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conjunction with bFGF showed significantly enhanced gene
expression, as compared to scaffolds releasing DNA alone
(Figure 3e). Gene expression appeared to peak at week 4, with
a 5-fold increase in gene expression when bFGF was co-delivered,
as compared to the condition without bFGF delivery. In addition
to gene expression, angiogenesis was quantified at 2 and 4 weeks
and it was shown that the blood vessel density within the tissue
infiltrating the scaffolds increased 1.7-fold over the control when
bFGF was delivered but no increase was seen with DNA delivery
alone (Figure 4). The number and types of cells migrating into
scaffolds in response to varying amounts of bFGF was next
quantified to confirm that the locally released bFGF altered the
number of cells present in the scaffolds which could be
potentially capable of taking up and expressing the plasmid.
There was a dose-dependent increase in the density of cells with
the bFGF concentration (Figure 5a), and the effect was most
pronounced as the dose was raised from 0.5 to 3 ug bFGF per
scaffold. This effect leveled off at 10 ug bFGF. Analysis of the cell
types entering the scaffold was performed using fluorescence-
activated cell sorting on cells isolated from the scaffolds
following explantation. Isolated cells were stained for cell surface
markers for endothelial cells (CD31: also has low-level expres-
sion on platelets, macrophages, and monocytes) and lympho-
cytes (CD45). Although the cellular density was increased with
increasing bFGF concentrations, the composition of the invading
tissue was statistically indistinguishable with or without bFGF
delivery (Figure 5b). The unidentified cell population (termed
‘Other’) in these populations appeared to be mostly fibroblasts,
as based on their morphology in tissue sections stained with
hematoxylin and eosin. The increase in the density of blood
vessels in the condition in which bFGF was delivered, was
consistent in magnitude with the increase in endothelial cells in
these tissues. In all conditions, approximately 28% of the cells
invading scaffolds were CD31-positive, 25% were CD45-positive,
and the remaining 47% were fibroblasts.
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Figure 4 Angiogenesis with bFGF and pDNA delivery. Quantification
of blood vessel density in the tissues, relative to the blood vessel density
in blank scaffolds at 2 weeks. White bars represent blank scaffolds,
striped bars represent scaffolds releasing plasmid DNA (encoding for
p-gal), and black bars represent scaffolds releasing plasmid DNA
and growth factor (bFGF, 3 ng). Values represent mean (n=4) and SD
where *significance with P<0.02.
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The ability of this approach to enhance the expression of a
therapeutic protein in a model more relevant to tissue
engineering was then assessed after 3, 8, and 15 weeks by
delivery of a gene encoding BMP-2 into a cranial defect in rats.
Importantly, the expression of the BMP-2 plasmid was again
increased with simultaneous bFGF delivery (Figure 6), similar to
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Figure 5 In vivo subcutaneous response to bFGF. (a) Cellular densities
in PLG scaffolds at 1 week post-implantation as a function of the amount
of bFGF in the scaffolds. Values represent mean (n=4) and SD.
*Significance with P<0.02 and **P<0.002. (b) Composition, in
percent, of each cell population infiltrating the PLG scaffolds at 1 week
post-implantation. 0 ug bFGF (white bars), 0.5 ug bFGF (striped bars),
3 ug bFGF (gray bars), and 10 ug (black bars) bFGF were delivered.
Values represent mean (n=4) and SD, with no statistically
significant differences between the conditions.
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Figure 6 BMP-2 expression in the cranial defect. Quantification of
BMP-2 expression in the cranial defect at 3 (n=4), 8 (n=5), and 15
(n=6) weeks. All scaffolds contained plasmid DNA, with white and
striped bars representing conditions using DNA encoding for GFP,
whereas gray and black bars represent DNA encoding for BMP-2.
Striped and black bars represent scaffolds that also contained bFGF
(3 ng). Values represent the mean and SD where *significance with
P<0.02, and ** with P<0.002.
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Figure 7 In vivo cranial defect. Response to bFGF and DNA delivery.
(a) Cellular composition of the tissue forming in the scaffolds implanted
into cranial defect (3 weeks post-implantation). All scaffolds contained
plasmid DNA, with white and striped bars representing conditions using
DNA encoding for GFP, whereas gray and black bars represent DNA
encoding for BMP-2. Striped and black bars represent scaffolds that also
contained bFGF (3 ug). Values represent mean (n=4) and SD, and
no statistically significant differences were noted between conditions.
(b) BMP-2 expression in the various cell populations within the scaffolds
at 3 weeks post-implantation. All scaffolds contained plasmid DNA, with
white and striped bars representing conditions using DNA encoding for
GFP, whereas gray and black bars represent DNA encoding for BMP-2.
Striped and black bars represent scaffolds that also contained bFGF
(3 1g). Values represent mean (n=4) and SD. ***Statistical significance
with P<0.002, **P<0.02, and *P<0.05.

the results from the subcutaneous implant study. Magnetic-
assisted cell sorting was performed to determine the composition
of the cells invading the scaffold (Figure 7a). Similar to the
subcutaneous studies performed, the composition of the
invading tissue (percentage of each cell type) did not change
regardless of whether the growth factor (bFGF) was delivered.
Lysing of the different cell populations indicated that the CD31-
positive cell population had the highest baseline expression of
BMP-2, but the increase in gene expression with bFGF delivery
was related to enhanced expression in both this population and
the CD45-positive cell population (Figure 7b).

DISCUSSION

The results of these studies suggest that increasing the
proliferative state of target cell populations, which can also
potentially be accomplished via a variety of material cues (e.g.,
growth factors, modulation of matrix properties, and small
molecule drugs), can enhance non-viral gene transfer. In vitro
studies indicate that enhancing cell proliferation with growth
factor exposure enhances plasmid DNA uptake and expression.
Furthermore, dual localized delivery of bFGF and plasmid DNA
in vivo increases the expression of the factor encoded by the
plasmid. In addition, although CD31-positive cells are mainly
responsible for expression of a plasmid delivered to a cranial

Molecular Therapy vol. 15 no. 2, feb. 2007

Modifying the Proliferative State of Target Cells

defect, the addition of a proliferative factor such as bFGF also
causes an increase in expression in CD45-positive cells.

Stimulating cell proliferation enhanced gene transfer in vitro.
Exposure of cells to bFGE, which greatly enhanced proliferation,
significantly increased transfection efficiency. In contrast,
exposure of cells to a migratory stimuli (10 ng/ml HGF/SF) led
to a slight decrease in DNA expression. Further, exposure of cells
to bFGF when proliferation was contact inhibited did not lead to
increased transfection. The tight correlation between passage
through the cell cycle and uptake and expression of the gene
encoded by the plasmid also supports the conclusion that
enhancing proliferation was key to improving transfection in
these studies. This observation extends and supports the
previous finding that plasmid DNA delivered using cationic
liposomes was most likely to enter the cell during mitosis.” More
recently, the demonstration that the stiffness of the substrate to
which cells are adherent impacts cell transfection levels, provides
another approach to exploit the dependency of gene transfer on
the proliferative state of the targeted cell population.'” Although
an alternate explanation for our findings is that bFGF complexed
with DNA to form condensates that enhanced uptake and
expression, the concentration of bFGF used in our process is
significantly below that which has been reported to be required
for the bFGF to have a significant condensing effect.'®

Dual presentation of bFGF and DNA enhanced DNA
expression in vivo by a factor of 3-6 over the 8-week time
period studied in these experiments. Uncomplexed DNA has
been shown by other researchers to enter the cell and be
expressed with varying amounts of success.'”™* However, large
amounts (up to 1mg) of plasmid DNA have typically been
required to obtain the desired level of expression. The results of
this study indicate that increasing the density and proliferation
of cells at the delivery site allows one to obtain a significant level
gene expression even with smaller quantities of plasmid DNA.
The cellular density at the delivery site increased 2-3 times with
the delivery of bFGF, and this is likely a result of both enhanced
recruitment of host cells and increased proliferation of the
recruited cells. The increase in cell number alone may partially
explain the increased gene expression. However, the increase in
gene expression was much greater than the overall increase in cell
number, implying that a change in cell behavior, presumably
increased passage through the cell cycle, also contributed to the
increase in gene expression. No direct analysis of proliferation in
vivo was performed in these experiments, but previous studies
have demonstrated that local delivery of bFGF does cause an
increase in the number of cells proliferating at the site.”’

Analysis of the cells entering the scaffolds used to deliver the
plasmid DNA and growth factors revealed that the CD31-
positive cell population exhibits the greatest level of transfection.
It has previously been shown that CD31-positive cells synthesize
BMP-2,>! so it is not surprising that these cells exhibited high
basal levels of BMP-2 expression in our studies. It is surprising,
however, that these cells were a major factor in expression of the
delivered plasmid DNA. In addition, the CD45-positive cell
population, while exhibiting lower overall levels of gene
expression, demonstrated a significant increase in expression
with bFGF co-delivery. Although co-delivery of bFGF and pDNA
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increased BMP-2 expression, the addition of bFGF in a cranial
defect could complicate osteogenesis studies, as bFGF has been
shown to play a role in osteogenesis.”>>* Previous studies have
identified the cell populations taking up and expressing plasmid
DNA delivered with polymeric depots based only on morpho-
logical analysis of tissue sections.'®'” The analysis presented in
this report represents the first specific analysis of the cell types
expressing plasmid DNA delivered from a polymeric depot, and
knowledge of the cell types participating in expression of the
delivered plasmid could enable one to choose growth factors to
specifically recruit desired cell populations for specific applica-
tions in the future. Additional studies will be required to
determine if enhanced BMP-2 expression obtained with bFGF
delivery leads to an increase in osteogenesis, and these studies will
also have to consider the potential effects of bFGF itself on bone
regeneration. Delivery of bFGF has been reported to both
enhance”?” and to inhibit***® bone regeneration in other studies.

This paper demonstrates that one can modify cellular
behavior in vivo using growth factors to increase the expression
of plasmid DNA delivered from polymeric depots. Previous
studies have shown that plasmid DNA, delivered from poly(lac-
tide-co-glycolide) (PLG) scaffolds, affects cells in close proximity
to the implanted scaffold.'” This finding, along with the very
short serum half-life of DNA in vivo (4-30 min**"?), implies that
plasmid DNA does not travel very far from the delivery site
before it is either taken up by the cells and/or degraded. In light
of this constraint, it is clear that simultaneously encouraging
host cells to migrate towards a delivery vehicle and enhancing
their tendency to take up and express plasmid DNA, as
demonstrated in this report, can significantly impact localized
gene therapy.

MATERIALS AND METHODS

DNA sources. Naked plasmid DNA and condensed DNA encoding for
p-gal, GFP, or BMP-2 were used in these experiments. All plasmids used
in these studies contained the cytomegalovirus promoter. Plasmid DNA
encoding for fi-gal or GFP was obtained from Aldevron (Fargo, ND).
Plasmid DNA encoding for BMP-2 was first obtained from Christopher
Evans at Brigham and Women’s Hospital (Harvard University) and
expanded by Aldevron. In vitro studies to explore the mechanism of
DNA uptake were performed with condensed DNA encoding for GFP or
f-gal. Subcutaneous in vivo gene transfer and expression data were
obtained using plasmid DNA encoding for f-gal, whereas the cranial
defect studies used condensed DNA encoding for BMP-2.

Condensed DNA. Branched PEI (MW =25,000, Sigma-Aldrich, St
Louis, MO) was used to condense plasmid DNA (gWiz™ GFP, Aldevron,
Fargo, ND) for more efficient transfection in certain experiments as
described previously.”> In certain experiments, PEI was fluorescently
labeled as described previously with carbodiimide chemistry,'> and used
to make PEI/DNA condensates.

In vitro growth factor characterization. In order to assess prolifera-
tion influenced by bFGF and HGF, NIH3T3 cells were plated (20,000
cells/ml) in Dulbecco’s modified Eagle’s medium overnight. Media was
exchanged for 1% fetal bovine serum (FBS), 10% FBS, or conditioned
media (1% FBS with bFGF or HGF/SF). Media was changed daily and
proliferation was monitored by performing cell counts (Beckman
Coulter, Fullerton, CA; n=4).
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To measure overall population migration, 2,000 cells were seeded on
tissue culture polystyrene dishes in 2mm diameter circular adhesive
regions. The adhesive regions were created by placing a silicon sheet,
containing 2 mm diameter holes, onto the bottom of a six-well tissue
culture plate before cell seeding and seeding the cells into the resultant
well formed by the silicon sheet. Cells were cultured for 12h to allow
adhesion, and the silicon sheet was then removed, and cells were washed
with fresh medium. Cell motility was monitored by determining the
distance along the substrate in the radial direction traveled by the cell
population, using an inverted microscope system with digital camera
(TE300; Nikon, RT slider; Diagnostic Instruments, Sterling Heights,
MI). Phase contrast images were analyzed with Spot 4.0 (Diagnostic
Instruments) and Photoshop 7.0 (Adobe, San Jose, CA).

To assess the effect of the proliferation and migration on transfection
efficiency in vitro, cells were seeded at 150,000 cells/ml in a six-well plate
24 h before transfection. Transfection of DNA (gWiz™ GFP, Aldevron,
Fargo, ND) encoding for GFP was performed according to the Polyfect
(Qiagen, Valencia, CA) transfection reagent protocol. In one condition,
cells were plated at confluence and exposed to 50 ng/ml bFGF during
transfection. Fluorescent images were taken, and cells were counted
using a Beckman coulter counter and measured for total fluorescence on
a Tecan GENios® fluorometer (excitation 488 nm, emission 535 nm, and
1s integration). When PEI condensed DNA was used in the transfection
studies, 20ul of condensate solution was pipetted over a 50% confluent
well of an eight-well culture slide. Condensates were allowed to incubate
with the cells for 12 h before imaging with a confocal microscope (LSM5
Pascal, Zeiss, Thornwood, NY).

Intracellular staining for PCNA, GFP, and lysosomes. Cells transfected
with condensed DNA (gWiz™ GFP, Aldevron, Fargo, ND) or DNA/
Polyfect condensates for 12 and 24 h were fixed with 4% paraformalde-
hyde and subsequently stained for GFP activity and/or PCNA. In brief,
cells were washed with phosphate-buffered saline (PBS), exposed to a
boiling solution of 10 mM tri-sodium citrate and 0.5ml Tween 20 in
distilled water at pH 6.0, and following a subsequent wash with PBS,
placed in a blocking solution (10% normal goat serum, 2% bovine
serum albumin, 0.25% Triton X). Slides were then exposed to primary
polyclonal antibody for GFP conjugated to AlexaFluor488 (Molecular
Probes; Eugene, OR) and a monoclonal antibody for PCNA (Zymed
Laboratories Inc., San Francisco, CA) diluted in the blocking solution at
1:1,000 and 1:2,000, respectively. Another wash with PBS was followed
by incubation with the secondary antibody to PCNA (goat anti-mouse
immunoglobulin G Cy5) at a concentration of 1:200. Subsequently, cells
were imaged using Zeiss LSM 5 Pascal (Thornwood, NY) confocal
microscope at excitation wavelengths of 488 and 633 nm and emission
wavelengths of 520 and 690 nm, respectively. The percentage of the cell
containing fluorescing condensates was determined using NIH Image]
software. The area of the fluorescence was first determined using
threshold counting. Subsequently, the total area of the cell was
determined using the freehand selection and measurement feature. In
order to identify if the PEI/DNA condensates were entering the cell via
endocytosis, a LysoTracker dye was used to stain lysosomal components
in cultured cells. LysoTracker dye was used and imaged according to the
protocol from Invitrogen (Carlsbad, CA). Rhodamine-PEI condensates
were imaged at an absorbance of 560 nm and emission of 620 nm.

Scaffold fabrication and characterization. Microspheres were fabri-
cated from 75:25 PLG (inherent viscosity 0.76, MW 113 kDa, Alkermes,
Cincinnati, OH) with a water/oil/water double emulsion process.31
Scaffolds were fabricated from microspheres as described previously.”>*?
For scaffolds containing growth factors (bFGF, National Cancer
Institute) and/or plasmid DNA (gWiz™ Beta-gal, Aldevron, Fargo,
ND), slight modifications to the process were made. bFGF was
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incorporated by mixing a solution of 1% alginate and the appropriate
amount of growth factor (0.1 ug/ul bFGF in dH,O) with the polymer
microspheres and lyophilizing before adding the poragen. DNA was
incorporated by using DNA-loaded microspheres as the base material in
the gas-foaming process. These approaches yielded scaffolds with
approximately 200 ug of plasmid DNA, and either 0.5, 3, or 10 ug bFGE.

To determine the incorporation efficiency and release kinetics of
bFGF from the porous scaffolds, '*’I-labeled human recombinant bFGF
(195 uCi/ug) (Perkin-Elmer; Boston, MA) was utilized as a tracer and
was performed as described previously.>* Bioactivity of released bFGF
was analyzed by performing a proliferation assay with NIH3T3 cells
using non-radioactive bFGF released at varying time points as described
previously.*

To determine the release rate of plasmid DNA from porous PLG
scaffolds, scaffolds were placed in 2 ml of PBS and maintained at 37°C.
At various time points, the PBS was removed and a dye-binding assay
was performed (Hoechst 33258 dye, Molecular Probes; Eugene, OR).

Scaffold implantation. All animal studies were conducted under
guidelines set forth by the Institutional Animal Care and Use Committee
at University of Michigan and Harvard University. Scaffolds were
implanted subcutaneously in the dorsal area of Lewis rats (male, 7-9
weeks old) for periods of 1 and 2 weeks to assess tissue ingrowth as
described previously.®® Sections of the implanted scaffolds were
subsequently stained with hematoxylin and eosin for further analysis.
Rat cranial defect studies were performed in accordance with the
Harvard University animal care guidelines, and all NIH animal handling
procedures were observed. Cranial defect surgeries were performed as
described previously.”” Scaffolds containing condensed DNA (encoding
for either GFP or BMP-2) with or without bFGF were placed in the
critical sized defect site. After 3, 8, and 15 weeks, animals were killed
with carbon dioxide and the implants along with surrounding bone were
retrieved. A 2mm diameter biopsy of the implant was removed to
perform biochemical analysis and the rest of the scaffold was fixed for
24h in 4% paraformaldehyde at 4°C.

Determination of cellular infiltration and angiogenesis. ~Cells that had
infiltrated PLG scaffolds at 1 week following subcutaneous implantation
were isolated by exposing retrieved scaffolds to 200U/ml type 2
collagenase (Worthington, Lakewood, NJ) in PBS for 45min at 37°C.
The resulting cell suspension was filtered, washed, and resuspended in a
solution containing monoclonal antibodies (Pharmingen, San Diego,
CA) of phycoerythrin-conjugated mouse anti-rat CD31 (1 ug/million
cells) and fluorescein isothiocyanate-conjugated mouse anti-rat CD45
(0.1 ug/million cells). Cells were then washed and resuspended in
12 x 75mm  polystyrene culture tubes for fluorescence-activated cell
sorting analysis. Fluorescence-activated cell sorting analysis was
performed on a FACSVantage SE Cell Sorter (BD Biosciences, San Jose,
CA) at the flow cytometry core at the University of Michigan. Cells were
gated according to positive fluorescein isothiocyanate and phycoerythrin
fluorescence using isotype controls, and the percentage of cells staining
positive for each surface antigen was recorded. Similar studies were
performed on scaffolds that had been explanted from the rat cranial
defect model, although in this case a magnetic cell sorting method was
used. A cell suspension from the explanted scaffold was created by
digesting the scaffold in 200 U/ml type 2 collagenase, filtered through a
45 pm filter, centrifuged, and resuspended in 4% paraformaldehyde for
10 min. Dynabeads®™ Pan Mouse immunoglobulin G (Dynal Biotech;
Brown Deer; WI) were purchased and used in combination with
monoclonal antibodies for CD45 and CD31 to sort the cells according to
the Dynabead protocol. Quantification of angiogenesis in the tissue that
had infiltrated the scaffold was performed according to previously
described protocols,”" and four samples were analyzed/condition and
three sections/sample were quantified. Osteogenesis in the cranial defect
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experiment was determined by examining hematoxylin and eosin-
stained tissue sections, and little to no bone formation was noted in the
defects at this time point in any experimental condition, as expected
from previous studies.*®

Quantification of gene expression in vivo. Quantification of f-gal
activity was used to assess the effectiveness of in vivo gene transfer
following subcutaneous implantation, at 2, 4, and 8 weeks of
implantation as described previously.*® Quantification of BMP-2 activity
within the different cell types explanted from the cranial defect was
performed to determine the expression of the delivered DNA. The
previously magnetically sorted cells were collected by centrifugation and
lysed in Carons lysis buffer. An enzyme-linked immunosorbent assay for
human BMP-2 (R&D Systems, Minneapolis, MN) was performed on
each lysate following the instructions in the enzyme-linked immuno-
sorbent assay kit.
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