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Abstract: Basic fibroblast growth factor 2 (bFGF) is a potent
mitogen for mesenchymal cells, and the local application of
recombinant bFGF accelerates bone union and defect repair.
However, repeated dosing is required for sustained therapeu-
tic effect as the efficacy of bFGF decreases rapidly following
its diffusion from bone defect sites. Here, we attempted to
develop a collagen-based bone formation system using a
fusion protein (collagen binding-bFGF, CB-bFGF) consisting
of bFGF and the collagen-binding domain (CBD) of Clostrid-
ium histolyticum collagenase. The addition of the CBD to
bFGF did not modify its native biological activity, as shown
by the capacity of the fusion protein to promote the in vitro
proliferation of periosteal mesenchymal cells. The affinity of
the fusion protein towards collagen and demineralized bone

matrix (DBM) was also confirmed by collagen-binding assays.
Moreover, in vivo periosteal bone formation assays showed
that the combination of CB-bFGF with a collagen sheet
induced periosteal bone formation at protein concentrations
lower than those required for bFGF alone. In addition, grafts
of DBM loaded with CB-bFGF accelerated new bone forma-
tion in rat femurs compared to the same concentration of
bFGF administered alone. Taken together, these properties
suggest that the CB-bFGF/collagen composite is a promising
material for bone repair in the clinical setting. © 2013 Wiley
Periodicals, Inc. J Biomed Mater Res Part A: 102A: 1737-1743, 2014.
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INTRODUCTION
Repair of bone defects and fractures is one of the major
therapeutic goals in the field of orthopedic tissue engineer-
ing. During the bone repair process, intramembranous and
endochondral ossifications in the periosteum are required
for the formation of new bone."? Therefore, a bioactive
agent that stimulates ossification in the periosteum is
expected to promote bone repair in the clinical setting.
Fibroblast growth factors (FGFs) form a family of 23
structurally related polypeptides that play critical roles in
angiogenesis® and mesenchymal cell mitogenesis.* Among
FGF family members, FGF-2 (basic FGF) accumulates most
abundantly in the bone matrix and is expressed in perios-
teum during the early stages of bone formation."® Several
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animal model studies have reported that locally applied
recombinant human bFGF (rhbFGF) has osteogenic proper-
ties for regenerating bone fractures and defects, and osteo-
porotic bone.” 12 Moreover, recent clinical trials have
revealed that bFGF accelerates bone union of osteotomy and
tibial shaft fractures."®'* Based on these properties, bFGF is
an effective growth factor for promoting bone regeneration
and has therapeutic potential in the clinical setting.

Despite the osteogenic potential of bFGFE its efficiency
decreases rapidly following its diffusion in body fluid from
the bone defect site. Thus, large doses or repeated adminis-
tration of bFGF are required for sustained therapeutic effect,
making such treatment clinically impractical and expensive.
In addition, high doses of bFGF can lead to adverse side
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effects, including thrombocytopenia, renal toxicity, and malig-
nant cell activation.’®® Due to these properties, bFGF should
ideally be used in combination with a carrier to promote
retention at wound sites."” %! Although a number of different
natural and synthetic carriers for bFGF have been eval-
uated,"” ' currently available carriers are restricted to
demineralized bone matrix (DBM) and collagen, and are
therefore the most frequently used scaffolds for bone repair
in the clinical setting. For this reason, the development of a
local delivery system for bFGF based on DBM or collagen is
expected to facilitate the repair of bone fractures and defects.

We previously constructed a fusion protein (collagen
binding-bFGF, CB-bFGF) consisting of bFGF and the CBD of
Clostridium histolyticum collagenase®” and demonstrated that
the subcutaneous injection of CB-bFGF without carrier into
nude mice had more potent skin fibroblast growth-promoting
effects at the injection site than native bFGF. Moreover, we
revealed that CBD binds to several types of tissues containing
collagen, including tendon, aorta, skin, and cartilage,* sug-
gesting that CB-bFGF construct with collagen or DBM can be
utilized for the long-term retention of bFGF in wound sites.

Here, we investigated the stimulating effect of the
CB-bFGF construct on in-vivo bone formation in rats. The
pre-clinical evaluation of CB-bFGF for bone repair was per-
formed in rats because the surgical procedure and grafting
of materials are more easily performed and reproducible
than using mice.

MATERIALS AND METHODS

Preparation of bFGF and CB-bFGF

Recombinant human bFGF was provided by Kaken Pharma-
ceuticals (Tokyo, Japan). Recombinant CB-bFGF was pro-
duced by similar methods as described previously.? Briefly,
a nucleotide fragment encoding a C-terminal fragment
(Glu767-Arg981) of C. histolyticum class 1l collagenase
(ColH) was inserted at the Smal site of a GST-fusion vector,
pGEX-4T-2 (GE Healthcare). A second nucleotide fragment,
encoding an 18 kDa isoform of human bFGF (Met134-
Ser288), was amplified by PCR using cDNA prepared from
the human osteosarcoma cell line OST-1-PF as the template
and was then inserted between the BamHI and EcoRI sites
of the modified pGEX-4T-2 plasmid. Escherichia coli BL21
CodonPlus RIL (Agilent, Santa Clara, CA) was transformed
with the resultant plasmid, and grown in 2 I 2YT-G medium
containing 16 g/L Bacto Tryptone (BD, Sparks, MD), 10 g/L
Bacto Yeast extract (BD), 5 g/L NaCl, 2% glucose, and 50
pg/mL ampicillin and 30 pg/mL chloramphenicol. Expres-
sion of the GST fusion protein was induced by the addition
of 1 mM isopropyl-thio-beta-p-galactopyranoside, purified
from the cleared lysate using 10mL of glutathione-
Sepharose beads (GE Healthcare), and cleaved by thrombin
protease (GE Healthcare). The obtained fraction was mixed
with 2 mL of Heparin-Sepharose beads (GE Healthcare), and
CB-bFGF was eluted from the beads with a salt gradient
(0.5-2.0M NaCl, total of 20 mL) in 50 mM Tris-HCl (pH 7.5).
CB-bFGF was purified to near homogeneity at a yield of
approximately 4.5 mg.
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Cell culture

All procedures involving the handling of animals were per-
formed in accordance with the guidelines of the animal
ethics committee of Kitasato University. A specific pathogen-
free colony of Wistar rats was maintained at Nippon Charles
River Laboratories (Kanagawa, Japan). The rats were housed
in a semi-barrier system with a controlled environment
(temperature, 23 = 2°C; humidity, 55% = 10%; lighting, 12-
h light/dark cycle) throughout the study. All rats were fed a
diet of standard rodent chow (CRF-1; Oriental Yeast Co.,
Tokyo, Japan). The periosteum was excised from the femurs
of 10-week-old male rats, as previously described.>* The
excised tissue was minced, digested for 2 h at 37°C with
type I collagenase (0.2%; Sigma, Lakewood, NJ), and then
passed through a 40-um filter (Becton Dickinson, Franklin
Lakes, NJ]) to yield single-cell suspensions. Cell numbers
were counted using a hemocytometer. Nucleated cells iso-
lated from the periosteum were plated at 1 X 10* cells/cm?
in 6-well plates containing a-minimum essential medium
supplemented with 10% fetal bovine serum, 100 U/mL peni-
cillin, and 100 pg/mL streptomycin, and were then incubated
at 37°C in 5% CO,, for 7 days as Passage 0 (P0O) cells. Expres-
sion of the mesenchymal cell markers CD29, CD54, and CD90
in PO cells was confirmed by flow cytometry, as previously
described.?® Briefly, PO cells were resuspended in 500 pL
phosphate-buffered saline (PBS) containing labeled antibod-
ies against CD45 (fluorescein isothiocyanate, FITC), CD29
(Phycoerythrin, PE), CD54 (PE), or CD90 (Peridinin Chloro-
phyll Protein, PERCP; Biolegend, San Diego, CA), After incuba-
tion for 30 min at 4°C, the cells were washed once with PBS
and then resuspended in 1 mL PBS for analysis. Cell fluores-
cence was evaluated by flow cytometry using a FACSCalibur
instrument (Becton Dickinson), and the generated data were
analyzed using CellQuest software (Becton Dickinson).

Proliferation assay

PO cells were detached from culture dishes by treatment
with 0.25% trypsin and 1 mM EDTA for 5 min and then
seeded at 1.25 X 10 /well in 96-well plates. Cells were then
treated with bFGF or CB-bFGF (0, 0.0058, 0.058, 0.29, and
0.58 pmol) for 3 days. Cell proliferation was assessed by
the water-soluble tetrazolium (WST) assay using a commer-
cial WST kit (Cell Count Reagent SF; Nacalai Tesque, Kyoto,
Japan), as previously described.?®

Collagen-binding assay

Collagen-binding activity was assayed as previously
described.?? Briefly, proteins dissolved in 400 uL of 50 mM
Tris-HCl (pH 7.5) were incubated at 4°C for 30 min in the
absence and presence of 8 mg DBM derived from rat femurs
or 1.6mg of a porcine-derived insoluble type I collagen
sheet (5 X5 X 0.2 mm; Nippi Research Institute of Bioma-
trix, Tokyo, Japan). Following centrifugation at 13,000Xg for
5 min, the resulting supernatants were analyzed for collagen
binding by direct enzyme-linked immunosorbent assay
(ELISA). Briefly, each well of a Costar EIA plate (Costar,
Cambridge, MA) was coated overnight at 4°C with 100 pL
supernatant. After blocking with a 1% bovine serum
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albumin-PBS-Tween 20 solution, plates were incubated
with anti-bFGF antibody (Santa Cruz Biotechnology, CA) for
60 min. The plates were then incubated with horseradish
peroxidase (HRP)-conjugated anti-rabbit IgG for 1 h. The
colorimetric reaction was developed using 100uL 2,2’-
azino-bis-3-ethylbenzthiazoline-6-sulfonate peroxidase sub-
strate (KPL, Gaithersburg, MA) per well for 15 min at room
temperature. After the reaction was stopped with 100 pL
stopping buffer, the optical density at 405 nm (OD4g5) was
detected using a Spectrafluor Plus plate reader (Tecan, Dur-
ham, NC).

Preparation of graft material

To prepare material for grafting, an average of 1.6 mg of a
porcine-derived insoluble type I collagen sheet (5X 5 X 0.2
mm; Nippi Research Institute of Biomatrix, Tokyo, Japan) or
8 = 1 mg DBM derived from rat femurs were added into a
1.5-mL centrifuge tube for each rat, and then incubated
with bFGF or CB-bFGF (0, 0.0058, 0.058, and 0.58 nmol) at
4°C for 30 min. Following centrifugation at 13,000Xg for 5
min, supernatants were removed and the graft materials
were immediately used for the in vivo periosteal bone-
formation assay.

In vivo periosteal bone-formation assay

To prepare rat femurs for receiving grafts, leg hair was
shaved and a skin incision was then made in the center of
the thigh to expose the right femur of the hind leg. A colla-
gen sheet or DBM incubated with PBS, bFGF, or CB-bFGF was
then grafted onto the periosteum of the anterior surface of
the femur. DBM was grafted onto the femur above the perios-
teum in a 5 X 5 mm? area. To evaluate the effects of carrier
on periosteal bone-formation, 100 pL of PBS, and 0.58 nmol
bFGF or CB-bFGF solutions without carrier were injected
onto the periosteum of the anterior surface of the femur.

After bone-grafting surgery, the rats were allowed to use
their hind legs without restriction. To assess new bone forma-
tion, eight rats in each group were sacrificed with excess CO,
gas 2 weeks after performing the graft, because new bone
volume and mineral content had reached their maximum val-
ues in all test groups by this time point (data not shown).

Quantification of new bone volume and bone mineral
content

After sacrificing rats, femurs were excised with the sur-
rounding muscle. The femurs were placed in 4% parafor-
maldehyde, stored at 4°C for 48 h, and then transferred to
PBS. Micro-CT images were obtained using a microfocus X-
ray CT system (inspeXio SMX-90CT; Shimadzu Co., Tokyo,
Japan). Images were obtained using the following settings:
acceleration voltage, 90 kV; current, 110 mA; voxel size,
25 pum/pixel; matrix size, 1024 X 1024. Images of the whole
femur were obtained and 10-mm regions of interest (400
slices) were defined at the mid-femur. New bone volume
and bone mineral content were measured using three-
dimensional (3D) image analysis software (Tri-3D-Bon;
Ratoc System Engineering Co. Tokyo, Japan) as previously
described.
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Statistical analysis

All statistical analyses were performed using SPSS software
(Version 11.0; SPSS, Chicago, IL). One-way ANOVA with
Tukey’s multiple comparison test was used to examine dif-
ferences among the control, bFGF, and CB-bFGF groups. The
unpaired t-test was used to examine differences between
dose-matched bFGF and CB-bFGF groups. A p value of
<0.05 was considered statistically significant.

RESULTS

In vitro biological activities of bFGF and CB-bFGF

The biological activities of purified bFGF and CB-bFGF were
evaluated using a proliferation assay with rat periosteal
mesenchymal cells. Isolated periosteal cells were positive
for the mesenchymal stem cell markers CD29, CD54, and
CD90, and were negative for the hematopoietic cell marker
CD45 [Fig. 1(A)]. Following treatment with bFGF and CB-
bFGEF the number of periosteal mesenchymal cells had sig-
nificantly increased after three days of culture [Fig. 1(B)].
No differences in cell number were detected between the
bFGF- and CB-bFGF-treated groups.

Collagen-binding ability of CB-bFGF to collagen sheet
and DBM

The in vitro collagen-binding ability of CB-bFGF was eval-
uated by incubating various amounts of CB-bFGF with a col-
lagen sheet or DBM, and then performing a direct ELISA
with the supernatant of these suspensions. When 0.058
nmol CB-bFGF was added to 1.6 mg collagen sheet or 8 mg
DBM, the amount of CB-bFGF in the supernatant was below
the detection limit of the ELISA. However, when the amount
of CB-bFGF added to the collagen sheet or DBM was
increased to 0.58 nmol, 0.16 = 0.015 and 0.07 = 0.028 nmol
CB-bFGE, respectively, were detected in the supernatant
samples. Based on the results of the collagen-binding assay,
it was estimated that 0.42 and 0.51 nmol CB-bFGF bound to
the collagen sheet and DBM, respectively.

In-vivo periosteal bone formation induced by locally
injected CB-bFGF

New bone volume and bone mineral content in the femurs
of rats locally injected with 0.58 nmol bFGF and CB-bFGF
were significantly higher than those in the PBS-injection
group [Fig. 2(A-C)]. However, no differences in these param-
eters were detected between the bFGF and CB-bFGF injec-
tion groups.

In vivo periosteal bone formation induced by CB-bFGF-
loaded collagen sheets

Periosteal bone formation in rat femurs grafted with collagen
sheets in PBS (PBS/CS) or collagen sheets incubated with
bFGF (bFGF/CS) or CB-bFGF (CB-bFGF/CS) was evaluated by
micro-CT image analysis 2 weeks after performing the grafts.
Femurs grafted with CB-bFGF/CS prepared using 0.58 nmol
CB-bFGF had markedly higher levels of bone formation and
bone mineral content compared to that of femurs grafted
with similarly prepared bFGF/CS [Fig. 3(B,C)]. In addition,
the new bone volume and bone mineral content in femurs
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FIGURE 1. In vitro proliferation activity of bFGF and CB-bFGF. A: Flow cytometry analysis of mesenchymal cell markers in isolated periosteal
cells. Dotted line: stained sample. Solid line: non-staining sample. B: Dose-dependent induction of periosteal mesenchymal cell proliferation by
bFGF and CB-bFGF. Cell numbers were quantified three days after the treatment. Data are presented as the mean = S.E. (n=28). a: p<0.05 com-

pared with the untreated control group.

grafted with CB-bFGF/CS (0.058 nmols CB-bFGF) were higher
than those of femurs grafted with PBS/CS [Fig. 3(B)]. In con-
trast, no differences in the amount of bone formation were
observed between the PBS/CS- and bFGF/CS-treated femurs
[0.058 nmol bFGF; Fig. 3(B)].

In-vivo periosteal bone formation induced by CB-bFGF-
loaded DBM

Two weeks after being grafted onto rat femurs, bFGF/DBM
and CB-bFGF/DBM (0.058 nmol bFGF protein) had signifi-
cantly stimulated periosteal bone formation compared to
PBS/DBM [Fig. 4(B)]. In the CB-bFGF/DBM-treated group,
bone formation increased in a dose-dependent manner,
whereas a plateau in bone formation was reached for bFGF/
DBM at 0.058 nmol. New bone volume and bone mineral
content in femurs treated with CB-bFGF/DBM (0.29 and
0.58 nmol CB-bFGF) were significantly higher than those of
femurs treated with similarly prepared bFGF/DBM
[Fig. 4(A-C)].

DISCUSSION

In this study, we have demonstrated that the addition of a
CBD to bFGF does not modify its native biological activity in
vitro, as shown by the capacity of the CB-bFGF fusion pro-
tein to promote the proliferation of periosteal mesenchymal
cells. The affinity of CB-bFGF towards collagen and DBM
was also confirmed in collagen-binding assays. Moreover, an
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in vivo periosteal bone formation assay revealed that the
combination of CB-bFGF with a collagen sheet induced peri-
osteal bone formation at a lower protein concentration than
that of the combination of bFGF with a collagen sheet.
Grafts performed using DBM with CB-bFGF also accelerated
new bone formation in rat femurs compared to the same
concentration of bFGF added alone. Taken together, these
findings suggest that CB-bFGF may be used in the clinical
setting at lower concentrations than those required for
bFGF when used in combination with either a collagen sheet
or DBM.

To date, several growth factors have been modified with
CBDs from von Willebrand factor (vWF), 2”72° mammalian
collagenase,®® and fibronectin,®*"*?* with the recombinant
proteins displaying increased collagen-binding activity with-
out impacting cytokine activity. Here, the CBD derived from
C. histolyticum collagenase did not modify the in vitro bio-
logical activity of bFGE, as shown by its capacity to promote
periosteal mesenchymal cell proliferation.

Collagen is considered to be one of the best carriers for
bone growth proteins because it has high versatility and
biocompatibility, and low immunogenicity. DBM is also a
useful bone-filling material, as it has excellent bone morpho-
genetic protein 2 (BMP2) retention/liberation properties.*
Here, grafting of a collagen sheet and DBM alone or in com-
bination with either bFGF or CB-bFGF improved bone for-
mation and mineralization compared to locally injected PBS.
In addition, 0.58 nmol bFGF and bFGF-CBD had no marked

ACCELERATION OF PERIOSTEAL BONE FORMATION
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FIGURE 2. 3D micro-CT analysis of rat femurs two weeks after local
injection. A: 3D micro-CT image, A-1: PBS, A-2: 0.58 nmol bFGF, A-3:
0.58 nmol CB-bFGF. Green color: new bone; brown color: existing
bone. The scale bars indicate T mm. B: New bone area, and C: Bone
mineral content after local injection of 0.58 nmol bFGF or CB-bFGF.
Data are presented as the mean =S.E. (n=8). a: p<0.05 compared
with the control group. b: p<0.05 compared with the dose-matched
group. [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]

effects when injected without collagen or DBM; however,
when bFGF and CB-bFGF at this dose were co-administered
with collagen and DBM, greater bone-promoting effects
were observed. These results suggest that collagen sheet
and DBM not only improve bone formation at graft sites,
but are also good carriers for bFGE.

Recent studies have shown that bFGF fused with the
CBD derived from vWF enhances wound repair of bladders
and abdominal walls compared to native bFGF>*3® In this
study, quantitative micro-CT analysis demonstrated that
bFGF fused with the CBD derived from C. histolyticum colla-
genase markedly enhances bone formation when loaded
onto collagen sheets. Furthermore, in vivo bone formation
induced by CB-bFGF was achieved at a lower concentration
than that by native bFGF. Unger et al.'® reported that intra-
coronary injection of bFGF into humans at doses of 3-
30 ng/kg was generally tolerated in subjects with stable
angina, whereas those administered higher doses of bFGF
had higher incidences of sustained hypotension and brady-
cardia. Therefore, due to the potential adverse effects of
bFGF, particularly when administered at high doses, the use
of CS/CB-FGF composite may be safer to limit bFGF expo-
sure at wound sites.
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FIGURE 3. 3D micro-CT analysis of rat femurs two weeks after graft-
ing collagen sheets loaded with CB-bFGF. A: 3D micro-CT image, A-1:
PBS, A-2: 0.58 nmol bFGF, A-3: 0.58 nmol CB-bFGF. Green color: new
bone; brown color: existing bone. The scale bars indicate 1T mm. B:
New bone area, and C: Bone mineral content after grafting collagen
loaded with various amounts of either bFGF or CB-bFGF. Data are
presented as the mean*=S.E. (n=8). a: p<0.05 compared with the
control group. b: p<0.05 compared with the dose-matched group.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

The attempted reconstruction of large skeletal defects
by implanting DBM alone has been shown to result in non-
union.2®3” To overcome this problem, Lu et al.'® mixed
DBM with bFGF and demonstrated that this combination
accelerates bone formation in allogeneic intramembranous
bone grafts. In our present study, DBM combined with CB-
bFGF accelerated bone formation compared to DBM loaded
with native bFGFE.

Several studies have reported that DBM loaded with
CBD-BMP2 accelerates bone formation compared to native
BMP-2.%7?% Qur present concept differed from the addition
of CBD-BMP2 to DBM to impart osteoinductive proper-
ties.?”?® For efficient bone repair, periosteal mesenchymal
cells proliferate in the early phase and then undergo osteo-
blastic differentiation followed by the proliferation of osteo-
blasts in late phases for the synthesis of new bone. The
combination of growth factors, such as BMP2 and bFGF,
results in synergistic effects that further stimulate the com-
plex cellular events and interactions that lead to new bone
formation.>®™*° For example, the combination of BMP-2 and
bFGF enhances osteoblastic differentiation of cultured mes-
enchymal stromal cells,®® while Wang et al.*® reported that
the combination of rhBMP-2 with bFGF synergistically

1741



CB-bFGF DBM

A. PBSDBM bFGF/DBM

B.
0.06
T o | O PBS ab
E "I O vrer a '
= 004 B CBbFGF 2 2 B a
& 003 |
u
g o002}
£ oo01 [
7z
[] .
0 0.058 0.29 0.58
@ Protein amount (nmoles)
w40 a.b
S B a.b
% o a2 a a a
g =
§ 5t
|
g 3
2
0 0.058 0.29 0.58

Protein amount (nmoles)

FIGURE 4. 3D micro-CT analysis of rat femurs two weeks after graft-
ing DBM loaded with CB-bFGF. A: 3D micro-CT image, A-1: PBS, A-2:
0.58 nmol bFGF, A-3: 0.58 nmol CB-bFGF. Green color: new bone;
brown color: existing bone. The scale bars indicate 1 mm. B: New
bone area, and C: Bone mineral content after grafting DBM with vari-
ous amounts of either bFGF or CB-bFGF. Data are presented as the
mean = S.E. (n=8). a: p<0.05 compared with the control group. b:
p <0.05 compared with the dose-matched group. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.
com.]

promotes new bone formation in vivo. bFGF also stimulates
osteoblast proliferation without affecting its inhibitory role
in osteoblast differentiation.*! Consistent with this fact, we
found that the bone mineral content of femurs grafted with
DBM/CB-bFGF was increased. Thus, DBM loaded with CB-
bFGF could stimulate periosteal mesenchymal cell prolifera-
tion in the early phase and osteoblastic differentiation and
osteoblast proliferation in late phases, leading to efficient
bone repair. The DBM/CB-bFGF composite is also a promis-
ing material for the acceleration of periosteal bone forma-
tion in the clinical setting.

CONCLUSIONS

We developed a collagen-based local delivery system for
bFGF using human FGF-2 fused with the CBD derived from
C. histolyticum collagenase. In combination with a collagenic
carrier, the CB-bFGF fusion protein induced new bone for-
mation when implanted above periosteum. These properties
suggest that the CB-bFGF/collagen composite is a promising
agent for promoting bone repair in the clinical setting.
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