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Abstract

Purpose The synthetic 15 amino acid biomimetic peptide se-
quence (P15) derived from a region of the alpha ()-1 chain of
collagen I, has been shown to promote «2 integrin activation
and enhance intramembranous ossification. In this study, we
ask if the P15 peptide also enhances bone formation through
endochondral ossification, and determine if direct binding of
«2 integrin with P15 mediates integrin activation.

Methods Mesenchymal cells (C3H10T1/2) were cultured in
chondrogenic media and the expression of chondrogenic
markers and integrin activation was determined by Western blot
and fluorescent immunohistochemistry. A biosensor assay was
used to determine if binding occurred between P15 and &2 31
integrin. Finally, an in vivo model of endochondral ossification
was used to determine the effect of P15 on bone formation.
Results In the presence of P15, chondrogenesis and activation
of «5 integrin were enhanced, as observed by both Western
blot analysis and immunoflourescent staining. A biosensor
assay investigating the specificity of the interaction between
P15 with «2f31 integrin determined direct binding does not
occur. When P15 was added to Matrigel implanted in a murine
endochondral ossification model, in the presence of bone
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morphogenic protein-2 (BMP-2), a significant increase in
chondrocyte differentiation and mineralization was observed.
Conclusion P15 does not directly activate integrins by bind-
ing, but does upregulate integrin signaling to enhance differ-
entiation of both osteoblasts and chondrocytes to increase
both intramembranous and endochondral bone formation.

Keywords P15 peptide - MicroCT analysis -
Chondrogenesis - Endochondral ossification - Bone density -
Integrin - Collagen

Introduction

Spinal fusion surgery is one of the most commonly performed
procedures in the United States [1]. Successful healing of the
fusion requires rapid bone deposition and turnover [2—4]. One
critical factor that influences the rate of osteogenesis is the
interaction between surface receptors of bone forming cells
and specific motifs of collagen I, the most prevalent extracel-
lular matrix (ECM) protein [5—7]. The P15 peptide sequence
(GTPGPQGIAGQRGVY), derived from residues 766—780 of
the alpha (o) chain of collagen I, can serve as a cell binding
domain [8]. Multiple studies have shown that P15 enhances
fibroblast and osteoblast attachment and proliferation and pro-
motes matrix production [8—11]; likewise, a number of reports
detail the ability to enhance bone formation [8, 12, 13].
Currently, P15 adsorbed to anorganic bone matrix (P15/
ABM) is undergoing clinical trials, as an agent to enhance
ossification in spinal fusion surgery [14].

Current strategies to promote fusion vertebrae and repair of
non-unions include the placement of allograft bone, autologous
bone, and/or bone morphogenic protein (BMP) in the fusion
space [15, 16]. The use of autologous or allograft bone lends
stability while BMP stimulates ossification to enhance bone
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formation during the fusion process. However, problems exist
with each of these solutions. Using autologous bone results in a
faster fusion rate compared to allograft bone, but the harvesting
of autologous bone can have unfavourable complications
[17—-19]. The clinical use and cost-effectiveness of BMPs is also
currently under debate, as ectopic bone formation and tissue
inflammation can occur due to leakage into other tissue areas
(spinal canal/foramen) [20, 21]. Thus, finding a solution which
both lends stability and support while promoting enhanced bone
formation is still under investigation. One solution that is being
tested to address this need is i-FACTOR, a novel bone graft
substitute composed of P15 adsorbed to the anorganic bone ma-
terial (ABM) that is in clinical trials for use in anterior lumbar
inter-body fusion. The premise is that P15 will stay attached to
the anorganic bone decreasing the likelihood of release into the
local environment [14]. Additionally, facilitation of bone forma-
tion by P15 is much different than BMPs, which are growth
factors that can stimulate many biological processes, in addition
to bone formation.

To date, several studies have reported that the P15 peptide
enhances osteogenic differentiation and bone formation by
increasing cell attachment and matrix production through a
putative interaction with «231 [8, 22, 23]. However, the effect
of P15 on chondrogenic differentiation and endochondral
bone formation, which can also be stimulated by integrin in-
teractions, has not been investigated. In this report, we show
chondrogenesis and endochondral bone formation is increased
in the presence of P15, both in vitro and in vivo (when BMP2
is present). Analysis of &5 integrin activation also showed an
increase during chondrogenesis when in the presence of P15.
Finally, the use of biosensor technology definitively shows
that there is no direct binding between P15 and integrin
«2f31 integrin. Taken together, this data indicates the probable
mechanism of action of P15 is to enhance cell attachment and
nonspecifically activate integrin signaling to enhance both
intramembranous and endochondral ossification. This is clin-
ically relevant, as bone formation during bone repair and fu-
sion of non-unions can be mediated by both intramembranous
and endochondral ossification [24].

Methods
Cell culture

The murine MSC line, C3H10T1/2 (ATCC (CCL-226),
Manassas, VA) was cultured in Dulbecco’s modified Eagle’s
medium (DMEM; Cellgro, Mediatech, Manassas, VA) with
5% fetal bovine serum (Invitrogen, Carlsbad, CA; Life
Science Technologies) and 5% fetal calf serum (Invitrogen,
Life Science Technologies) with 100 U/(ml of media) penicil-
lin (Cellgro) and 100 pg/(ml of media) streptomycin
(Cellgro), in 5% CO2 at 37 °C. C3H10T1/2 cells at passages
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6 and 14 were used for all experiments. The cells (8 x 10%)
were seeded in culture dishes (BD Biosciences, San Jose, CA)
on either air-dried P15 peptide (Cerapedics, Denver, CO) or
untreated tissue culture plastic. To induce maturation, cells
were incubated in chondrocytic differentiation media
(DMEM with 10% FBS, dexamethasone (0.1 mM, Sigma),
ascorbate (0.17 mM, Sigma), 1% Insulin, Transferrin and
Selenium (ITS) Premix (BD Biosciences, San Jose, CA),
and transforming growth factor-3 (TGF-f3; 10 ng/ml, R&D,
Minneapolis, MN)). Untreated cells were maintained as an
immature phenotype and served as a control. Media was
changed every 2 days up to 13 days and cultures collected at
day (D) 6 and D13 for analysis. All the cultures were kept at
37 °C in a humidified atmosphere of 5% CO,.

Immunohistochemical analysis

For immunohistochemistry, cells seeded on culture dishes
with or without P15 peptide coating were either grown on
chamber slides or cytospun onto slides after D13 of
chondrogenic culture. PFA fixed cells were washed three
times with PBS then incubated with blocking solution for
2 h at room temperature. Subsequently, cells were incubated
overnight at 4 °C with the following primary antibodies (1:50 :
«S5 integrin (Chemicon-Millipore, Jaffrey, NH), phosphorylat-
ed Focal Adhesion Kinase-Tyr397 (pFAK; 1:50) (Santa Cruz
Biotech, Santa Cruz, CA), runt-related transcription factor-2
(RUNX2; 1:100), matrix metalloproteinase-13 (MMP13;
1:200) (Cemines Inc, Golden, CO), vascular endothelial
growth factor (1:100; VEGF), and type X collagen (COLX;
1:100) (Southern Biotech Associates Inc, Birmingham, AL).
After three PBS washes, cells were incubated for 1 h at room
temperature with fluorescently labeled secondary antibodies
(1:200): Alexafluor 594 anti-rabbit and 488 anti-mouse
(Molecular Probes, OR). Unbound secondary antibodies were
washed 3X with PBS and the slide was mounted with
Vectashield hardset with DAPI (Vector Labs, Burlingame,
CA) for microscopic imaging.

Protein extraction and western analysis

Cells were washed at D13 with PBS, and centrifuged for five
minutes at 2000xg in ice-cold PBS. The supernatant was re-
moved and the pellet was resuspended in lysis buffer and cen-
trifuged for 15 minutes at 14,000xg; the supernatant was re-
moved and stored at —80 °C. Approximately 40 pg of protein
was loaded onto an SDS polyacrylamide gel, and after electro-
phoresis the proteins were transferred to a PVDF membrane
(Immobilon, Millipore, USA) in buffer (TG Buffer with 20%
methanol) for two hours 30 minutes at 4 °C. The membrane
was blocked in Tris-buffered saline and Tween 20 (TBST) with
2% electro-chemiluminescence (ECL) buffer (Amersham,
Piscataway, NJ) for one hour with shaking. The membranes
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were then incubated with their respective primary antibodies
(MMP13, COLX, VEGF) in TBS with 0.05% Tween 20 and
2% ECL buffer overnight at 4 °C. The blots were washed three
times in TBST and the secondary antibodies (Santa Cruz
Biotechnology, USA) were applied for one hour at room tem-
perature. After washing with TBST, the membrane was placed
in an ECL advanced detection system (Amersham) for five
minutes at 25 °C. Protein detection was performed using a
Fujifilm Intelligent Dark Box (Fujifilm Company).

Murine subcutaneous heterotopic ossification model

All animal procedures were conducted under the approval of
the Thomas Jefferson University Institutional Animal Care
and Use Committee. P15 peptide and recombinant human
Bone Morphogenic Protein-2 (BMP2) (Invitrogen, Life
Science Technologies, Carlsbad, CA) were used as chemical
stimulators of bone growth. After receipt from vendor, male
CD-1 mice (Charles Fischer Labs, Wilmington, MA) aged
eight to ten weeks were allowed to acclimatize to the new
animal facilities for two days. Two experiments were conduct-
ed with different treatment conditions, but the same protocol.
The first experiment compared the effect of P15 with that of
BMP2. Separate aliquots of Matrigel (BD Biosciences) were
prepared (250 ul) and mixed with either BMP2 or P15
(1.25 pg/ml and 2.50 pg/ml, final concentration). Separate
aliquots were injected subcutaneously into the ventral abdom-
inal region of the mice. The animals received two injections of
Matrigel with BMP2 in the right hypochondriac and right iliac
region and two injections of Matrigel with P15 in the left
hypochondriac and left iliac region, respectively. A second
experiment with another group of mice compared the effect
of BMP2 with that of P15 + BMP2. For this experiment, sep-
arate aliquots of Matrigel were prepared (250 pl) and mixed
with either BMP2 (1.25 pg/ml) alone or in combination with
P15 (1.25 pg/ml). These aliquots were injected subcutaneous-
ly into the ventral abdominal region of the mice. Matrigel
solidifies at 37 °C to form a localized source of BMP2 or
P15 or P15 + BMP2 (depending upon treatment). The solidi-
fied gels are easily distinguished from surrounding tissues and
a well-defined plug between skin and muscles is easily ex-
cised for preparation of histological sections. Experiments
were run in triplicates. Subjects were observed daily for any
ill effects and were euthanized by asphyxiation in CO, at D8
(second experiment only), D12 (first and second experiment)
and 20 (second experiment only) after injections. The
transplanted masses were excised and analyzed by microCT
(Scanco uCT, Basserdorf, Switzerland) and histology.

MicroCT analysis

Transplanted masses were excised, fixed in 4% PFA, and sub-
jected to microCT analysis (Scanco nCT 40; Basserdorf,

Switzerland) as previously described [25]. The scans were per-
formed using an X-ray tube energy of 45kVp, a current of
177 pA and a 200-ms integration time producing a spatial reso-
lution of 12 um3 voxel size. Each mass was traced and a contour
was created and evaluated for bone volume fraction (BV/TV),
1.e., the ratio of bone volume over total volume. The 3D data sets
were low-pass filtered using a Gaussian filter (o =0.80, sup-
port=1) and segmented with a fixed threshold filter (160 mg
HA/cm3). Values collected for BV/TV are represented as per-
centages to control for both variation in the size of the Matrigel
mass and variation between individual mice. Each mouse was
injected with four Matrigel masses, which always included an
untreated BMP-2 positive control which represented the best
(100%) response within each mouse. Treatments were then com-
pared to the best (100%) response to the BMP-2 control in each
mouse and the percent difference was determined.

Matrigel mass histology

For histological analyses, matrigel masses from at least four
(n=3) different mice were collected, embedded in paraffin,
and sectioned at 6 pm thick for each condition (control, psp,
and both nsp-DBD treatments). From each collected matrigel
sample, multiple sections from different regions were obtain-
ed. The slides were deparaffinized, rehydrated, and stained
with haematoxylin and eosin (H&E) and Alcian blue (1%,
8GX, Sigma Aldrich; cartilage) or Vectashield HardSet with
DAPI (Vector Labs, Burlingame, CA; count cells).

Image acquisition and analysis

Imaging was performed using a Nikon ES800 (Nikon, Melville,
NY) with a Retiga EXi digital cooled charge-coupled device
camera with RGB electronic filter (QImaging, Surrey, BC,
Canada) or on a Nikon Optiphot with an RT-Spot camera
(Diagnostic Instruments, Sterling Heights, MI). All images
in each group were exposed using the same settings. Image
quantitation was performed with Image Pro Plus software
(Media Cybernetics, Silver Spring, MD).

P15 interaction with 231 integrin

A biosensor (Sensiq Pioneer, SensiQ Technologies, Inc.)
was employed to analyze P15-a2f31 integrin binding inter-
actions. For these assays, a biotinylated form of the P15
peptide was employed to facilitate its binding to the surface
of a sensor chip (GenScript, Inc.). In brief, neutravidin
(Thermo Scientific, Waltham, MA), an avidin variant,
was first bound to the chip surface (COOH1 SPR Chip,
SensiQ Technologies, Inc.); carboxylate groups present
on the surface were activated by injection of a 1:1 mixture
of 0.1 M N-hydroxysuccinimide and 0.4 M N-Ethyl-3-(3-
dimethylaminopropyl) carbodiimide (Thermo Scientific,
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Waltham, MA). Subsequently, 100 pg/ml nutravidin in
10 mM acetate buffer at pH 4.5 was allowed to bind to
the activated surface until a response plateau was reached.
The residual active groups were blocked by an injection of
100 uL of 1 M Tris-HCI (pH 8.5). After re-equilibration
with 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES)-buffered saline containing 0.005% of Tween 20
(HBS-TE), the nutravidin-coated chip bound the biotinyl-
ated P15 (10 nM) so as to saturate all available biotin-
binding sites. Subsequently, non-specific binding sites
were blocked by injecting a 1% solution of bovine serum
albumin (BSA) dissolved in HBS-TE. Excess non-bound
material was removed by washing the chip with HBS-TE,
followed by three consecutive washes with 10 mM HCI.

To analyze the kinetic of P15-a231 integrin binding, in
which the P15 served as an acceptor, an active recombinant
variant of this integrin was employed (R&D Systems,
Minneapolois, MN). A sensor chip with immobilized P15
acceptor was primed with HBS-TE supplemented with
1 mM of MgCl, and 1 mM CaCl, at 25 °C for ten minutes.
Subsequently, the association phase was initiated by injecting
a free integrin interactant at a rate of 10 pl/min for ten minutes.
After that time, the dissociation phase was initiated by
injecting the analyte-free buffer.

After each assay, the surface of the sensor chip was regener-
ated by washing with 10 mM HCI, followed by equilibration
with HBS-TE supplemented with 1 mM of MgCl, and 1 mM
CaCl,. During regeneration cycles attention was paid to
completely remove surface-bound analyte and the washing con-
tinued until a response equal to a baseline value was reached.

For binding assays, free integrin interactant was added at
concentrations ranging from 3.5 nM to 225 nM. Data from the
biosensor were analyzed by the global fitting method de-
scribed by Myszka and Morton [26]. For each assay, the as-
sociation rate constants (kon) and the dissociation rate con-
stants (koff) were obtained, and the equilibrium dissociation
constants (Kd) values were calculated from a ratio of koff’kon.

Control binding assays

In addition to the P15-a231 integrin binding measurements,
the following control assays were also performed: (1) x2(31
integrin binding analysis was carried out with collagen I (BD
Biosciences) serving as an acceptor immobilized directly on a
COOHI chip. Collagen I-o231 integrin binding was per-
formed as described for the P15—-a2f31 integrin binding. (2)
Native collagen I-a231 integrin binding in the presence of
free 2 uM P15; here the P15 served as a potential competitor
for the collagen I-a231 integrin binding. (3) P15-anti-P15
antibody binding assay; the accessibility of the nutravidin-
bound P15 for the binding interactions was measured. The
anti-P15 antibody, the P15 binding partner was added as a free
analyte at concentrations ranging from 1.5 nM to 100 nM, (4)
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BSA-a2f31 integrin binding; for this control assay, the bind-
ing interactions between the immobilized BSA acceptor and
free a2f31 integrin (3.5 nM to 225 nM) was analyzed. The
flow rates and duration of the association and the dissociation
phases in the above control groups were identical to those
described for the P15- «231 integrin interaction.

Statistical analysis

Analysis was performed using a one-way analysis of variance.
A level of significance (), or a p-value of less than 0.05, with
a 95% confidence interval was determined. Representative
data are presented as the mean + standard error of the mean
from three or more independent analyses.

Results
P15 peptide enhances chondrocyte differentiation in vitro

Cells of a murine MCS cell line were cultured in dishes coated
with or without the P15 peptide and chondrogenic differentiation
was assessed. At D6, when compared with the uncoated control
plates the P15 peptide cultured cells showed intense alkaline
phosphatase and alcian blue staining, indicating deposition of
chondrogenic differentiation and increased proteoglycan synthe-
sis, respectively, (Fig. 1a). Western blot analysis at D13 indicated
that there was a significant increase in the levels of runt-related
transcription factor-2 (RUNX2), matrix metalloproteinase-13
(MMP13), vascular endothelial growth factor (VEGF), and col-
lagen X (COLX) proteins (p < 0.05) (Fig. 1b). Increased expres-
sion of RUNX2, COLX, and MMP13 was also confirmed by
immunofluorescent staining (Fig. 1c). Taken together, these re-
sults demonstrated the ability of P15 peptide to enhance
C3H10T1/2 cells commitment to the chondrocyte lineage.

P15 increases «5 integrin expression and activates pFAK
signaling

To determine if P15 enhances chondrogenic differentiation
through integrin o5/pFAK signaling, we stained cells that
had been maintained on either uncoated or P15-coated dishes
using antibodies specific for &5 integrin (green) or pFAK
(red). Six hours after plating, cells grown on P15-coated plates
exhibited greater numbers of filapodia with increased amounts
of yellow fluorescence indicating P15 activation of this path-
way (colocalization of pFAK with «5 integrin; high mag. in
inset; Fig. 1d). Protein lysates of cells grown on P15 surface
from the six hour time point were also analyzed by Western
blot and showed increased levels of pFAK and «5 integrin
proteins (Fig. 1e). Quantitation of Western blot band density
is shown in Fig. 1 (p <0.05).
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Fig.1 P15 enhances chondrogenic differentiation and integrin signaling.
a Murine MSC cells differentiated for six days in chondrogenic culture
media show increased alcian blue (proteoglycan) and alkaline phospha-
tase (chondrogenic maturation) staining (mag. bar=500 mm; n=3). b
Western blot shows increases in chondrogenic marker proteins in cells
grown on P15 coated dishes at D13 in chondrogenic media (n =3,
*p < 0.05). ¢ Representative image with immunofluorescent staining con-
firms western blot results (mag. bar = 100 mm). d Representative image

P15 alone does not direct endochondral ossification in vivo

We used a subcutaneous heterotopic ossification model to
determine whether P15 could independently direct endochon-
dral bone formation. For this study, we compared bone forma-
tion in Matrigel matrix containing either P15 or BMP2 (n = 4;
Fig. 2a). MicroCT analysis indicated that at D12 there was no
bone formation in the Matrigel-P15 implant; in contrast, the
Matrigel-BMP2 matrix displayed consistent bone formation
(Fig. 2b). To ascertain if the failure of Matrigel-P15 to induce
bone formation was due to impaired cell migration, we count-
ed the number of DAPI positive cells in both Matrigel

of cells plated on P15-coated dishes show increased spreading, filopodia,
attachment and colocalized staining for «5 integrin and pFAK as com-
pared with control (mag. Bar = 10 mm). e Western blot analysis confirms
increases in 5 integrin and pFAK proteins from cells grown on P15-
coated dishes. {3-actin staining used to control for differences in total
protein concentration. f Graphs showing quantitation of intensity of
Western blot staining shows increased «5 integrin and pFAK proteins
from cells grown on P15-coated dishes *(p <0.05, n=3)

preparations at two concentrations of P15 and BMP2:
1.25 pg/ml and 2.50 pg/ml final concentration (Fig. 2¢). By
D12, when BMP2 was compared with P15, no differences
were observed in the numbers of cells that had migrated into
the Matrigel at either concentration (Fig. 2d).

P15-BMP2 increases chondrocyte differentiation
and enhances early endochondral ossification.

To test whether P15 could enhance BMP-dependent bone for-

mation, we compared Matrigel-BMP2 with Matrigel-P15 +
BMP2 masses (P15 — 1.25 pg/ml, BMP2 — 1.25 pg/ml).
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Fig. 2 P15 does not
independently direct
endochondral ossification in vivo.
a In situ gross pathology image of
subcutaneous Matrigel masses
with either P15 or BMP2 at day
12 post injection. b MicroCT 3-
dimensional image of mineralized
masses show no bone formation
in P15 masses, but normal bone
formation in BMP2 masses. ¢
DAPI stained sections of P15 and
BMP2 matrigel masses show no
difference in cell invasion into C
Matrigel. d Graphic quantitation

of cells in 5 mm? areas of P15 and
BMP2 masses show no difference

in cell invasion (n =4)

LN

2.50pg

Alcian blue staining showed that cartilage had formed within
the masses at an early time point before significant bone de-
position (D8; Fig. 3). Compared to BMP2, at D8 the P15 +
BMP2 Matrigel matrix exhibited significantly greater
amounts of cartilage (Fig. 3, p <0.05). At D12 and D20, scan-
ning was performed to determine the degree of mineralization
(Fig. 3). At D12, microCT analysis of P15+ BMP2 matrix
indicated that there was a 64% increase in mineralization com-
pared to masses containing BMP2 alone (Fig. 3, p <0.05). By
D20, regardless of treatment, microCT analysis showed equiv-
alent amounts of mineralization (Fig. 3).

P15 does not directly bind to 231 integrin

To elucidate the mechanism by which P15 activated cells, a
biosensor technology was utilized (see diagram, Fig. 4a). As
indicated in Fig. 4b, no specific P15-a«231 integrin binding
was recorded. In contrast, a binding interaction between col-
lagen I and &2f31 integrin was characterized by k,,, of 1.23 x
10* M 's ") and k0 9.99 x 10 (s™") (Fig. 4c). The corre-
sponding K, value for this interaction was 81.2 nM. To further
confirm the lack of P15-«231 integrin binding interaction, we
employed an assay in which the P15 peptide was a competitor
for the collagen I-a231 integrin binding. As demonstrated in
Fig. 4d, the presence of P15 did not change collagen I-a231
integrin binding characteristics. In these assays, the kinetic
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parameters of collagen I-a231 integrin interaction were sim-
ilar to those calculated for a corresponding interaction per-
formed in the absence of the P15 inhibitor. Specifically, the
following values were calculated: k,, of 1.21 x 10* (M 's™),
Ko 1.29 x 1072 (s, and corresponding K, of 107 nM.
Because the «231 integrin was still able to bind to the colla-
gen [ target, these data indicate that free P15 competitor did
not interact with the «231 integrin in solution.

The accessibility of nutravidin-immobilized P15 peptide
for binding free interactants was confirmed by its ability to
bind anti-P15 antibody. As demonstrated in Fig. 4e, this anti-
body bound P15 strongly with a K, value of 8.9 nM. In addi-
tion, the lack of BSA-x231 integrin binding (Fig. 4f) further
indicated the specificity of measured interactions. Finally, we
determined if P15 bound to fibronectin or BSA could indirect-
ly activate integrins. Again, no binding was observed between
BSA or fibronectin and P15 (Fig. 4g and h).

Discussion

P15 has been shown in many studies to facilitate bone pro-
duction by modulation of cell binding, migration, prolifera-
tion, and differentiation, in addition to promoting synthesis
and secretion of extracellular matrix [27, 28]. In this report,
we further investigated the mechanism of action of P15’s
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putative, direct binding to «231 integrin and determined if the
P15 peptide could interact with &5 integrin to promote chon-
drogenesis and bone formation via endochondral ossification.
Based on our previous report showing enhanced osteogenesis
by P15 activation of «2 integrin and FAK [8], we asked
whether P15 could similarly activate integrin «5 to promote
stromal cell commitment and enhanced chondrogenesis [29].
We further tested the efficacy of the P15 peptide in vivo in a
mouse model of heterotopic ossification.

Many past studies have detailed the effectiveness of P15 in
enhancing bone formation and reported that the osteogenic ac-
tivities of P15 are mediated through activation of the collagen-
selective integrin o231 [9—11]. The ability of the «231 integrin
to upregulate osteoblastic differentiation and matrix mineraliza-
tion has been well described [30, 31]. Results from this study
confirmed P15 also increased o5 integrin signaling and the
expression of protein markers of chondrogenic differentiation.
Specifically, we showed that mesenchymal cells grown in vitro
on surfaces coated with the P15 peptide have increased o5
integrin expression and show activation of FAK. When placed
in chondrogenic media, cells grown on P15-coated dishes
showed intense alkaline phosphatase and alcian blue staining.
Western blot analysis confirmed expression of the chondrocyte
markers RUNX2, COLX, MMP13, and VEGF were all elevat-
ed. Thus, in vitro, the P15-5 integrin response mimicked the
increased &2 integrin signaling previously reported to promote
osteogenesis [8].

To determine if the interaction of the P15 peptide with &2
integrin was direct binding, we assessed this using biosensor
analysis. The fact that no specific P15-a231 integrin binding
was observed strongly suggested that activation of P15 with
integrins is more likely to be indirect and not direct binding of
P15 with the integrin. This finding was a bit surprising, as this
peptide was derived from a region of the collagen I molecule
involved in integrin binding. However, it should be noted that
a limitation of the biosensor assay is when P15 is immobilized
to streptavidin it is assessed as a linear peptide. Thus, the
structure required for binding interactions may be lacking. In
its native state P15 is part of the collagen triple helix and the
specificity of the helical arrangement is needed for all known
collagen interactions. Therefore, we cannot rule out the poten-
tial that P15 activity, as observed when formulated with hy-
droxyapatite, as in iFactor, may be the result of the specific
structure assumed when bound to the hydroxyapatite material.
It is predicted that the interaction of P15 with hydroxyapatite
fixes the structure in a favorable position that may resemble
this peptide in its native form, i.e., the collagen triple helix.

Further investigation to determine whether P15 could inde-
pendently direct chondrogenesis or mineralization in vivo
using a mouse heterotopic ossification model determined that
in the absence of BMP2, mesenchymal cells would indeed
migrate into the Matrigel, but would not differentiate into
chondrocytes. When P15 was combined with BMP2 in the
Matrigel, it was observed that an increased number of
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4 Fig. 4 P15 does not directly bind «2f31. a Illustration of the
experimental design of biosensor binding assays; left panel depicts a
sensor coated with biotinylated P15 peptide while the right panel shows
a control sensor coated with collagen 1. b Graphic representation of P15-
a«2bl integrin binding interaction shows no detectable interaction. ¢
Graphic representation of collagen I-a2bl integrin interaction shows a
strong interaction. d Collagen I-o2b1 integrin interaction in the presence
of 2 mM of free P15 shows a strong interaction. e P15-anti-P15 antibody
binding assays demonstrating the availability of nutravidin-immobilized
P15 to interact with free analytes. Control f BSA-a2f3, g BSA-P15, and h
Fibronectin-P15 integrin binding assays show no detectable interactions

mesenchymal cells transformed into chondrocytes at earlier
time points (Fig. 3). In addition, an increase in chondrogenesis
at D8 and endochondral bone formation at D12 was observed.
Even though increased bone was observed at D12, by D20 the
bone produced was equivalent to that of BMP2 alone.

As the results from the bioassay clearly ruled out the pos-
sibility of a direct interaction of P15 with 231, we believe it
is possible that a third molecule may be required to interact
with P15 to facilitate the interaction with integrins and en-
hance differentiation of both osteoblasts and chondrocytes.
Taken together, these results indicate that although the P15/
integrin interaction is not direct or specific, the enhancement
of integrin signaling by P15 acts to drive multipotential stro-
mal cells toward differentiation. In the presence of BMP2, and
other growth factors, the determination of which lineage (os-
teogenic or chondrogenic) to differentiate depends on the en-
vironmental conditions. Thus, P15 may serve to increase the
attachment of mesenchymal cells to the matrix and then in
response to BMP2/growth factors, leads to increased
chondrogenic differentiation and an earlier start to endochon-
dral bone formation. This report supports the view that P15 is
valuable for enhancing not only intramembranous ossifica-
tion, as previously reported, but also endochondral ossifica-
tion, thus increasing the value of this peptide for clinical use.

ABM, Anorganic bone matrix; BMP, Bone morphogenic
protein; BSA, Bovine serum albumin; BV/TV, Bone volume
fraction; C3H10T1/2, Murine mesenchymal stem cell line;
COLX, Type X Collagen; ECM, Extracellular matrix;
MMP13, Matrix metalloproteinase-13; pFAK, phosphorylat-
ed focal adhesion kinase; RUNX2, Runt-related transcription
factor-2; VEGF, Vascular endothelial growth factor.
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