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Abstract

The Effect of Recombinant Human Bone Morphogenetic

Protein-2, 4 and 7 on Bone Formation in Rat Calvaanl Defects

Background: Currently, more than 20 bone morphogenetic pretd@MPs) have
been identified and many trials have been carrietd using recombinant human
BMPs (rhBMPs) for bone tissue engineering. Howesemparative analyses on bone
formative activities of rhBMP using a preclinicabdel have been limited. Therefore,
the aim of this study was to evaluate and compga@steogenic potential of rhBMP-
2, 4 and 7 delivered with ACS upon early (2 weeks) complete (8 weeks) wound
healing phases in a critical sized rat calvaridédemodel.

Materials and Methods: Eight-millimeter critical sized calvarial defecigere
created in thirty male Sprague-Dawley rats. Thenats were divided into 3 groups
of 10 animals each. The defects were treated wi@2%mg/m¢{ rhBMP-2/ACS,
rhBMP-4/ACS, or rhBMP-7/ACS. The rats were saceificat either 2 (5rats) or 8
(5rats) weeks after surgery, and the results wevaluated histologically,
histomorphometrically and immunohistometrically.

Results: The surgical implantation of rhBMP-2/ACS, rhBMPADS or rhBMP-
7/ACS resulted in enhanced local bone formatiothenrat calvarial defect model at

both 2 and 8 weeks. The amount of defect closwee, lbone area, and bone density

iii



were similar in the three groups at each time p@n0.05). In terms of bone density
and new bone area, there were statistically sicanifi differences between results
obtained at 2 weeks and those obtained at 8 weeall groups (P<0.05). Two-way
ANOVA revealed that there was no correlation betwélee time and conditions
(P>0.05), but time was found to have a strong erite on defect closure, new bone
area, and bone density (P<0.05). Irrespective oBMR type, positive
immunoreactions of osteopontin (OP) and osteocdloi@) were evident at 2 and 8
weeks. Intense OP and OC staining was observedimeaewly formed bone as well
as in some cells within the new bone.

Conclusions: Within the rhBMP types used, rhBMP concentratiand the
observation interval, there appears to be no dpatifferences in bone regenerative
potential. All rhBMPs used in this study may be sidered effective factors for

inducing bone formation.

Key Words : Bone regeneration; recombinant human bone noggaetic protein-
2, 4, and 7; absorbable collagen sponge; rat daldafect model
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|. Introduction

Bone morphogenetic proteins (BMPs) are regarded masnbers of the
transforming growth factgs- superfamily owing to characteristic features ieith
amino acid sequenc&s® In 1965, Urist demonstrated ectopic bone andlaget
formation following intramuscular implantation ofemhineralized bone matrix in
rats>! The factor within the matrix that is responsitde this effect was later named
BMP. After recombinant human BMP (rhBMP) was susbdly synthesized by
Wozney et al*® in 1988, a number of studies have demonstratedbiblegical

activities of rhBMPs. These studies included thdugtion of ectopic cartilage and



133 and the stimulation of osteoblastic

bone formation at implanted sites in Vit
phenotype expression during the course of ostetibldisferentiation in various cell
types in vitro!***1"?*¥Cyrrently, more than 20 BMPs have been identitie
several, including BMP-2, -4, -5, -6, and -7, hd&en shown to have significant
osteoinductive activity®®31417232932 Accordingly, there have been many trials
using rhBMPs for bone tissue engineering. When égpated into an appropriate
carrier system such as an absorbable collagen spGA@S), they promote a
significant increase in new bone formation in ekpental bone defect
modelst?*®*>?3Among these related proteins, rhBMP 2, 4 and 2tmen selected
for bone and periodontal tissue engineering in matydies:’®!15:1820.22.26.27
However, comparative analyses on bone formativéviaes of rhBMP using a
preclinical model have been limited.

The aim of this study was to evaluate and comgdaeosteogenic potentials of

rhBMP-2, 4 and 7 delivered with ACS upon early (@eks) and complete (8 weeks)

wound healing phases in a critical sized rat caVvaefect model.



[l. Materials and Methods

1. Animal

This study included 30 male Sprague-Dawley ratsdybaveight 200-3009)
maintained in plastic cages in a room with a 1Zaphdight cycle and an ambient
temperature of 21°C. The rats were allowed acaesgter and standard laboratory
pellets ad libitum. The animal selection, management, surgical pobtoand
preparation followed the routines approved by traitutional Animal Care and Use

Committee, Yonsei Medical Center, Seoul, Korea.

2. rhBMP-2, 4 and 7 implant constructs

The rhBMP-2, 4 and 7 implants consisted of rhBMR23nd 7 in buffer at a
concentration of 0.025 mg/ml loaded onto an AGQ®r each rhBMP/ACS implant, a
sterile ACS (8mm in diameter) was loaded with 0.lohirhBMP solution. The

implants were placed into the calvarial defecteradtmin of loading.

tR&D Systems Inc., Minneapolis, MN

§ Collatapé&, Calcitek, Carlsbad, CA

3. Surgical protocol
The animals were anaesthetized by an intramusijéaation (5 mg/kg body wt.)

of ketamine hydrochloride Routine infiltration anesthediavas used at the surgical



site. An incision was made in the sagittal plan®ssthe cranium and a full thickness
flap was made, exposing the calvarial bone. A stedided, circular, transosseous
defect, 8 mm in diameter, was created on the cnanising a saline cooled trephine
drill”™. After removing the trephined calvarial disk, 8KOP implant was applied to

each defect. The animals were divided into 3 granfpd0 animals each and were
allowed to heal for 2 (5 rats) or 8 (5 rats) wedkach animal received one of three
experimental conditions: rhBMP-2/ACS, rhBMP-4/AC8; rhBMP-7/ACS. The

periosteum and skin were then closed and suturéddad coated Vicryl suturé's

9 Ketalaf, Yuhan Co., Seoul, Korea

# 2% lidocaine, 1:100,000 epinephrine, Kwangmyuhgrb., Seoul, Korea

** 3i, FL, USA
t1 Polyglactin 910, braided absorbable suture, Ethidohnson & Johnson In
Edinburgh,UK

4. Histologic procedures

The animals were euthanized 2 and 8 weeks aftagesurBlock sections
including the experimental sites were removed. $amples were fixed in a 10%
neutral buffered formalin solution for 10 days. Tdamples were decalcified in 5%
formic acid for 14 days, and embedded in paraflierial sections, n thick, were
prepared at 8@ intervals, stained with hematoxylin/eosin (H-Bilaaxamined using

an optical microscope. The most central sectioasfeach block were selected to



compare histology findings between groups.

5. Histomorphometric analysis
Computer-assisted histometric measurements weraingot using an automated
image analysis systéf coupled with a video camera attached to an optical
microscopé§. The sections were examined at 20x magnifica#odigitizer was used
to trace the defect outline versus new bone foonatnd the percentage of bone fill
was determined. The following histomorphometric gpaeters were measured for
each sampl&
® Defect closure (mm or %): the distance (at each sfdhe defect) between
the defect margin and the in-growing bone margimm. The % defect
closure may be obtained by subtracting this valomfthe total defect

distance, then dividing by the total defect diseaand multiplying by 100.

® Augmented area (nfin all tissues within the boundaries of the newly
formed bone, i.e. mineralized bone, fatty marrowbrdvascular
tissue/marrow, and residual biomaterial.

® New bone area (m the area of newly formed bone within the total
augmented area.
® Bone density (%): the new bone area divided bytdted augmented volume

X 100.

11 Image-Pro PI{fs Media Cybernetics, Silver Spring, M.D.

88 Olympus BX50, Olympus Optical Co., Tokyo, Japan




] original bone Defect closure (%) = (a-b) /ax 100
T new bone = n New bone area=n

] biomaterials = m Augmented area=n + m
Bone density (%) =n/(n+ m) x 100

Figure 1. Schematic drawings of a calvarial osteotomy defehbwing
histomorphometric analysis

6. Immunohistochemical procedures

Immunohistochemical procedures were performed erséttions in which bone
formation could be observed histologically. Two @gpof antibody against bone
matrix proteins were used: mouse monoclonal antitsodgainst osteocalcin (O€)

and osteopontin (OPY:.

Following deparaffinization with xylene, the sectsowere rehydrated through a
graded ethanol series and washed in distilled w&adogenous peroxidase was

blocked by incubating the sections with 0.3%0K After washing the sections with



phosphate-buffered saline (PBS, pH 7.4), they wrexa@ed with normal horse serum
for 30 min in order to prevent non-specific bindigimary antibodies were diluted
in PBS containing 3% bovine serum albumin, and lxated overnight at room
temperature. The primary antibody dilutions werdi-@P (1:50), and OC (1:1). The
sections were then rinsed three times with PBfoninutes each, incubated with
biotinylated anti-mouse IgG for 30 min in a moigtamber, and incubated with
horseradish peroxidase streptavidin conjugate @omB. Slides were then rinsed in

PBS.

The antibody complexes were visualized with d-@&minobenzidine substrate
and HO,, washed in distilled water and counterstained Wi#tniris hematoxylin. For
controls, some sections were treated in the samg wihout incubation with
primary antibodies. The stained sections were apdlyy optical microscopy and

photographed.

99 Biogenex, San Ramon, CA

## Santa Cruz Biotechnology, Santa Cruz, CA

7. Statistical Analysis

Histomorphometric recordings from the samples wesed to calculate mean
and standard deviation values (m+SD). Mean scome wsed to test for differences
among experimental conditions using analysis ofanae (ANOVA) andpost hoc t-

7



tests for multiple comparisons at each time poifet compare the 2 and 8 week
values in the same rhBMP group, statistical sigaifice was determined by a paired
t-test. Two-way ANOVA was used to analyze the effects ahbtime and condition,

and to determine any correlation between them. valpe < 0.05 was considered

significant.



[1l. Results

1. Clinical observations
Wound healing was generally uneventful and all riB®] 4 and 7 experiments
appeared to be similar. No material exposure cgratbmplications were observed at

the surgical sites.

2. Histological observationgFigure 2 and 3)

Irrespective of rhBMP type, all defect sites extedimarked bone formation in a
similar pattern, and were almost completely bridgétth new bone at 8 weeks. At 2
weeks, the ACS implants were observed in a parpbgern within loose fibrous
connective tissue and newly formed bone without sigpificant adverse reactions.
Newly formed bone with osteocytes was evident myaatlthe periphery of defects,
and osteoblast-like cells exhibiting a dense ararent adjacent to the newly formed
bone suggested continued bone apposition at tiial ihealing stage. However, less
bone formative activity was noted in the centradezs$s of the defects. There was no
evidence of fatty marrow or cartilage formation.

At 8 weeks, the quantity of new bone was greatan that observed at 2 weeks,
and the specimens showed a more advanced stagenofieling and consolidation.
There was no collagen remnant in any of the spe@m&he newly formed bone

consisted of woven and lamellar bone, and showetkotlines that were separated



earlier from the more recently deposited bone amttentric rings of the Haversian
system. There was no evidence of cartilage formatitowever, fatty marrow was

observed in the central aspect of newly formed bone

3. Histomorphometric analysis

Results of the histomorphometric analysis are shimvrTables 1-4. Defect
closure, new bone area and augmented area wetdarsimthe three groups at each
time point. Regarding bone density, there weressiEdlly significant differences
between the 2 and 8 week results in all rhBMP gsoii<0.05). Two-way ANOVA
revealed no interactions between time and cond{f®#0.05), but time was found to
have a strong influence on the extent of defectwi®, new bone area, and bone
density (P<0.05). Therefore, it appears that yipes of rhBMP used in this study

had similar effects on bone formation.

4. Immunohistochemical observationgFigure 4)

Positive immunoreactions for OP and OC were evidenthBMP-2, 4 and 7
treated rats at 2 and 8 weeks. Intense OP and &fing was observed near the
newly formed bone and in some cells within it. At weeks, more intense
immunoreactions of OP and OC were evident in thegmal area of the defect than
in the central area in which bone-forming actiwias minimal. However, an even

immunoreaction distribution was observed throughbetdefect at 8 weeks. Together

10



with the histological findings, this suggests tbahe formation and mineralization

proceed in a central direction from the defect rimarg

Table 1. Defect closure (group means + SD; n=5, mar %)

2 weeks 8 weeks
rhBMP-2/ACS 7.3+0.1(98.0 +0.0) 7.7 +09D{4 + 0.0)
rhBMP-4/ACS 6.4 +0.1(85.9+0.1) 7.5+ 09 @ + 0.0)
rhBMP-7/ACS 7.0+1.1(93.1+0.2) 7.5+ 0982 + 0.0)

Table 2. New bone area (group means * SD; n=5, Mijm

2 weeks 8 weeks
rhBMP-2/ACS 3.1+£1.1 42+1.2
rhBMP-4/ACS 3.2+16 43+0.6
rhBMP-7/ACS 3.2+0.6 43+11

11



Table 3. Bone density (group means + SD; n=5, %)

2 weeks 8 weeks
rhBMP-2/ACS 54.4 +11.3 82.0+4.3
rhBMP-4/ACS 53.9+ 10.7 80.7+3.5
rhBMP-7/ACS 60.7 +11.1 81.2+%5.9

" Statistically significant difference from 2 wee<0.05)

Table 4. Augmented area (group means * SD; n=5, nfin

2 weeks 8 weeks
rhBMP-2/ACS 5727 51+1.0
rhBMP-4/ACS 6.0£19 54+05
rhBMP-7/ACS 52+12 5316

12



V. Discussion

The aim of this study was to evaluate the bonenegeive effects following
implantation of rhBMP-2, 4 and 7 delivered with AGS, and to compare the bone
regenerative potential between the three proteistolbgically in a critical size rat
calvarial defect model. Eight millimeter diametéarglardized, circular, transosseous
defects created on the cranium of rats were imethntth rhBMP/ACS, and healing
was evaluated histologically, histomorphometricadlyd immunohistometrically after
2- and 8-week healing intervals. It was found ttm&8MP-2, 4 and 7 combined with
ACS have a significant potential to induce bonemfation and express positive OC
and OP immunoreactions in a rat calvarial defestyasnodel. The results showed
that within the selected types of rhBMP and obg@waintervals, there were no
significant differences in bone formation suggestthat rhBMP-2, 4 and 7 have
similar effects on bone regeneration and tissuinergng.

BMPs belong to the transforming growth facBo(TGF{) superfamily. This
family comprises a large number of growth and défgiation factors that have a
similar primary amino acid sequeréélhe mature regions of BMP-2 and BMP-4 are
approximately 92% similar at the amino acid I¥/@MP-7, which is also known as
osteogenic protein-1, is slightly larger than BMRtl BMP-4. Furthermore, there is
an approximate 70% amino acid identity betweerstiEgroup$. Although rhBMP 2,

4 and 7 have only minor differences in their amamid sequences, it appears that

13



such differences affect their bone regenerativeeriails. Therefore, the bone
regenerative activities of various BMPs seem teeafiom the common amino acid
sequences.

Compared with other experimental bone defectsrahealvarial defect model is
convenient for examining bone regeneration becatigs effective accessibility and
lack of fixation requirements. In addition, the elgtf are reproducible and native, and
the healing processes induced have been well deaizar>**?® This study did not
include sham-operated or ACS-only controls. Howe@mm trephine calvarial
defects in the rats have been shown to be cridizeld defects. Moreover, the limited
healing response at 2 and 8-weeks, following syrgéane and the implantation of
ACS only, have also been demonstrated in previegorts using this type of
model>® Ahns et al’ evaluated the bone regenerative effect of rhBMielvered
with ACS using rat calvarial defects. Histologisuéts obtained 2 weeks post-surgery
revealed that bone fill was significantly greaterthie rhrBMP-4 treated sites (71.7%)
relative to sham-operated (4.8%) or ACS-only cdnsites (14.6%). Minute new
bone formation adjacent to defect margins was obsgemn the sham-operated and
ACS-only control sites. Furthermore, volumetric mggas of the new bone did not
occur with extended healing periods of 8 weeks.e@kvhistologic results revealed
that bone fill was significantly greater in rhBMP#ated sites (91.9%) compared to
sham-operated (8.2%) or ACS-only control sites4%5). Pang et af° also reported

similar histologic results in the same defect modfect closure, in their studies

14



using a 8mm rat clavarial defect, did not excee@@% of the defect width for sham-
operated and ACS-only control sites at 2 and 8-weszling intervals. Thus, it could
be suggested that this experimental calvarial defecats may be employed as a
standard for preclinical testing of candidate regative biomaterials prior to clinical
application. In the present study, newly formed éavith osteocytes and densely
arranged osteoblast-like cells was evident 2 weeks-operative mainly at the defect
periphery. However, less bone formative activitysweted in the central aspects of
the defects. At 8 weeks, the newly formed bone gltba more advanced stage of
remodeling and consolidation evenly throughout ttefect. Histomorphometric
analysis showed that there were statistically ficanit differences between the
results obtained at 2 weeks and those obtainedvae&s in all groups. These results
suggest that new bone formation and the normalifgealrocess in the defects
increased from 2 weeks to 8 weeks, and healinghefrat calvarial defect after
rhBMP treatment was initiated from the defect margi

OP and OC were first identified in the bone mafnoteins. Although their
precise roles during bone formation are uncleay tre believed to be markers for
more mature osteoblasts because they are exprésdater stages of osteoblast
differentiation'® A number of studies have demonstrated that rhBMEr2ulates OP
and OC production in the rat calvaridhuman calvarial® and human bone marrow
stromal celld? In addition, Hirota et af reported that the sequential expression of

OP and OC mRNA was detected in the process of iechame formation by BMP-4

15



using a mouse subcutaneous assay system. Thesraftiits study demonstrated that
rhBMP-2, 4 and 7 stimulated OP and OC productiori#o at 2 weeks, indicating
that the deposition of this protein is a primaryemv during bone formation. In
addition, the fact that OP and OC were also dedeeate8 weeks suggests these
proteins play an important role in the remodelimgcess of newly formed bone. In
contrast, a previous study reported that rhrBMPe2mdit induce OC production when
implanted withp-tricalcium phosphate and collagen as carriers riat @ubcutaneous
assay modéef These findings are also consistent with those rebsein previous in
vitro studies. Kobayashi et Hlinvestigated the effects of rhBMP-2 on the expcess
of osteoblastic phenotype in human periodontalnfigat cells. They reported that
rhBMP-2 stimulated ALP activity and accumulation the parathyroid hormone-
dependent, 3,5-cyclic adenosine monophosphate, hwhie early markers of
osteoblastic differentiation. However, the exprassf OC mRNA and production of
its protein were not detected during the courseosiBoblastic differentiation. In
addition, Takiguchi et &’ and Shibano et &t.reported that rhBMP-2-induced OC
production was not observed in osteoblastic celitated from human mandible and
stromal cells derived from human bone marrow. Tioeee the in vitro and in vivo
effects of BMPs on osteoblastic differentiation aomtroversial. Recently, Zhao et
al.® reported that the effect of BMP-2 on OC productioas dependent on BMP-2
concentration. They demonstrated that in murineecgablasts, BMP-2 had no effect

on OC mRNA expression or on the production of itstgn at low doses, while at

16



higher doses, BMP-2 elevated its mRNA and protewels. Therefore, it appears that
the stimulating effect of BMP on the expression/angroduction of osteoblastic
phenotypes is dependent on various factors, inetudell type, species, experimental

sites, and BMP concentration.

17



V. Conclusion

0.025mg/ml rhBMP-2, 4 and 7 using an ACS carrier icaluce bone formation
in critical sized rat calvarial defects. Within thelected rhBMPs types, concentration
and observation interval, there appears to be muifsp differences in the bone
regenerative potential. All rhBMPs used in thisdstuican be considered to be

effective factors for inducing bone formation.

18
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Legends

Figure 1. Schematic drawings of a calvarial osteotomy desbotving histomorpho-

metric analysis

Figure 2. Representative photomicrographs of the defect sieeeiving rhBMP-
2/ACS (a), rhBMP-4/ACS (b), and rhBMP-7/ACS (c at)cat 2 weeks after surgery.
Similar results were obtained with higher magniiima in rhBMP-2/ACS and
rhBMP-4/ACS sites (data not shown). (H-E staingim&l magnification a, b, and ¢

X20; d X100) (arrow head: defect margin, NB: new bone; stabeculae pattern)

Figure 3. Representative photomicrographs of the defeefs sieceiving rhBMP-
2/ACS (aand d), rhBMP-4/ACS (b), and rhBMP-7/AC¥}at 8 weeks after surgery.
Similar results were obtained with higher magniima in rhBMP-4/ACS and
rhBMP-7/ACS sites (data not shown). (H-E staingioal magnification a, b, and ¢
X20; d X100) (arrow head: defect margin, NB: new bonepwarrcement line, H:

Haversian system, BM: bone marrow)

Figure 4. OP (a) and OC (b) staining of the rhBMP-4/AC sit 2 weeks.
Similar results were obtained in rhBMP-2/ACS anBMP-7/ACS sites (data
not shown). (NB: new bone, star: ACS, arrows: pasitmmunoreactions for

OP or OC). (Original magnificatiox 200)
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