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Abstract

Most fractures heal uneventfully but some evolue imonunions. Autologous bone graft is the golehasad for
stimulating healing. However, donor site morbidiyd limited graft supply make alternatives inténes Bone

Morphogenetic Proteins, BMPs, are growth factowlwved in bone signaling. They are available irorabinant
form for local application in nonunions and stintelalifferentiation and proliferation of osteobladtlowever,

BMPs also induce osteoclastic activation, which lead to callus resorption. In this thesis, we lilgpsized that
concurrent treatment with the bisphosphonate zoterte (ZOL) could counteract this resorption, legdio

superior healing compared to isolated BMP-7 treatma studies 1, 2 and 3, the synergistic effé@MP-7 and

zoledronate was investigated in a rat femoral ¢step model, that untreated is known to heal in &@yo.

In study 1, autograft was compared with autograftfB7 and autograft+BMP-7+ZOL with the hypothesiatt
the latter treatment would lead to superior heatinognpared with the others. All three treatmentseased the|
healing rate from 60 % to 100 %. The autograft greeached half the strength compared with the rpmvated
controls, while the autograft+BMP-7 and the aut@ig@MP-7+ZOL equaled and doubled the strength ef
controls respectively.

In study 2, we investigated if allograft+BMP carpleece autograft. Allograft and different combinagoof
allograft, BMP-7 and ZOL were compared with; naatreent, autograft and autograft+ZOL with the hyesth

that allograft+BMP-7+ZOL would lead to superior omi compared with autograft. Allograft+BMP-7+ZOL.

treatment yielded a substantially higher peak ftine@ all other groups.

In study 3, we investigated if the testing methaiilienced the results of the mechanical tests. B\v#d BMP-
7+Z0OL were compared with controls and each othedlu€es were tested both in three-point bending
twisting. All femurs healed. BMP-7+ZOL-treatmend I® higher ultimate force and greater stiffnesmtBMP-7
alone. This difference was most evident in thegtpeint bending test

In study 4, the Masquelet induced membrane teckenigias used to study the healing of a 6 mm rat faim
critical size defect. A synthetic scaffold was cargal with BMP-7, BMP-7+scaffold and BMP-7+scaffat3L.
We found the combination of BMP-7+scaffold+ZOL t® $uperior to the other treatments.

In conclusion we could show a synergistic effectcbpcurrent treatment with BMP-7 and zoledronatallifiour
studies. This supports the use of the combinatither alone or as a supplement to autograft, dfogr
synthetic scaffold in both honunions and bone defec
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“...there is danger inherent in the mechanical@éfincy of our modern methods,

lest the craftsman forget that union cannot be isgalobut may have to be

encouraged, for a bone is a plant with its rootshia soft tissues. When the

vascular connections are damaged, it often requiagsthe technique of a cabinet
maker but rather the patient care and understandihg gardener.”

Gathorne Robert Girdlestone
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Introduction

Fractures are common in all age groups but areterdgeneous entity; ranging
from simple benign low energy fractures treatabjtesplinting, to complex high

energy compound fractures requiring multiple sueger The last couple of
decades have seen the introduction of many novektemts, products and
techniques for fracture fixation. However, new gt and nailing systems are not
a panacea. The importance of the local fracturer@mwent and the soft tissue
envelope are today well known. Indirect reductiechhiques (Mast et al., 1988),
low contact plates and limited incisions (Faroulalet 1999) are today all used in
an attempt to preserve local fracture biology.

Even with today’s best practice of care, approxatyab-10 % of fractures fail to
heal (Tzioupis and Giannoudis, 2007). This can e t® many different factors,
both patient related and fracture related (Calbéle 2007, Perumal and Roberts,
2007). Irrespective of which, a nonunion is proka¢im for the patient and a
burden for the health care system and society. Niong are often multifactorial
(Calori et al., 2008). Conceptually, the underlytause can be stability related,
biology related or often both. In cases where lafckacture stability seems to be
the major cause of the problem, this has to beesddd. On the other hand, if poor
biologic conditions are believed to be paramouris tshould be corrected.
Malnutrition and certain medications e.g. NSAIDgrtcosteroids etc. are
systemic causes of poor local fracture biology eawl be corrected by nutritional
supplements and cessation of medication. If thélpro is compromised local
biology at the fracture site as in open fracturesafier extensive surgical
approaches, the classic treatment is bone graffintplogous bone graft (ABG)
remains the gold standard (Flierl et al., 2013}has is osteogenic, i.e. has the
ability to form bone independently. However, allaigr demineralized bone matrix
(DBM), and different compounds of synthetic bonel @mowth factors are also
used, either in isolation or as supplements tatltelogous bone graft (Gazdag et
al., 1995). Traditionally ABG has been harvestednirthe iliac crest. This
however has certain limitations. It is associateith wsignificant donor site
morbidity in terms of pain, infection and even agenic fracture (Arrington et al.,
1996, Conway 2010, Dimitriou et al., 2011). lliaest bone graft harvest prolongs
theatre time, the amount of available graft is tédiand the biologic activity of
the mesenchymal stem cells in the graft decreate age and systemic disease.
New techniques for harvesting ABG have evolved but still not without
complications (Conway 2010, Dimitriou et al., 201The use of allograft is
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complicated by the fear for disease transmissiolV (Hepatitis) (Palmer et al.,
1999). Also, allograft has very limited, if any esinductive capabilities and
should be seen as an osteoconductive scaffold.iteebp use of ABG, nonunion
sometimes persists and alternative ways to stimulae¢ local fracture biology
have been investigated. In 1965 Urist discovereplioap of proteins that would
later be referred to as Bone Morphogenetic Prot@hPs) (Urist, 1965). They
constitute a heterogeneous group (Urist and Stra®sl, Wozney and Rosen,
1998, Sykaras and Opperman, 2003) and today 2éreiiff BMPs are known. Not
all of them are in fact involved in bone signali®MP-2 and BMP-7 are potent
bone anabolic proteins and are available in hureaombinant form. They have
been approved by the US Food and Drug Administia{ieDA) for clinical use in
open tibial shaft fractures, recalcitrant nonuniohshe long bones and in spinal
fusion. However, no clinical study has been ablghow BMP superior to ABG in
promoting fracture healing. Bisphosphonates arercum of drugs that target
osteoclasts, rendering them apoptotic (Russel.e2@08, Rogers et al., 2011).
They are thus anticatabolics.

Fracture healing is a complex process that depemdsn intricate interplay
between different cells and factors. Simply spegkione can view successful
fracture healing as an equilibrium between analsiid catabolic drives (Little et
al., 2007). Greater understanding of these pathvaaigs how to regulate them
separately has made it possible to pharmacologicatidulate fracture repair.
Anabolic agents such as BMPs can be used to ireraaabolism, and anti-
catabolics such as bisphosphonates can be usedouotecact undesired
catabolism. The commercially available BMPs, iniidd to being bone anabolic,
have also been shown to induce osteoclastic b@oeption (Kanatani et al., 1995,
Itoh et al., 2001 Giannoudis et al., 2007). Thisars obvious disadvantage in
clinical practice when treating nonunions where isolated anabolic drive is
sought. In light of this, the combination of an laolic BMP and an anti-catabolic
bisphosphonate seems attractive (Doi et al., 20kt al., 2012, Bosemark et al.,
2013, Mathavan et al., 2013).

Bone defects pose an even greater challenge thamioms. Bone defects can be
secondary to trauma, or resections due to infectrammor. Smaller defects up to
five centimeters with adequate soft tissue envelape vascularity can often be
successfully managed by cancellous autologous lgpatting. Larger defects,
however, usually do not heal without further intartion. Vascularized fibular
grafting or bone transport can both be used to gmiarge defects (Lasanianos et
al., 2009). An alternative to this is the so calleduced membrane technique,
introduced by Masquelet (Masquelet and Begue, 2Gi8nnoudis et al., 2011,
Karger et al., 2012). This is a staged proceduueing the first procedure necrotic
bone is removed, the defect filled with a polymétistacrylate cement spacer and
the bone stabilized by spanning the defect witheeia nail or a plate. The cement
spacer has several objectives. It stabilizes thetdre, helps combat infection
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locally through the release of antibiotics, hind@rsous ingrowth and importantly
acts as a foreign body, inducing the formation ofvascularized pseudo-
membrane. The membrane has been shown to exptess af different growth
factors involved in fracture healing (Pelissierakt 2004, Gruber et al., 2013).
After six to eight weeks the membrane is carefifigised, the cement spacer
removed piecemeal and the membranous tube gralffledgiielet and Begue,
2010, Karger et al., 2012). Typically cancellous@B used. The results when
using this technique are generally good with a meplb healing rate of 90%
(Karger et al., 2012). However, it would be advgetaus if the ABG could be
replaced with a combination of synthetic bone stuiet scaffold and a bone
anabolic drug, obviating the need for bone harvdss would have many benefits
such as shorter theatre time and no bone harnsstiated donor site morbidity.

13



Figure 1 a-d: Atrophic nonunion following plate osteosynthesis a patient with rheumatoid
disease. a & b) Anteroposterior and lateral radipgs showing displaced fracture and broken screw.
¢ & d) Anteroposterior and lateral radiographs simgwhealed fracture after revision surgery with
compression plating and autologous bone grafting.
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Figure 2 a-d: Severely comminuted grade Il B open tibial shedtfure treated with the Masquelet

induced membrane technique. a) After initial exarixation, b) After debridement of avascular

fracture fragments, nailing and cement spacer imataon. c) After spacer removal and autologous
bone grafting into membranous tube. d) Healed dractight months after bone grafting.
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Hypotheses

The hypotheses below are investigated in the fawudiess of this thesis
respectively:

1. The combined treatment of autologous bone graft,PBMand the
bisphosphonate zoledronate may lead to strongesnutiian treatment
with autologous bone graft and BMP-7 or autologooise graft alone.

2. The combined treatment of allograft, BMP-7 and tsisphosphonate
zoledronate may lead to stronger union than autaisdpone graft.

3. The combined treatment of BMP-7 and the bisphosateozoledronate
may lead to stronger union than BMP-7 alone. Sdgotite influence of
the mechanical testing modality is investigatedhwitie hypothesis that
the increased callus diameter induced by BMP-#rtreat alone and the
increased callus diameter and density induced by?BM-bisphosphonate
treatment, provide different resistance to breakitgn tested in bending
or twisting.

4. The combination of tricalcium phosphate hydroxyapagcaffold, BMP-7
and zoledronate, is hypothesized to be superiorBMP-7 alone,
tricalcium phosphate hydroxyapatite scaffold alonéhe combination of
the two in a rat Masquelet model.
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Bone biology

Composition of normal bone

Bone has optimized its mechanical strength whileimizing its mass. Thus, for
the mass it has a high resistance to fractures ot inert but a dynamic tissue
responding to environmental stimuli. It has thequei ability to heal without
scarring and remodels throughout life (Proff andneg 2009). Bone is made up
of extracellular matrix (ECM) and cells. The ECM dscomposite material of
mineral, protein, water, salts, lipids, glycoprateiand proteoglycans. The
osteoblasts produce the ECM. In mature bone, 6% 00 the ECM is mineralized
with calcium phosphate and hydroxyapatite. The miggpart of the matrix (20-25
%) is composed of mainly collagen type I. The renmg volume is water. BMPs
and other growth factors, such as transforming grotector-beta (TGH),
insulin-like growth factor, (IGF), interleukins (L, IL-6) are incorporated into the
mineralized matrix (Miller et al., 2007). Osteoyt@steoblasts, osteoclasts and
bone lining cells are found on and within the bomatrix and are responsible for
its synthesis and degradation. Within the boneiaris vicinity, several other cell
types are found. Certain marrow stromal cells ateaprogenitor cells, which can
differentiate into osteoblasts. Hematopoietic staifs found in the bone marrow
are osteoclast precursors.

Cell types

Osteoblasts are derived from mesenchymal stem oedisling in the marrow.
These cells are called marrow stromal cells and gae rise to different
mesenchymally derived cells such as osteoblastsplfiasts, chondrocytes,
adipocytes and myocytes and are therefore alsedcatiesenchymal stem cells
(MSCs). BMPs are thought to play an important rdle osteoblastic
differentiation. A cell committed to osteoblastidfferentiation is termed an
osteoprogenitor cell. Further differentiation unttee influence of various growth
factors results in a mature osteoblast capableadyzing osteoid matrix (Miller
et al., 2007). During the differentiation procebe tocation of the cells change.
The immature stromal cells that are located inrttagrow migrate towards the
surface of the bone as they differentiate to becorature osteoblasts. During the
differentiation, the proliferative capacity of theells decline and mature
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osteoblasts do not divide. Mature osteoblasts m®dosteoid in response to
hormonal and mechanical factors and have a halfdifaround 100 days. After
this active period they can transform into bonetyncells and remain on the bone
surface or become embedded in the ECM as osteoctey can also die by
apoptosis.

Bone lining cells: As previously mentioned someeobtasts evolve into bone
lining cells. At any given time, all bone surfagee lined with cells. The cell type
depends on the metabolic state of the bone. Moste bsurfaces are not
metabolically active and are covered by the redbioige lining cells. However, in

areas of active bone formation, osteoblasts resitle by side on the surface. In
areas of bone resorption, osteoclasts line thaserfThe bone lining cells are flat
and have lost the metabolic activity of their oblastic precursors. Their function
is not known but they might have the ability to“beactivated” to again function

as osteoblasts. They might also block osteoclassnrption by physically

covering the bone. During remodeling they may @ale through cleansing of
the osteoclastic resorption pits so that new barele laid down (Miller et al.,

2007).

Osteocytes: About a third of osteoblasts will ulitely become embedded in the
mineralizing matrix as osteocytes. They are thetmaserous bone cells. They
can live for decades and are found in the lacupaces of the mineralized matrix
of both trabecular and cortical bone. In contrastdteoblasts, they are not highly
metabolically active but produce small amounts atrir proteins. The osteocyte
cell body is smaller than that of an osteoblast disglays abundant small cell
processes that traverse the bone within the caitiglicThese cell processes
resemble neural dendrites. The osteocytes arecameected by, and signal
through these processes. Thus, every osteocyt®nsected to a network of
neighboring cells. This elaborate network includee bone lining cells and
osteoblasts on the bone surface as well as cetéwvthe marrow. The function of
the osteocytes are not known fully, but they arevkmto play a role in mechano-
sensing (Miller et al., 2007, Nakamura, 2007) witle intracellular canaliculi
lattices that are well suited to monitor mechangtedin and respond to damage to
the matrix.

Bone resorption is mediated through osteoclastdls ceosely related to
macrophages that arise from hematopoietic precsirand develop through an
ordered differentiation process. They are founctran bone surface where they
resorb mineralized bone. Precursors come from theaw space itself or from
the circulation via marrow capillaries. Mononucleqreosteoclasts” fuse to
ultimately form the mature, multinucleated ostestdaOsteoclasts are very large
cells with up to 20 nuclei. Their cytoplasm consaimany mitochondria and
lysosomes with degradative enzymes. On the cellaserosteoclasts exhibit
receptor activator of nuclear factor-kapd& ANK) that plays an important role in
the activation of osteoclasts (Nakamura, 2007 ,fRmud Romer, 2009) this will be
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described in detail in the next section. Osteoslast polarized cells with a ruffled
border at the cell-bone interface, and with a finmetl secretory domain at the
opposite end. During bone resorption, the ostetxladhere to the bone surface
through a “sealing zone” that surrounds the ruftbedder and carbonic acid and
degradative enzymes are secreted through the besabrane into the resultant
confined space. The ruffled border increases thdasel area of the basal
membrane in contact with the bone, thereby makagpnption more effective.
Bone resorption releases matrix residues and caleind phosphate ions into the
resorption space, where they are subsequently pwaesl across the basal
membrane through endocytosis. They are then edthgraded in the intracellular
lysosomes or transported to the apical cell memdbréor release into the
extracellular space. Osteoclasts have a half-fifaround 10 days (Miller et al.,
2007, Nakamura, 2007).
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Fracture healing

Conceptually, fracture healing can be divided iioiar stages; inflammation, soft
callus formation, hard callus formation and remougl This model implies a
certain temporal distribution of events. Howevérere is considerable overlap
between these stages during fracture healing (8eldnet al., 2008).

Stage 1, inflammation: Bony injury is accompanigdsbme degree of soft tissue
disruption. This results in activation of non-sfieci healing pathways.
Macrophages, degranulating platelets, and othdanmhatory cells within the
fracture hematoma clear dead cells, secrete grdadtors and cytokines and
promote clotting. Various growth factors and cytag, including TGH, IL-1,
IL-6 and BMPs are responsible for this initial respe. These factors stimulate
migration and invasion of multipotent mesenchymahscells into the fracture
hematoma. These mesenchymal stem cells can béteecinom the bone marrow,
periosteum, circulation or soft tissues.

Stage 2, soft callus formation: Except for cases abfolute stability, a
cartilaginous template precedes bony callus foonatiuring fracture healing.
This is called endochondral ossification. Chondtesyand fibroblasts proliferate
and differentiate in response to different growalstérs and form a soft callus.
Finally, before becoming apoptotic, the chondrosyigpertrophy and mineralize
the cartilaginous matrix that is later vascularized

Stage 3, hard callus formation: Mesenchymal stells é@m different sources
differentiate into osteoprogenitor cells that swjummtly proliferate and
differentiate into osteoblasts. BMPs play a crlticde in this process. The initial
soft callus is gradually removed. This is not bedig to be an osteoclast mediated
process, but rather the result of a more non-gpezatabolism, possibly mediated
by matrix metalloproteases (Colnot et al., 200Fhi@mick et al., 2007). The soft
callus is then replaced by immature hard calluthkyosteoblasts. This initial bone
matrix is woven and contains both protein and naher

Stage 4, remodeling: The last stage of fracturdifgeds a coupled process
(McDonald et al., 2008). This implies a strictlygutated relationship between
catabolism and anabolism to recreate the pre-fr@cauchitecture of the bone.
Osteoclasts resorb woven immature bone, whichpkced with mature lamellar
bone by osteoblasts. Remodeling is usually assatiaith a volume reduction of
the callus but due to a more optimized tissue tat@n, callus strength is
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maintained. Osteoblasts and bone lining cells egulate osteoclast proliferati
and ativity through cytokine secretion. Macrophage ogicstimulating factor
(M-CSF) secreted from the osteoblast plays a rolénéndifferentiation of th
hematopoietic stem cell towards the osteoclineage. Receptor activator of
nuclear factor kapgaligand, (RANKL), is produced by mature osteoblastd
controls the coordination of bone resorption andebformation i.e. coupling
Osteoclasts and osteoclast progenitors displaetteptor RANK on their surfac

If they bind to RANKL on the osteoblasurface they fuse and become activated
osteoclasts. Osteoblasts dmhe lining cells also producesteoprotegrin (OPG)
that acts as a decoy receptor for RANKL, inhibitosteoclastic differentiation
(Boyce and Xing, 2007, Nakamu2QQ7).

Figure 3: BMP-induced RANKLRANK mediated osteoclastic activati
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It is interesting to note however, that althougmodeling takes place both duri
the transition of soft callus to hard callus andirty ultimate remodeling of hal
callus the tweevents do not seem to be the result of the sanwegso Soft callu
remodeling has been shown to be anoclast independent activity (Flick et al.,
2003, Delos et al., 20080n the other hand, osteoclast antagonists sut
bisphosphonates delay ultitearenodeling during fracture repair (McDonald et
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al., 2008) indicating that this indeed is an odiesicdependent process (Colnot et
al., 2003).

Nonunion

Approximately 5-10 % of all long bone fractures i@ a nonunion (Tzioupis

and Giannoudis, 2007). The FDA has defined a namuas a fracture that is more
than 9 months old and that has not shown radiograpigns of progression

toward healing for 3 consecutive months. A nonurim@ serious complication
that frequently leads to decreased limb functionoedary to joint stiffness,

muscle wasting and disuse osteopenia. An infectatlmion is a particularly

difficult problem.

There are several risk factors for developing aungon (Calori et al.,, 2007,
Perumal and Roberts, 2007). These can broadly tegadzed as being fracture
related or patient related. Fracture related riaktdrs include high-energy
compound fractures with periosteal stripping andebtoss, segmental fractures,
extensive surgical approaches, deep infection ayat pr inadequate fixation.
Patient related risk factors include advanced pger nutritional status, smoking,
alcohol abuse, diabetes, chronic disease and men@dications e.g. NSAIDs and
corticosteroids. Often a nonunion is multifacto@ad multiple issues have to be
addressed in order to bring about union. Classgicdlased on radiographic
findings, nonunions have been divided into atro@nd hypertrophic nonunions
(Frolke and Patka, 2007). This is solely a desesptlassification and does not
implicate the underlying cause. Further, combinetiof the two obviously exist.
Atrophic nonunions are due to poor biology and laeklus on radiographs.
Hypertrophic nonunions are due to excessive mogbrthe fracture site and
display large amounts of callus on radiographstbetcallus is not bridging the
fracture. Atrophic nonunions are typically treatedth ABG. Hypertrophic
nonunions lack stability and are typically treateith rigid internal fixation with
compression across the fracture if possible. Oneats view nonunion as a result
of derangement to the balance of anabolism andaldan normally present in
healing bone. This paradigm makes pharmacologicatiutation of fracture
healing interesting. Anabolic drugs can be usetuéb poor intrinsic anabolism
and anti-catabolic drugs can be used to counteragtinted catabolism (Little et
al., 2005, Little et al., 2007, Doi et al., 2011).
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Bone grafts and bone substitutes

When discussing bone grafts and bone substitutegjefinitions of osteogenesis,
osteoinduction and osteoconduction must be cleawelk as the abilities and
limitations of the different grafts and substitu(€seenwald et al., 2006).

Graft osteogenesis: De novo synthesis of bone @piemt site through living
cellular elements in donor graft (Flierl et al. 13). Only ABG is capable of this.

Graft osteoinduction: Bone formation at the reaipiesite through active
recruitment, proliferation and differentiation ob$t mesenchymal stem cells and
osteoprogenitor cells, which differentiate intoemtilasts (Goldberg, 2000). This
process is facilitated by growth factors in thefigraainly BMPs.

Graft osteoconduction: Facilitation of blood ves$eg§rowth and new bone
formation into a passive scaffold (Goldberg, 2008}lograft and different
synthetic bone substitutes such as calcium phosplaaé osteoconductive.

Bone grafts

ABG is the benchmark for bone grafting in nonunsomgery. Although ABG has

the ability to support new bone growth by osteogemeosteoinduction and
osteoconduction its use has certain limitationgs§ltally, cancellous ABG has
been harvested from the iliac crest. This is assedi with a relatively high

incidence of complications and donor site morbidirrington et al., 1996,

Conway, 2010, Dimitriou et al., 2011). Furthermtre amount of obtainable graft
from the iliac wing is limited. The Reamer Irrigatdspirator system, RIA,

(Synthes, Davos, Switzerland) offers an alternativethod for ABG harvest

(Newman et al., 2008). This system makes it posdiblharvest bone from the
intramedullary canal of the long bones. The reamdtushed with saline, and
concomitant suctioning collects the reamed matdmial bag. Using this system
one can harvest more graft than from the iliactcaesl the reported donor site
morbidity is lower than that for iliac crest grafarvest although it is not without
its specific dangers (Dimitriou et al., 2011). Thuwesting alternatives to ABG is
of high interest.

Cancellous allograft has the advantage of beinglilseaavailable in larger
gquantities and not being associated with donor meibebidity. There is, however
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concern about possible disease transmission (Patradr, 1999). This risk could
be eliminated by sterilization and processing efgmaft but aggressive processing
can further blunt the already weak osteoinductraperties of allograft. Allograft
should be considered predominantly osteoconduciind to a lesser degree
osteoinductive. Commercially available demineraiZzaone grafts have some
osteoinductive properties and are easy to usedtieir putty like formula.

Synthetic bone substitutes

An ideal bone substitute should be biocompatibledengo remodeling and
support new bone formation. It should also havehaeical strength similar to
that of the native bone it replaces and final nialtgroperties that mimic bone to
prevent long term stress shielding and stress uiracformation under cyclic
loading.

Various calcium compounds have some of these piiepeMany modern bone
substitutes are composed of beta tricalcium phdsplba a mixture of beta
tricalcium phosphate and hydroxyapatite. They drenoused in granular porous
form or blocks or as an injectable paste that s¢tdody temperature. Beta
tricalcium phosphate undergoes resorption over B émonth period. The
resorption rate for hydroxyapatite is very slowjngel to 2 % per year. It is
commonly used as a bone graft extender.
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Bone active drugs

BMPs

In 1965, Urist in his pivotal paper “Bone: Formatiby autoinduction” showed
that an a-cellular, devitalized decalcified bondriméhad the ability to stimulate
bone production when implanted into a host tissies{, 1965). The article was
the result of some 70 experiments using both boom faboratory animals and
samples of human cortical bone. The bone samples tneated in different ways
to alter chemically reactive groups in the matfikis included decalcification by
various means and also alcohol fixation, heat ghge and denaturation. The
decalcified bone matrix was implanted either intnaoularly at different sites, in
an ulnar defect in rats or between lumbar vertelmagdogs. He found that the
implanted matrix was resorbed and that new bone waposited by
osteoprogenitor cells. He also noted the presehatem cells and ingrowth of
small capillaries. Urist hypothesized that nonsfie@ubstances or degradation
products of dead tissue stimulated histiocytes igrate to the implanted matrix
tissue. He called this autoinduction. He also dastd that the new osteoblasts
were derived from pluripotent cells of the host amat from the donor tissue
(matrix). Urist later coined the name “Bone Morphogtic Protein” (Urist and
Strates, 1971). In the seventies and the eightiéBBwere extracted and purified
from bone of different animal species as well as&éis. However, this was
severely limited by its low yield process. This mpmed the development of
recombinant BMP production. Today rhBMP-2 and rhBFKiRre commercially
available and approved for use in spinal fusiorgenofractures and recalcitrant
nonunions. BMPs are soluble, local acting signafpingteins. Today, at least 20
BMPs have been isolated (Alaoui-lsmaili and Fak)®. With the exception of
BMP-1, they all belong to the Transforming Growthactorf (TGFf)
superfamily (Wozney and Rosen, 1998). BMPs are luagb in a multitude of
cellular events throughout the body. Most but ngt leave functions in bone-
and/or cartilage signaling. Their target cells mesenchymal progenitor cells and
they exert their effect through binding to transrbeame, serine-threonine kinase
receptors on the cell surfaces (Sykaras and Opmerg@03). The BMP-ligand
binds to a type Il receptor which recruits and pihasylates a type | receptor. The
receptor type | then itself phosphorylates, intlata receptor regulated proteins
called SMADS. Two R-SMADS bind one co-SMAD and tiesultant complex
translocates into the nucleus where it acts asresd¢ription factor and participates
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in the regulation of target gene expression of ginst such as Runt-related
transcription factor 2 (Runx2) and Osterix that bo¢h key factors in osteoblast
differentiation.

BMPs are mainly active as local agents. The clinigtlization of their
osteoinductive effect requires surgical implantati@hBMP-7, OP-1 (Olympus
Biotech Corporation, Hopkinton, USA) has a halg&ldgf 10-15 hours. Unbound, it
is rapidly cleared from the implantation site. T¢@mmercially available BMPs
are therefore combined with some kind of carrieendance their bioavailability
locally. RhBMP-7 is combined with granular bovinellagen. One vial of OP-1
contains 3.3 mg of BMP-7. In a large, prospectigentrolled, randomized
multicenter study on tibial nonunions, treatmenthvBMP-7 was compared with
autologous bone grafting and was found to produealitng rates that were
comparable (Friedlander et al., 2001). Another iteriter study on open tibial
fractures compared standard of care with stand&rdace plus local BMP-2
treatment in different doses. The highest BMP-Ardp#as significantly superior
to standard of care in reducing the frequency obsdary interventions and the
overall invasiveness of the procedures. It accwldrfracture and wound-healing,
and reduced the infection rate in patients with open fracture of the tibia
(Govender et al., 2002).

a
f

Figure 4: A vial of rhBMP-7, Osigraft

The maximum human dose of OP-1 is two vials, i.6.1g. It is an expensive
drug, one vial costing nearly 4000 €. In view oé tupraphysiologic dosing of
rhBMPs, several side effects have been reportedoring to the manufacturer,
the use of OP-1 is contraindicated in patients Whoare pregnant or plan to
become pregnant within 2 years of treatment (2eh@vhave had a malignancy
(3) are skeletally immature (4) have a known hypes#ivity to the active
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substance or to collagen (5) have an autoimmureagésor immune suppression
(6) have been previously treated with OP-1. Ectopane formation and
stimulation of cancer cells have been feared. Ectbpne formation has been
observed in animal studies but these were assdaaatk very high doses of BMP
and remodeling ultimately restored the bone tadisnal contour.

Bisphosphonates

Bisphosphonates (BPs) are drugs that inhibit beserption. Clinically they are
used for the treatment of osteoporosis, Pageteasis Osteogenesis imperfecta,
myeloma, bone metastases and primary hyperparatigmo (Landesberg et al.,
2009, Hamson and Fogelman, 2012). They all sharedme P-C-P-backbone and
they all have two side chains, R1 and R2. Their enamlates to their two
phosphate groups (PO3). Their structure resemhbgsaf pyrophosphate. In the
bisphosphonates the two phosphate groups are dedneg a carbon atom, while
in pyrophosphate they are connected by an oxygen.akhe short R1 side chain
influences chemical properties and pharmacokinefit® longer R2 side chain
determines chemical properties, mode of action @otdncy (Russel et al., 2008
Rogers et al., 2011). BPs target and bind to bomenal due to their molecular
structure and their ability to chelate calcium ioB®s can be given orally or
intravenously, the administration route does nt#ciftheir bone accumulation or
renal excretion. Most circulating BPs accumulatebione tissue. They bind
strongly to mineral and practically remain boundilutmey are released during
bone resorption (Kozloff et al., 2010). BPs accuatwilin areas of active
remodeling. Due to their strong affinity to bon¢hear cell types are minimally
exposed to them. During osteoclastic bone resarptiee acidification of the bone
releases the BP that is then internalized intoootdsts by means of endocytosis.
One can divide BPs into simple BPs and nitrogertatoimg BPs. The nitrogen
containing ones feature a nitrogen atom in the IRfncand are much more potent
antiresorptives than the simple ones. The conftgpmaof the nitrogen atom
determines the potency. Alendronate with a nitrog@m in an alkyl side chain is
10-100 fold more potent than the simple BP etidien&oledronate with a
nitrogen atom within a heterocyclic ring has bebaoven to be up to 10.000 fold
more potent than etidronate. The very potent némogontaining BPs, such as
zoledronate, are often referred to as third geroeratrugs. The modes of action by
which the BPs inhibit osteoclastic resorption diffeetween the simple BPs and
the nitrogen containing ones. The simple BPs ar@alatized and metabolically
incorporated into analogues of ATP. These metabalialogues contain the P-C-
P-backbone of the metabolized bisphosphonate thstethe pyrophosphate (P-O-
P) moiety of ATP. These analogues of ATP, are t@sigo hydrolytic breakdown
and thus accumulate within the osteoclasts whese thhibition of enzymatic
pathways leads to apoptosis. The more potent mitr@pntaining BPs are not
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metabolized but inhibit the enzymernesyl Pyro-Phosphate Synthase (FPPS) a
key enzyme in the mevalonate pathway. Thisibits the synthesis of certain
lipids necessary for postanslational prenylation (addition of hydropho
molecules) of small GTPases (hydrolase enzymesyptiag normal function c
these proteins. The GTPases are important for dasofunction. Thy are
involved in cytoskeletal arrangement, membrandingffvesicular trafficking an

cell survival (Russel et aR008, Rogeret al., 2011).

In all our studies the very potent third generatioitroger-containing BP
zoledronate was used. Clinicallyist administered intravenously, once yearly for
osteoporosis and more frequently when used forstata bone disea:
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Figure5: Zoledronic acid is a potent third generation nigogontaining bisphosphon:
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Materials and methods

Animal model and surgery

In all four studies, male Sprague Dawley rats (héoRy, Denmark) were used.
This is an outbred albino rat. The animals usedu®ywere approximately two
months of age and 300 mg at the time of the swegetiaboratory rats can reach
an age of 3.5 years. Compared to humans they hanech accelerated childhood.
They become sexually mature at about six weeksggefand the transition into
adulthood starts after the eighth week of life. Taes used by us should thus be
seen as young adults. Noteworthy there is no epgdilyclosure in the long bones
of the rat. However, around seven to eight monffege the skeletal growth of the
longs bones tapers off (Sengupta, 2013).

Figure 6: A Sprague Dawley rat.
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All procedures relating to the rats were approvgdthe local animal ethics
committee in Lund. Both before and after the proces, the rats were kept in
pairs with unrestricted access to food and water.

In all four experiments, the same anesthesioldgyection prophylaxis- and pain
management protocol was used. The rats were atigsthaising pentobarbital
sodium (15 mg/mL), diazepam (2.5 mg/mL) and salia€ministered
intraperitoneally. Streptocillin was given preopimely as infection prophylaxis.
Subcutaneous buprenorphine was given immediate$toperatively and then
once daily the first postoperative days for paliefeln papers 1, 2 and 3 we used
a femoral osteotomy model prone to nonunion. lvipres experiments using this
model without any healing adjuncts, the healing &t6 weeks was 60 % (Tagil
2010). Post induction, the legs were shaved anppek and the rats put in the
lateral decubitus position. Through a lateral maisglitting approach the femur
was exposed and the periosteum denuded circumtheiatt the mid diaphysis. A
single transverse cut was then made through thehgss with a power saw
equipped with a 0.2 mm thick saw blade. The femwuese then pinned in
apposition with a single K-wire. After fixation dhe osteotomy the respective
treatments were applied locally at the osteotonty and the incision closed in
layers. In study 1, 2 and 3 the rats were killegragix weeks by an injection of
pentobarbital sodium administered intraperitoneatig the femurs harvested and
frozen. In study number 1, three treatments werapeoed against controls and
each other. The treatments were; i) Autograft, agtograft+BMP-7 and iii)
autograft+BMP-7+zoledronate (ZOL). Radiography, nei€T and three-point
bending testing were used to evaluate the calluses.

In study number 2, allograft and different combioag of allograft, BMP-7 and
zoledronate were evaluated against no treatmetdgiait and autograft together
with zoledronate. Seven treatments in all wereetksi) saline, ii) autograft, iii)
allograft, iv) allograft+BMP-7, v) autograft+ZOL, i)v allograft+ZOL, vii)
allograft+BMP-7+ZOL. Radiography, micro-CT, threeipt bending testing and
histology were used to evaluate the calluses.

In study number 3, two different treatments; i) BMRnd ii) BMP-7+ZOL were
compared against controls and each other. Sample® wvaluated using
radiography, qualitative micro-CT and mechanicatitey in both three-point
bending and twisting.

In study number 4 the surgical procedure was dlifferent since this involved
locked nailing of the femur and the creation oéproducible critical size defect of
6 mm. The surgery started in the supine positiamhaamedial parapatellar incision
was made and the patella displaced laterally. Emeofal trochlea was opened
with a burr and the medullary canal reamed to dactepRat-nail XL (Risystem,
Davos, Switzerland). With the nail in place thewais put in the lateral decubitus
position and the femur exposed through a long dhtecision. With the lateral
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aspect of the femur fully exposed, the aiming dewias mounted and the nalil
locked both proximally and distally. Following ldok, the saw guide was put
onto the aiming device and two osteotomies, 5 martagrere made with a Gigli
saw. The cut segment of bone was crushed and reimpseemeal and the
resultant 6 mm defect filled with a premade twoepiespacer that was secured
around the nail with a suture. The spacers weraifaatured by us by casting of a
two component epoxy filler in a 1 ml syringe. A Krevwas used to create the
center hole. When the filler had cured, the cylmd@s cut in 6 mm pieces. A
small trench was made along the circumference ah espacer, to hinder
subsequent slippage of the suture. Finally the espawere halved and then
sterilized. A second surgical procedure was carded4 weeks after the initial
operation. During this operation the femur was ftéise approached through a
lateral incision, the newly formed membrane incjgbé spacer removed and the
defect grafted according to the protocol. There ewdour different treatment
groups: A) scaffold, B) BMP-7, C) BMP-7+scaffold canD) BMP-
7+scaffold+bisphosphonate injection at 2 weeksalRjirthe incisions were closed
in layers. The rats were killed after an additioglalven weeks by an overdose of
pentobarbital sodium and the femurs explanted.rAfidiography the nails were
removed the bones manually assessed and then fifozelater histological
analysis, micro-CT-, Fourier Transform Infrared ([RY spectroscopy.

Figure 7: RatNail XL with aiming device and saw guide.
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Drug treatment and delivery

We used BMP-7, OP-1 PUTTY (Stryker, Kalamazoo, USHY) all the
experiments. One vial containing 3.3 mg of recormbtrhuman BMP-7 (rhBMP-
7) and 1 g of purified type | bovine collagen, whis used as a carrier, is mixed
with 230 mg of sterile carboxymethylcellulose (CM&)d saline to form a putty
for local implantation at the nonunion site. Thexmaum human dosage is 2 vials,
l.e. 6.6 mg BMP-7. In study 1, 2 and 3 the BMP dgsvas 50 pg per animal. In
study 4 the BMP dosing was 25 pg per animal.

The bisphosphonate used in all the experiments aséedronic acid, (Zometa,
Novartis), a potent nitrogen containing third gewien bisphosphonate. The
dosing was 0.1 mg/kg. In all the studies zoledreneds given as a subcutaneous
injection at two weeks. This timing was chosen Hasa the finding that
zoledronate injection at two weeks resulted indaigalluses than injection at time
of surgery or at 1 week (Amanat et al., 2007). Thagle of administration has not
been shown to inhibit the initial non-specific raating of soft callus into hard
callus but does delay ultimate remodeling of hatls (McDonald et al., 2008).

Histology

Histology was used in study 1, 2 and 4. The borerefixed in 4% formaldehyde

in phosphate buffered saline for 24 hours, degattih 10% EDTA for 2.5 weeks

and dehydrated in graded alcohol and cleared ieneybefore being embedded in
paraffin. A microtome (Microm HM355S) with a sedctitransfer system (Thermo
Scientific, Germany) was used to cut centerpiecéaes with 5Sum thickness. The
sections were stained with hematoxylin-eosin ustagdard protocol.

Mechanical testing

Three-point bending testing was used in studie® dnd 3. In all the studies the
non-operated femurs were also tested to serve rasot The same load frame
was used for all the mechanical testing, (Instréhl8load frame, High Wycombe,
UK with an MTS TestStar Il controller, MinneapolildSA). A custom made test
rig, with 3 mm solid brass bars was used (Bosemaril., 2013). The distance
between the supports was 16 mm. The first suppastplaced immediately distal
to the lesser trochanter and the second just paixionthe femoral condyles. The
femurs were mounted for testing in the AP-plandnlite posterior surface of the
bone resting on the two lower supports. The bonexewreloaded to 10 N at a
speed of 0.1 mm/sec and allowed to adapt for teansks. Thereafter, the bones
were tested until failure with a constant speedl..6f mm/sec. Time, force and
displacement were recorded. Based on a force-displant curve, the ultimate
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force for each of the bones was determined andstiffeess and the absorb
energy were calculated.

Figure 8: Threepoint bending test rig with a rat fem

In study 3, in addition to the thrgmint bending test, a rotational type testing '
also used. In a true torsion test both ends of gpecimen are equally a
oppositely rotated around the neutral axis. A sifiggl version of this test, i
which one end is fixed and the other is twis was used in this study and is
referred to as a twist test (Saundet al., 2010). The proximal and distal ends of
the bones were each rigidly fixed to metal nuts Xk embedding the bone er

in Low Melting Temperature Alloy (LMTA, Legierung74 Grad IA16; Alpha-
Fry Technologies B.V., Cookson Electronics Assemiiigterials, Naarden, Tt
Netherlands). The end-end distance between the two nuts in each spec
were 20 mm. The nuts were securely fixed in thel isame and the bones we
preloaded to 10! and allowed to adapt for 10 seconds before thene\subjecte
to twisting at an angular displacement of 6 dedseesnd until failure. During tr
test, the upper metal nut was stationary in thal lsame and the lower wi
twisted.
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Figure 9: Metal nus secured to bone ends for twisting testing arnistitvg tesirig.

Micro-CT

For the analyses istudy 1, 2 and 3, the mi-CT equipment used was a SkyScan
1172 SkyScan, Aarteselar Belgiurin study 4 we used a nanoScan, Mediso
Medical Imaging Systems,Uslapest Hunganyn study 1, 2, 3 and 4 the femurs
were scanned using an isotropic voxel size of 9,38 and 21 um respective
The energy settings were either, 50 kV and 200 $tddfy 1), 100 kV and 100 p
(studies 2 and 3) or 65kV and 1R2 (study 4). A 0.5 mm aluminum filter was
used in studies 3-and a RamLack filter in study 4. The region dérast, ROI
was different in allhe studies. 3 mm in study 1, mm in study 2, 2 mm in study
3 and 7.5 mm in study 4.

Calibration of bone mineralensity (BMD) was performed through scanning
one water phantom and two hydroxyapatite phantofrinown densities (0.2
and 0.75 g/cmB To distinguish fully mineralized tissue, fromquty mineralizec
tissue and soft tissue, two thresholdsre used. Total callus volume (TVc), fully
mineralized bone volume (BVhighpoorly mineralized tissue volume (llow),
bone volume fraction (BVhighTVc) and average tissue mineral density (TMD)
was measured. THEMD was calculated by using only the voxels thateeded
the threshold for fully mineralized bor
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Figure 10: Example micro-CT image.

Fourier Transform Infrared spectroscopy

Fourier Transform Infrared (FTIRpectroscopy was utilized in study 4. The 3 um
sections wereneasured with a Bruk 66V FTIR spectrometer coupled to a Bruker
Hyperion 3000 IR microscope using a focal planeyadetector at the M-IV
synchrotron laboratory, Lund, Sweden. Based otigh& microscope image, thrt
areas (340x340 um) of newly formed bone within tlefect (callus) and one
cortex area per sample were chosen for analysigyu&# scans and a spec
resolution of 4cm-1The IR spectra were collected at the range of 808800
cml.

Mineral-tomatrix ratio, crystallinity, cid phosphate substitution, and collagen
maturity were all determineafter remwing the spectrum of the epoxy.

Methodological considerations

When evaluating pharmacological treatment in vigajmal models are ofte
used. Based on power analysis, large enough gtoasto be utilizein order to
be able to analyze the material statistically. cbtddherence to protocols a
standardized procedures concerning surgical teabnigrug delivery etc. a
needed to produce reliable and reproducible resutsur experiments we us
inbred male Sprague Dawley rats. The reason for usirlg nats was to avoid tr
hormonal fluctuations associated with the polyésiyale in female rats. Rats &
often used in animal fracture studies as homogemmmilations are readi
available. Howeverthey have their own physiological features and onsst be
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cautious in making direct parallels to humans. imhns 90 % of the organic
matrix is made up of collagen while in rats only @&0of the organic matrix is
collagenous. The architecture of cortical bone asfers between humans and
rats. With the above taken into account, the bealiclar mechanisms involved in
fracture healing and remodeling is similar to tbhthumans and a rat model is
appropriate for evaluating pharmacological modatatbf fracture healing (Frost
and Jee, 1992, Sandhu and Khan, 2002).
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Results

Study number 1

Radiographically, all osteotomies healed. The sakuin the autograft+BMP-
7+Z0OL-group were larger and denser than the callusall the other groups.

The total callus volumes (TVc) were significantlyegter (p<0.001) in the two
BMP-7 treated groups compared to the autograft grddiso, the TVc was
significantly greater in the autograft+BMP-7+ZOlegp compared to the
autograft+BMP-7-group; (p<0.01).

Both the highly and lowly mineralized bone volumaere significantly higher
(p<0.01) in the two groups receiving BMP-7 compaiethe autograft-group. The
autograft+BMP-7+ZOL-group showed further increas®dhigh and BVlow
compared to the autograft+BMP-7-group; (p<0.01)mPared to the autograft-
group, the bone volume fraction (BVhigh / TVc) wkmsver (p<0.01) in the
autograft+BMP-7-group, while it was similar in theutograft+BMP-7+ZOL-

group.

The ultimate force to fracture of the non-osteotadj control femurs, ranged
from 158N to 170N. The osteotomized femurs in thgraft-group fractured at
approximately half that force (p<0.001). When BMR®&s added to the autograft,
the strength doubled compared to the autograftedelaones and then equaled the
non-osteotomized femurs. When zoledronate was gsystemically, in addition
to the locally applied autograft and BMP-7, thénuitte force doubled compared
to control femurs (p<0.001). The bending stiffndesreased (p<0.01) in both, the
autograft-group and the autograft+BMP-7-group camgdo the control femurs,
whereas the stiffness in the autograft+BMP-7+ZObaugpr was comparable to
controls. Energy absorption of the bones treatdtl autograft in isolation was
less than half of that of the control femurs. Tlds in the autograft+BMP-7-
group were equivalent to the controls and the bdnethe autograft+BMP-
7+Z0OL-group were able to absorb more than threedithe energy before failure
compared to controls.

When comparing the treatment combinations in theodsmized femurs with
each other, the autograft+BMP-7+ZOL-group showedniticantly higher

ultimate force (p<0.001), bending stiffness (p<0.C&nd absorbed energy
(p<0.001) compared to all the other treatment coatimns.
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Table 1: Mechanical testing outcome for experimental (asteized) and the control (contralateral
non-fractured) femurs. Based on three-point bendihg, ultimate force, stiffness and absorbed
energy were calculated. The percentage differe(i2iéls) and the statistical differences between the
experimental and control side (Wilcoxon signed raegt) are given.

Ultimate force (N) Stiffness (N/mm) Absorbed energy (Nmm)

Exp. Control Diff. p-value Exp. Control  Diff. p-value Exp. Control Diff. p-value
Group N Mean SD Mean SD (%) Mean SD Mean SD (%) Mean SD MeanSD (%)
A: ABG 11 88 31 158 24 -57 <0.001 207 72 461 88 -55 <0.001 33 36 70 39 -52 0.06
B: ABG + BMP 11 170 38 164 33 3 07 267 98 415 111 -38 0.002 107 38 88 28 22 0.1
C:AGB+BMP +ZOL 12 357 104 156 21 129 <0.001 35 138 398 80 -10 03 209 131 59 26 406 <0.001

Radiography: Complete healing was observed in @ith@es in the two BMP-
groups.

Allograft+BMP-7+Z0OL produced large and dense cafus

In the autograft-group 66% healed. When autografts wombined with ZOL,
complete healing was seen in only 33 %. Also alifigogether with ZOL healed
33% of osteotomies. Allograft treatment resulted #2% healing rate.

Micro-CT: Total callus volume was greater with ghlaft+BMP-7+ZOL compared
to all other treatments (p<0.001). The callus vauwas double that of autograft
alone and 85 % larger than autograft+ZOL (p<0.00he groups with BMP-7
and/or ZOL had significantly larger highly mineedd bone volumes (p<0.01,
p<0.001) than the saline or autograft alone grolipe. largest amount of highly
mineralized bone was found in the allograft+BMP-BtZ group. In the
allograft+BMP-7+ZOL group callus volume increaseyl 8% and the highly
mineralized bone volume by 87% compared to thegedlit+BMP-7 group.

Three-point bending test: The allograft+BMP-7+ZOLrogp vyielded a
significantly higher ultimate force than all othgroups (p<0.01, p<0.001).
Compared to controls the ultimate force of the galhdt+BMP-7+ZOL-group was
59 % higher (p<0.01). All other treatments, inchglithe allograft+BMP-group
displayed lower peak forces than their respectorgrols. All experimental groups
were less stiff than controls. However, the allég®BMP-7+ZOL group was 89%
stiffer than the allograft+BMP-group. The experinan bones in the
allograft+BMP-7+ZOL group were able to absorb 14i¥dre energy than their
controls while all the other groups had equivalentiower energy absorption
relative to their respective controls.
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Study number 3

Radiography and callus size measurement: All frastuhealed. The BMP-
7+ZOL-induced calluses were 9% (p<0.05) larger tBEtP-7 alone calluses.

Three-point bending: The BMP-7+ZOL-group showed niigantly higher
ultimate force than both the BMP-7 alone group (&) and the two control
groups (p<0.01). In the BMP-7+ZOL-group the stiaematched controls and
was more than double that of the BMP-7 alone gr@#®.01). Both treatments
increased the ability to absorb energy relativedntrols. Energy absorption was
greater for the BMP-7+ZOL-group compared to the BM&one group (p<0.05).
In the BMP-7 alone group, lower breaking force (j©08) and stiffness (p<0.01)
was found in the experimental side compared tocthrol side. All fractures
were transverse-oblique and callus associated.

Twisting: Similar trends were noted, although Ipssnounced. The ultimate force
for the BMP-7+ZOL-group was 24% higher than for tB®IP-7 alone group

(p<0.05). For the BMP-7+ZOL-group, both ultimaterde and stiffness were
comparable to the controls. All fractures from botatment groups were spiral
and located away from the fracture with extensmr or into the calluses All but
one of the bones tested in torsion were fracturedhie structurally weaker
supracondylar region, distal to the callus.

Micro-CT: The total callus volume was only slightigher in the BMP-7+Z0OL-
group compared to the BMP-7-group, whereas the naized bone volume and
bone volume fraction were approximately double lwe tBMP-7+ZOL-group
compared to the BMP-7 alone group.

Table 2: Results from the three-point bending test indigati;ean and standard deviation (SD) for
each group.

Max Force (N) Bending Stiffness (N/mm)  Flexural Rigidity (kN mm?®  Absorbed Energy (N mm)

Experiment group

Group Mean SD Mean SD Mean SD Mean SD

BMP 165.0 34.1 253.3 87.6 20.4 7:1 102.3 50.1

BMP+ZOL 315.7 84.8 580.8 225.1 46.8 18.2 148.1 824
Control group

BMP 195.7 32.7 604.1 101.5 48.7 8.2 7.7 27.8

BMP+ZOL 200.9 30.5 630.8 99.7 50.9 8.0 86.9 36.3

Table 3: Results from the twisting test indicating mean stashdard deviation (SD) for each group.

Max Torque (Nm) Stiffness (Nm/deg) Absorbed Energy (J or Nm)

Experiment group

Group Mean SD Mean SD Mean SD

BMP 0.517 0.146 0.039 0.009 5.255 2.155

BMP + ZOL 0.643 0.093 0.048 0.008 5.228 1.223
Control group

BMP 0.580 0.130 0.047 0.007 4.127 1.325

BMP + ZOL 0.606 0.162 0.050 0.009 4.077 1.352
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Study number 4

There was complete correlation between radiograplgdymanual assessment in all
groups. Isolated scaffolds (group A), failed to quoe radiographic healing or
rigid union in any of the samples (p < 0.01), coregato group B, (p < 0.001)
compared to group D and (p < 0.0001) compared eomIC. Isolated BMP-7-
treatment, (group B) led to radiographic healing dgid union in seven out of ten
samples. Of the healed samples, two had visibletura lines proximally or
distally. BMP-7+scaffold (group C) induced radiggjn&c healing and rigid union
in ten out of ten samples but 9 out of ten sampt#ishad visible fracture lines
proximally and/or distally. BMP-7+scaffold+systentidsphosphonate treatment
(group D) led to radiographic healing and rigidamin nine out of ten samples
and only one out of the nine healed samples hasildesfracture line.

The total callus volume of the two groups receivoc@nbined treatment with
BMP-7+scaffold (groups C and D) was significantteater (p < 0.001) compared
to groups A and B. The volume of highly mineralizeohe in group D (BMP-

7+scaffold+systemic bisphosphonate) was signiflgargreater compared to
groups A, B (p < 0.001) and C (p < 0.01). There waglifference in total callus
volume between groups C and D. However, the borlema fraction was

significantly higher in group D compared to grougpc< 0.001) and groups A and
B (p < 0.01). Thus, the treatment combination iougr C (BMP-7+scaffold)

increased callus volume compared to groups A ang B 0.001) but did not

increase the bone volume fraction, whereas thentexg in group D (BMP-

7+scaffold +systemic bisphosphonate) increased batlus volume and bone
volume fraction.

Histologically, the previous defects in group A wefilled with scaffold
interspersed by fibrous tissue. No bony callus se@esn. In group B there was
abundant bone tissue throughout the previous defeth bridging bony callus. In
group C most of the scaffold was resorbed. Thepead to be less bone than in
groups B and D. The calluses in group D appeamggiaompared to the others.
The defects were filled by abundant bony callusldatie fibrous tissue. There was
more remaining scaffold than in group C.

Table 4: Scoring from manual assessment and radiography.

A B C D
scaffold BMP-7 BMP-7+scaffold BMP-
7+scaffold+BP

radiographically healed of 0/10 7/10 10/10 9/10
total (n)
manual palpation rigid 0/10 7110 10/10 9/10
union of total (n)
samples with visible # lines na /7 9/10 1/9

of healed samples (n)
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Discussion

Study number 1

Improving the gold standard - can we make a bordudtive cocktail that
outperforms autograft?

In the first study we investigated if the additiohautograft could improve the
healing rate in a rat model in which untreated,raxmately 40% of fractures
have been shown not to heal (Tagil et al., 201@) idrmddition of bone active
drugs would further increase the healing rate anahake the calluses stronger.
We showed that treatment with autograft resultedhéaling of all osteotomies.
Adding BMP-7 to the autograft not only lead to lweglof all fractures but also
doubled the strength of the calluses compared togeaft alone. Micro-CT
analysis revealed that BMP-7-treatment as expechéeded an increase in total
callus volume but also somewhat surprisingly, aresed bone volume fraction.
Theoretically, this could be due to BMP-inducednpaéure resorption of the
callus through RANKL-RANK mediated osteoclastic ization, leading to
resorption and remodeling of the newly formed calllihis has previously been
found, both in vitro (Kanatani et al., 1995, ltoha., 2001 Giannoudis et al.,
2007) and in previous fracture studies (Doi et2011).

Through the addition of a single bisphosphonatectipn, we counteracted this
premature resorption, rendering large, dense andgtalluses with bone volume
fractions similar to those of autograft inducedlusds. Additionally, a further
doubling of the strength was reached in the mechaniesting with the

combination of autograft+BMP-7+ZOL compared to BelBne and four times as
strong as with isolated autograft treatment. Indlwc fast and reliable union is
an obvious advantage.

As anabolic and catabolic events are coupled, thave been concerns regarding
possible bisphosphonate mediated early callusiitidrib However, the catabolism
associated with initial endochondral repair is osteoclast dependent and is thus
not affected (McDonald et al., 2008).

When combining autograft with BMP and an anti-reelod) agent such as
bisphosphonate, one would expect the calluses tlarger and denser but also
potentially less remodeled. An immature, non-renediecallus can, due to its
biomechanically suboptimal random trabecular odgah, be expected to be
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inferior in strength compared to a mature, rematielee, with a biomechanically
superior organization. In this study, we were ablshow that the, per se, inferior
mechanical properties of immature, less remodekdllises can more than be
compensated for by an increase in callus size amwralization. Both the

autograft alone treatment and the combination \BMP-7 resulted in weaker
calluses than the combination of autograft, BMRd zoledronate.

Study number 2

Alternatives to autograft - is allograft+BMP an oqh?

In the second study we investigated if allograft#BMvould be superior to
autograft and whether the addition of a bisphospteowould further improve the
result. Our aim was to enhance the allograft witiné active drugs to make it
outperform today’s gold standard, autograft. In fdne prospective randomized
clinical studies, BMP has never proven to be sgpéa autograft, by speculation
due to BMP-induced osteoclastic resorption. The afsautograft is limited by
harvest associated donor site morbidity and supplitations. In this study we
confirmed the hypothesis that the combination ddgabft+BMP-7+ZOL is a
superior bone healing adjunct than the present gstlthdard, autograft.
Allograft+BMP-7+Z0OL more than doubled the calluslwoe compared to
autograft and mechanical testing revealed that ithereased volume also
correlated to a doubling in peak force in the akdig-BMP-7+Z0OL group
compared to the autograft group. However, the arfee of living cells in the
osteogenic autograft is obvious when comparingréiselts from this study with
results of autograft+BMP-7+ZOL treatment from stutdymber 1 (Bosemark et
al., 2013). Here, the combination of autograft, BMBnd ZOL lead to even larger
and stronger calluses than allograft+BMP-7+Z0L. €agults support the practice
of combining BMP-7 with a bisphosphonate in order dontrol unwanted
premature callus catabolism, while still retaininige anabolic drive. The
combination of an anabolic- and an anti-catabotiggds an effective adjunct to
both autograft and allograft.
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Study number 3

Mechanical testing

The drugs used in this thesis influence bone hgatidifferent ways. BMPs seem
to increase callus size substantially but at thst obdecreased callus density, due
to the increased resorption previously mentionedpli®sphonates on the other
hand increase callus density, but at the costfefior callus architecture, and as a
single treatment, probably at the cost of decreasdlds formation. In the third
study the influence of the testing modality on thechanical testing results is
investigated. The hypothesis being, that the irsgéacallus diameter induced by
BMP-treatment and the increased callus diameter dendsity induced by
BMP+bisphosphonate-treatment, would provide difienesistance to breaking,
when tested in bending or in twisting. Due to thésatropic nature of bone, and
the inherent limitations associated with differenéchanical tests, the method
chosen to evaluate callus strength is likely tectfthe result.

During a three-point bending test the breaking doexerted by the intender is
centered between the two lower supports and thasbtieaking point should

ideally be identical to the load-application poiiht. our testing situation, the
intender was overlying the previous osteotomy dndg talso the corresponding
calluses. When tested in three-point bending, tendarger and more dense
BMP+bisphosphonate treated calluses, clearly peaviddditional resistance to
fracture, being much stronger than both controts thie bones treated with BMP
in isolation. Macroscopically the fractures caubgdhe three-point bending test
were noted to be relatively transverse and ocayreither entirely- or partially-

through the newly formed callus or in some casesddiately adjacent to it.

When tested in twisting, the measured differencstsvéen the two groups and
controls were less pronounced. During a twistirgy, the entire bone between the
fixation points, located at either end of the basdpaded equally and therefore
the weakest part of the bone fails first. Due ® ttature of the test, a twisting test
cannot measure callus strength when the callugsestrammger than the surrounding
native bone. Since the fractures caused by thetibgigest were not callus
associated, we made the interpretation that the B¥iphosphonate treated
calluses were stronger than the surrounding natimee. Macroscopically all
fractures were spiral as expected and all but osre Yocated in the distal femoral
metaphysis with a proximal extension towards oo itite callus. In specimens
treated with BMP+bisphosphonate, the fractures séenbe initiated in the
structurally weaker supracondylar area where thtexas thin and then propagate
obliquely proximal and exit the bone just before thnore resilient callus is
encountered. Since the bones in the BMP alone gweeng weaker than the
controls it is reasonable to assume that the frestwere initiated around the
previous osteotomy and propagated distally towdrdsupracondylar region.
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Lamellar bone found in mature cortical bone oreémodeled calluses has superior
intrinsic mechanical properties compared to wovenebof the same size. It is
both stronger and stiffer, due to a more structurgdrnal architecture. The
advantage of woven bone however, is that it cafolreed rapidly and thus can
provide early initial fracture stability. Also, wem bone has the ability to become
more highly mineralized than lamellar bone therefgucing its relative lack in
stiffness compared to lamellar bone (Miller et aDQ7). In theory, co-treatment
with BMP and bisphosphonate during fracture healoogld be expected to
produce a large but immature and disorganized galith high collagen and
mineral content due to the delayed resorption. & hests could compensate for
the mechanically inferior internal architecturewadven bone compared to mature
lamellar bone. Even though the mechanical propedfehe calluses treated with
the combination of BMP and bisphosphonate canndtimtehose of remodeled
bone, callus size and density compensate for this.

From previous experiments we know that if no hephdjunct is added, mid-shaft
femoral osteotomies in this rat model heal in 60%ases (Tagil et al., 2010). If
we add autograft, or autograft together with BMR, asteotomies heal, with

corresponding callus strengths of 50% and 100%exdB@ly compared to the

intact controls. If we add BMP and bisphosphonat¢he autograft, the calluses
become twice as strong as controls (Bosemark e2@L3). In the present study,
we have shown similar results without the concomtitase of autograft. This

would be an obvious advantage in clinical practiceonunion surgery, reducing
theatre time and eliminating donor site morbiditynh bone graft harvest.

One could argue that BMP in isolation also induwealing in 100% in this study,
but, importantly, callus strength did not match tcols at 6 weeks. In fracture
surgery or nonunion surgery it is desirable thatlibne heals in a predictable way
and in a timely fashion and that the callus iseast as strong as the surrounding
native bone as early as possible in the healinggz® We believe that the
combination of BMP and bisphosphonate, either witvithout autograft leads to
fast and reliable bony union with early calluseat thre at least as strong as the
native bone. However, mechanical testing of bondratture- or osteotomy
studies are best conducted using bending tests wWieemstrength of the tested
calluses are expected to exceed that of the sudnogimative bone.
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Study number 4

The Masquelet technique

For the treatment of nonunions and large bone tefesynthetic bone substitute
as an alternative to either autograft or allogveduld be ideal. A synthetic graft
would eliminate supply issues and donor site mapigssociated with autograft
harvest, shorten theater time and eliminate thefads disease transmission from
allografts. However, synthetic bone substitute& lasteoinductive properties and
are in isolation therefore not viable options ia ttinical situation. The Masquelet
technique for infected nonunions and large bonealsfmakes use of an induced
membrane providing immediate vascular support te #utograft which is
transplanted into the membrane at a second operdiite membrane itself has
been shown to express bone inductive growth fadtatsprobably to a limited
extent. We hypothesized that the defects in study fvould not heal with the
bone substitute alone but maybe with a combinatidmone substitute and BMP.
We hypothesized that also in this model the additba bisphosphonate would
counteract the BMP induced resorption and furtirgarove the healing.

Masquelet has reported his group’s experiencesixihgnBMP-7 with autograft
for Masquelet procedures. Interestingly, they ramticesorption of the graft on
follow up radiographs. Masquelet also describegesadgth late deformity, after
apparent radiographic consolidation and remov#hefexternal fixator. These two
observations lead the group to stop using BMP imjwtction with autograft for
Masquelet procedures. The authors speculated hibatiegative findings might
be attributed to the BMP being “trapped” inside thembranous tube, leading to
high local concentrations of the BMP which in taould be toxic to the graft. By
speculation, these clinically adverse events cao d&le explained by BMP-
mediated osteoclastic resorption. Decreased bomerati content secondary to
resorption could lead to a decline in the intrinsidfness- and an increased
ductility of the callus, which in turn could exptaithe clinical cases of late
deformity.

BMP mediated osteoclastic activation, can be caaoted by bisphosphonate
administration. Through the combined treatment \BifAP, the anabolic effect on
osteoblasts is retained while the osteoclast medliaatabolism is stalled by the
bisphosphonate. In a critical defect study in natsgere a 6 mm femoral defect was
stabilized with a plate, no defects healed on tbein or with the carrier alone at
eight weeks. However, all defects treated with ll@gplication of 50 ug BMP-7
healed. In a group in which the same BMP-7 dose w@mbined with a
bisphosphonate injection at two weeks, the boneeralncontent and the
mechanical strength was doubled.

Previous studies have shown the BMP dosage to pertemt. We used a BMP
dose of 25 ug per rat. In a BMP-7 dose respongdy sitilizing a rat femoral
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critical size defect stabilized with a plate, 25RigP-7 did not induce healing in

any rats at eight weeks. However 50 pg healededatls. Similarly, our group

has previously shown that allograft+50 pug BMP-7pbssphonate in a rat
femoral nonunion model produce strong and reliabieon and thus have the
potential to replace ABG. Interesting to note isittlthe above studies have
demonstrated BMP-7 to be efficacious when doseBOafig. However, in the

present study 25 pug BMP-7 in isolation healed 70fdefects and 25 ug BMP-
7+scaffold+/-bisphosphonate induced healing in 90-%. This finding reinforces

the potency of the induced membrane.

A limitation of the study is the lack of an autogrgroup, as ABG is the current

gold standard for Masquelet procedures. Howevawesa of the required amount
of cancellous autograft from rats is not possilolé we therefore chose to focus on
synthetic bone substitutes. Moreover we did notuthe a pure control group

simply because previous studies have shown thaman@emoral defect in a rat

represents a true critical defect. This notion wapported by the finding that

isolated scaffold treatment failed to induce heaimany of the rats.

In this study, utilizing a novel rat Masquelet mbdere have shown that a
synthetic scaffold together with BMP-7 and zoledtencan heal a critical size
defect. Importantly, the BMP-7 dosing used in thigeriment has previously
been shown unable to heal a critical size defelthidally, a low dose of BMP

would be advantageous, reducing cost and thedigtiedso possible dose
dependent negative side effects from the BMP.

The future

In this thesis we have found support for ways oprioving our current practice
regarding atrophic nonunion management- i.e. aafogtransplantation.
Sometimes union cannot be achieved and amputatight rbe the only option
after repeated failed surgeries. BMPs have beeah fosenany years now but have
never been shown to lead to a higher healing hate autograft (Friedlander et al.,
2001). We believe that this is due to osteoclastittiction by BMPs and that
concurrent treatment with bisphosphonates, or o#mi-catabolic drugs, can
make BMPs more effective clinically. However, BMRave been questioned in
the last few years mainly due to possible carcinageffects (Lad et al., 2013).
Further there are issues with underreported sidetsfin some studies (Carragee
et al., 2011). Recently, the company manufactutimgy rhBMP-7 used in the
studies in this thesis was reported to be leavireghtiotech industry. We do not
know the commercial future of the BMPs or whetherwill have access to it in
the future. Also the bisphosphonates have beentiqned lately, especially
regarding the risk for development of osteonecroftbe jaw (Sigua-Rodriguez et
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al., 2014), seen especially in high dosed oncolpgitents. However, alternatives
to both these drugs exist or may be developedgxXample shorter chain peptides,
which will be much cheaper to manufacture than éxgensive recombinant
BMPs. Also more short-acting alternatives to biggiwnates are already present
and could be preferable in fracture treatment, ikébodies interfering with the
RANKL/RANK pathway such as the osteoprotegerin-agaé Denosumab.
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Conclusions

1. The combination of autograft, BMP-7 and the bisphasnate zoledronate
is superior to autograft alone or autograft in corabon with BMP-7.
The combination may prove valuable in the treatroémonunions.

2. Allograft combined with BMP-7 and the bisphosphenabledronate is
more potent than autograft alone. Clinically thiswd be an advantage,
eliminating the need for graft harvest.

3. The combination of BMP-7 and zoledronate producatuses that are
mechanically superior to calluses induced by BM&eahe, when tested
both in three-point bending and in twisting. Foe thechanical evaluation
of pharmacologically enhanced calluses with breakinengths exceeding
the native bone, the bending test is recommended.

4. A synthetic scaffold+BMP-7 combined with a bisphospate injection at
two weeks improve the callus properties in a ramdel critical size
defect, compared to BMP-7 alone, scaffold along¢her combination of
the two.
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Summary in English

Fractures are common in all age groups. Most heeventfully. However, about
5-10% fail to heal which can be due to a numbetitéérent reasons. An unhealed
fracture is called a nonunion and is often deliititafor the patient and a financial
burden for society and the health care system.siChly, autologous bone graft
(bone graft obtained from the patient, often frdme pelvis) is used locally to
stimulate healing. However, this is associated wpthtential problems and
limitations. The bone harvest from the pelvis iepfassociated with postoperative
pain. There is a risk of infection and even iatriagdracture of the pelvic wing. It
is also a time consuming and therefore costly mlom Sometimes a nonunion
does not heal even with bone grafting. Alternatiteesutologous bone graft are
therefore interesting.

Bone Morphogenetic Proteins, BMPs, are moleculéstieg naturally in the body
that act as growth factors. Some of them play @ roffracture healing. The bone
forming cells, osteoblasts respond to BMP-signaling two types of BMPs are
today synthesized and commercially available as#waling promoting drugs.
However, BMP-treatment also stimulates bone resgrluells, the osteoclasts.
This effect is not desired in clinical practice.

Bisphosphonates are a group of drugs that are aotieesorptive. They do not

occur naturally in the body. They inactivate thendaesorbing cells. They are
used in the treatment of osteoporosis and metadiatie disease. However, they
can also be used together with BMPs to controlrthedesired bone resorbing
properties while still maintaining the desired stiatory effect on the bone

forming osteoblasts.

This thesis, comprising four studies, investigatesne healing and more
specifically, pharmacological modulation of bonelimg by the use of different
combinations of bone graft, BMP-7 and the bisphosple zoledronate. A rat
model has been used in all four of the studieghénfirst three studies the same
osteotomy model was used. In this model, the tbigie on one side was cut with
a saw and then pinned with a non-locking intramladwlnail. Different local
treatments were delivered around the osteotomythénfourth study, a locked
intramedullary nail was used and part of the thigine was removed to create a
defined reproducible defect, known not to heal tshown. The resultant defect
was the grafted with different drugs, alone orambination.
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Radiography, mechanical tests, micro-CT and higtoleere used to evaluate the
samples.

Study 1

In this study, with three treatment groups, autfigridie classical adjunct in
nonunion surgery was compared to treatments withogaaft+BMP and
autograft+BMP+bisphosphonate. The animals in the
autograft+BMP+bisphosphonate-group were injecteth whe bisphosphonate
zoledronate at two weeks. The rats were sacrifedtt six weeks. We found that
all three treatments healed the osteotomies. Boitneatments produced stronger
unions than autograft, with the autograft+BMP+bizgphonate group being
clearly superior with breaking strengths four tintieat of the autograft group and
double that of the non-operated control femurstiesmore the calluses in the
autograft+BMP+bisphosphonate-group also had thétyalto absorb the most
energy and were the stiffest of the treated bdézo-CT revealed large calluses
with more mineralized tissue than the other group® concluded that the
combination of autograft, BMP and bisphosphonatsuigerior to both autograft
and autograft+BMP.

Study 2

This experiment compared allograft and differenibimations of allograft and
BMP and bisphosphonate with autograft and no treatnThe groups were: i) no
treatment, i) autograft, i) allograft, iv) allogft+BMP, V)
autograft+bisphosphonate, Vi) allograft+bisphospiten  and vii)
allograft+BMP+bisphosphonate.

Radiography revealed that the two BMP-treatmensalted in healing of all
osteotomies. Autograft-treatment produced healing66% of samples. No
treatment, autograft+bisphosphonate and allogrifpHosphonate all lead to
healing in 33% of samples. Allograft in isolatiossulted in healing in 42 % of
osteotomies.

Calluses treated with BMP were larger than all otireups. The combination of
allograft, BMP and bisphosphonate produced theekirgalluses. The groups with
BMP and/or bisphosphonate expressed significargtgelr highly mineralized
bone volumes than the other groups. The largesuatmaf highly mineralized
bone was found in the allograft+BMP+bisphosphogateip.

Three-point bending test: The allograft+BMP+bisgitamate group yielded a
significantly higher peak force than all other grsult was also 59% stronger than
controls, and was stiffer and able to absorb moszgy than all the other groups.
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We found the combination of allograft+BMP-+bisphospéate to be superior to all
other tested treatments in the study.

Study 3

In this study we compared two treatments, BMP ahPBbisphosphonate. This
time we wished to assess the influence of two wfie mechanical tests on the
results. BMP was delivered locally in all animals. 50% of the animals a
bisphosphonate injection was administered at twekaeAll the animals were
sacrificed after six weeks.

Both treatments resulted in radiographic healingllbésteotomies. The calluses in
the BMP+bisphosphonate group were larger, more maiized and proved

stronger than both the BMP-treated calluses andhitizze bone in the control

femurs. When tested in three-point bending, the BM&phosphonate-group was
nearly twice as strong as the BMP-group and moaa $0% stronger than the
controls. The three-point bending test producedusabssociated transverse
fractures. A three-point bending test subjectsciietral region of an object to a
localized bending force. In our test the previousteotomy and thus the
corresponding calluses matched the loading point.

During the twisting test the whole bone was loanteshear and thus the calluses
were not isolated. The weakest part of the boneetbee failed first. In the
twisting test, the differences between the groupseviess than in the three-point
bending test and the fractures were spiral andddda the weaker supracondylar
area. The BMP+bisphosphonate-treated bones weresd4itger than the BMP-
treated bones and on par with the control femurerdCT of a few example
samples revealed larger calluses with more miredli tissue in the
BMP+bisphosphonate group.

We concluded that co-treatment with BMP+bisphospl®is superior to isolated
BMP treatment and that mechanical testing of phaategically induced calluses
in an osteotomy model, is best done with a thréetgmending test, especially if
the resulting calluses are expected to be strahgerthe surrounding native bone.

Study 4

In this experiment we investigated the healing pogeof purely synthetic grafts.
We utilized a rat Masquelet model developed byousompare four treatments. A)
scaffold, B) BMP-7, C) BMP-7+scaffold and D) BMPstaffold+bisphosphonate
injection at two weeks. The rats underwent two isatgprocedures. During the
first operation, unilateral locked femoral nailirgynm femoral segment removal
and spacer implantation was performed. Four andliaweeks later the spacers
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were carefully removed and the defects grafted raling to the protocol. Eleven
weeks after grafting of the defects the rats waiiced and the experimental
femurs harvested. The bones were evaluated withogegphy, manual

assessment, micro-CT, histology and FTIR spectmsco

There was complete correlation between radiograpitymanual assessment in all
groups. Isolated scaffold (group A), failed to healy of the samples. Isolated
BMP-7-treatment, (group B) healed seven out ofaesamples. BMP-7+scaffold
(group C) healed all ten samples but all but orspldyed visible fracture lines.
BMP-7+scaffold+systemic bisphosphonate treatmemiufg D) healed nine out of
ten samples of which only one had a visible fracture.

The treatment in group D (BMP-7+scaffold +systefigphosphonate) increased
both callus volume and bone volume fraction.

Histologically, abundant fibrous tissue interspdragnong the scaffold was seen
in group A. In group B there was abundant boneau¢is$n group D, the defects
were filled by abundant bony callus and little éibs tissue.

We concluded that a synthetic scaffold+BMP-7 coradimwith a bisphosphonate
injection at two weeks improved the callus progsriin a rat femoral critical size
defect, compared to BMP-7 alone, scaffold alonthercombination of the two.
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Sammanfattning pa svenska

Benbrott &r vanliga i alla aldrar. De flesta lakeen 5-10% av alla benbrott laker
inte av olika skal. Ett olakt benbrott innebarrethdikapp for den drabbade och en
ekonomisk belastning for samhallet och sjukvardenolakt fraktur kraver oftast
kirurgisk behandling. Vanligtvis anvands lokal bansplantation med ben fran
patienten sjalv, (ofta fran béackenvingen) for attmalera benlékningen.
Benskorden fran backenet kan dock vara foérknippaa fomplikationer och
begransningar. Den leder inte séllan till [Aangvamgarta och kan kompliceras av
lokal infektion eller till och med fraktur av baskéngen. Benskdrden foérlanger
ocksa operationstiden vilket leder till 6kade kaskr. Ibland leder inte heller
bentransplantationen till 1akning. Detta har ldttdtt stort intresse for alternativ
till kroppseget ben vid behandlingen av oléakta loettb

Bone Morphogenetic Proteins, BMPs, ar i kroppenmadr férekommande
tillvaxtfaktorer som ar viktiga for normal fraktéakning. Tva olika BMPs ar idag
rekombinant framstéllda och godkanda for behandiimgplakta benbrott. BMP
kan stimulera de benbildande cellerna, osteoblzastait producera ny benvavnad.
Dock stimulerar BMP aven kroppens bennedbrytandéerceosteoklasterna.
Denna effekt ar inte dnskvard vid frakturbehandling

Bisfosfonater ar lakemedel som hindrar bennedbmgtnDe férekommer inte
naturligt i kroppen utan ar syntetiskt framstalldkemedel. De inaktiverar de
bennedbrytande cellerna, osteoklasterna. De anvérds behandling av
benskérhet och cancermetastaser i skelettet menkase ocksd anvandas
tillsammans med BMP for att motverka dess ostetdtiasulerande effekt utan att
paverka den onskade benstimulerande effekten.

Den har avhandlingens fyra delarbeten, handlar oemldining. Sarskilt
inflytandet av olika lakemedel eller lakemedelskamationer vid benlakning. En
rattmodell anvandes i alla fyra delarbetena. Irdddrsta studierna anvandes en sk
osteotomimodell. Larbenet pa ena sidan sagadeshastiftades. Vid det avsagade
benet gavs olika lokalbehandlingar. | den fjardad&n, anvandes en mer
avancerad spik som lastes med tvargaende lasshkrigvhoften och knat. | denna
studie studerades en 6 mm stor bendefekt som mantgdaker spontant. Denna
bendefekt fylldes med benersattningsmedel, BMRy &bmbinationer av dessa. |
en grupp gavs bisfosfonat som tillagg till bendrsagsmedel och BMP. Réntgen,
mekaniska test, micro-CT och histologi anvandesfutvardera benen.
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Delarbete 1

| det har arbetet med tre stycken behandlingsgrupgmfordes autograft med
autograft+BMP och autograft+BMP+bisfosfonat. Raéttor [
autograft+BMP+bisfosfonat-gruppen injicerades meidfolsfonat tva veckor
postoperativt. Efter sex veckor avlivades rattorRéntgen visade att alla tre
behandlingar ledde till Iakning. Bada behandlingamed BMP ledde till starkare
l&kning an autograft. Autograft+BMP+bisfosfonat-aatlingen ledde till absolut
starkast lakning, fyra ganger starkare an autogaftdubbelt sa stark som de icke
opererade kontrollbenen. Vidare, absorberade beneni
autograft+BMP+bisfosfonat-gruppen mest energi oclr \styvast av alla
experimentbenen. Micro-CT-undersokning visade attbgraft+BMP+bisfosfonat-
gruppen hade storre callusar med mer mineraliseséichad &n de andra
grupperna. Vi kunde séledes med denna studie tiseombinationsbehandling
med autograft+BMP+bisfosfonat leder till starka@dlsar an behandling med
autograft och autograft+BMP.

Delarbete 2

Detta experiment jamférde allograft (bengraft utewande benceller fran andra
individer av samma art, i detta fall avlivade réjtooch olika kombinationer av
allograft och BMP och bisfosfonat med autograft aapen behandling. De olika
grupperna var: i) ingen behandling, ii) autograiff,allograft, iv) allograft+BMP,
V) autograft+bisfosfonat, vi) allograft+bisfosfonat and Vi)
allograft+BMP+bisfosfonat.

Roéntgen visade att de tva olika BMP-behandlingdrada ledde till Iakning av
samtliga osteotomier. Autograft-behandling leddleldkning i 66 % av benen.
Gruppen utan behandling liksom grupperna med aatoedrisfosfonat och
allograft+bisfosfonat ledde alla till [akning i 38. | allograft-gruppen lakte 42 %
av osteotomierna.

De BMP-behandlade callusarna var storre an oviganbinationsbehandling

med allograft+BMP+bisfosfonat resulterade i stéedtusar. Grupperna med BMP
och/eller bisfosfonatbehandling hade callusar mddrt kstorre volym av

hdggradigt mineraliserat ben an 6vriga grupper. Bénsta volymen hoggradigt
mineraliserat ben aterfanns i allograft+BMP+bisfosit-gruppen.

| tre-punkts bojtestet var allograft+BMP-+bisfosfogauppen starkast. Den var 59
% starkare an de icke opererade kontroll-benen. \2eréiven styvare och kunde
absorbera mer energi &n alla de andra experimeppgrna.

Var slutsats blev att kombinationen av allograft+Bbisfosfonat ledde till battre
och starkare benlakning an évriga grupper i daielkt experimentet.
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Delarbete 3

| det har experimentet jamfordes tva behandlingaP och BMP+bisfosfonat.
Denna gang onskade vi aven undersdka betydelsgqpen av mekaniskt test for
utfallet. Detta gjordes genom att jamféra bada peupa, bade med tre-punkts
bojtest, och ett vridningstest. BMP gavs lokalt alla djur. Halften av rattorna
fick en injektion med bisfosfonat tva veckor postagivt. Rattorna avlivades efter
sex veckor.

Rontgenologiskt, ledde bada behandlingarna tillniag av samtliga ben.
Callusarna i BMP+bisfosfonat-gruppen var storre; mimeraliserade och starkare
an callusarna i BMP-gruppen. De var ocksa starkimede icke-opererade
kontrollbenen. | tre-punkts bojtestet var BMP+bisémat-gruppen nastan dubbelt
sa stark som BMP-gruppen och mer @an 50 % starkareledicke-opererade
kontrollbenen. Tre-punkts bojtestet genereradeafvéallus-néara frakturer. Vid ett
tre-punkts bojtest belastas en central region ttetgekt av en lokal bojkraft. | var
testsituation sammanfoll den tidigare osteotomirh s@ledes callusen med
belastningspunkten vid bryttestet.

Vid vridtestet, belastades hela benets langd olthseana kunde darfor inte testas
isolerat. Salunda gav det svagaste partiet av heketforst. Skillnaderna mellan
de tvd grupperna var mindre uttalade i vridtestet iatre-punkts bojtestet.
Frakturerna var spiralformade och inte beldgnasiwning till callusarna utan
narmare knat dar benet ar svagare. De BMP+bisfasfoehandlade benen var 24
% starkare an de BMP-behandlade och likvardiga rded icke-opererade
kontrollbenen. Micro-CT-undersokning av ett parusdr fran varje grupp visade
storre callusar med mer mineraliserad vavnad i BM§&fesfonat-gruppen jamfort
med BMP-gruppen.

Vi drog slutsatsen att behandling med BMP+bisfoatoheder till battre
benléakning an behandling med enbart BMP. Samt akamisk testning av
lakemedelsbehandlade callusar, bast gors med tagpodjtest, sarskilt om
callusarna kan forvantas vara starkare an den @ndea’benvavnaden.

Delarbete 4

Detta forsok studerade lakningsformagan hos swhkeeti bengraft i en
egenutvecklad Masquelet-modell. Vi jamférde fyraikal behandlingar, A)
benersattning, B) BMP-7, C) BMP-7+benersattning odb) BMP-
7+benersattning+bisfosfonatinjektion efter tvad \@ckRattorna opererades tva
ganger. Under den forsta operationen margspikauesaebenet varefter 6 mm av
larbenet sdgades ut och ersattes med en epoxy-plygg och en halv vecka
senare avlagsnades pluggarna forsiktigt och de masromslutna defekterna
lokalbehandlades i enlighet med forsdksprotokoldva veckor efter den andra
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operationen avlivades rattorna och larbenen tdiggatia for att senare utvarderas
med réntgen, manuell palpation, micro-CT, histologhh FTIR spektroskopi.

Det foreldg fullstandig dverenstammelse mellan géntoch manuell palpation i
alla grupper. Enbart benersattning (grupp A), leitide till Iakning av nagot ben.
Enbart BMP-7-behandling, (grupp B) lakte sju avlien. BMP-7+benersattning
(grupp C) lakte alla tio ben men alla utom ett andn uppvisade synliga
frakturlinjer. BMP-7+benersattning+systemisk bistwsat-behandling (grupp D)
l&kte nio av tio ben varav endast hade en syrdiktdrlinje.

Behandlingen i grupp D (BMP-7+benersattning+syss&nfiisfosfonat) ledde till
bade okad callus-volym och 6kad benvolym-fraktion.

Histologiskt,  noterades rikligt med fibrés vavnad mgivandes

benersattningsmaterialet i grupp A. | grupp B nades rikligt med callus. | grupp
D, sags de tidigare defekterna vara ersatta mdigtriked callus och mindre
méangd fibrés vavnad.

Var slutsats av studien blev att behandling medesigk benersattning+BMP-7 i

kombination med en systemisk bisfosfonatinjektidteretva veckor forbattrar

callus-egenskaperna i en kritisk defekt-modell finfmed enbart benersattning,
enbart BMP-7 och en kombination av de bada
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