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Abstract



Delayed healing and nonunion of fractures represeatmous burdens to patients and
healthcare systems. There are currently no apprnpladnacological agents for the treatment of
established nonunions, or for the acceleratiomagftéire healing, and no pharmacological agents
are approved for promoting the healing of closedtfires. Yet several pharmacologic agents
have the potential to enhance some aspects ofifealstaling. In preclinical studies, various
agents working across a broad spectrum of molepalémways can produce larger, denser and
stronger fracture calluses. However, untreatedrobahimals in most of these studies also
demonstrate robust structural and biomechanicdinggdeaving unclear how these
interventions might alter the healing of recalcitriractures in humans. This review describes
the physiology of fracture healing, with a focusaspects of natural repair that may be
pharmacologically augmented to prevent or treays or nonunion fractures (collectively
referred to as DNFs). The agents covered in tmgweinclude recombinant BMPs, PTH/PTHrP
receptor agonists, activators of Whtiatenin signaling, and recombinant FGF-2. Agershf
these therapeutic classes have undergone extgnsitlenical testing and progressed to clinical
fracture healing trials. Each can promote bone &hion, which is important for the stability of
bridged calluses, and some but not all can alsmpt® cartilage formation, which may be
critical for the initial bridging and subsequerdlstization of fractures. Appropriately timed
stimulation of chondrogenesis and osteogeneslseifracture callus may be a more effective

approach for preventing or treating DNFs compar#l stimulation of osteogenesis alone.

Introduction

Fracture healing can be a remarkably robust rgagess. After union, a fracture callus can

achieve structural stability matching or exceedhag of unfractured bone, followed by callus



remodeling that restores original bone geometfgt fracture healing can go awry in 5-10% of
cases in the form of delayed or nonunion fract@referred to collectively as DNFS}.Recent
data specific to open long bone fractures indicétat 17% developed nonunion and another 8%
exhibited delayed uniochWith delayed union the initial periosteal respoosases before

fracture bridging, while nonunion involves persistent lack of bridgfter intramembranous

and endochondral repair have ceasBinunions include hypertrophic and atrophic forms.
Hypertrophic nonunions have substantial non-brigg@iallus that contains cartilage, and these
nonunions tend to result from inadequate fracttability rather than innate biological
limitations. Atrophic nonunions have minimal calluscartilage, and usually exhibit scar tissue
within the fracture gap. The time involved in défigh nonunion varies depending on the location
and type of bone. Longer, larger bones typicallgdhmore than 6 months of failed healing

before being considered a nonunion.

Several risk factors have been associated with DR&ent-dependent risk factors include older
age, diabetes, smoking, nutritional deficienciesl #e use of anti-inflammatory agefits_ocal
infection can be particularly deleterious to fraethealing’ and some components of the
adaptive immune system may inhibit fracture hedlifgher local factors associated with DNF
include the extent of soft tissue injutgnd compartment syndrori&* Certain skeletal sites

(e.g. tibia) and types of fractures (e.g. open,mamted, transverse) are more likely to exhibit
delayed healing**? Most delayed unions eventually héathile others become nonunions in
the absence of surgical intervention. The greabntgjof established nonunions require further
surgical intervention to achieve healihBNFs cause substantial morbidity, loss of proolityti

decreased quality of life, and extensive healtle cgitization****Long bone nonunions can



have a particularly devastating impact on healtated quality of life, rivalling or exceeding the

effects of type 1 diabetes, stroke, or Affs.

A variety of pharmacological interventions showagtal for improving fracture healiriy,

almost all of which promote osteogenesis. For warigeasons, less attention is paid to the
important role of chondrogenesis, which createslage that provides initial union of most long
bone fractures. Perception may account for sontei®heglect: DNFs are often associated with
persistent callus cartilage, which is problematiewit results from delayed or impaired
conversion to bony callus.However, persistent callus cartilage does notsssudy impair
healing when bony callus development is undimindsfi@Another factor is that analysis of
chondrogenesis requires time-consuming histomorefiyrrand compared with osteogenesis,
the contribution of chondrogenesis to functiondtomes (e.g. callus strength) is less obvious
and less amenable to quantification. While ofteertmoked, chondrogenesis represents a

potentially important therapeutic target for hegliecalcitrant fractures.

Preclinical Fracture Healing Models

The most commonly used preclinical fracture heatirgglel involves young rodents subjected to
closed and internally stabilized long bone fractutet heal through intramembranous and
endochondral bone formatidhintramembranous bone is that which forms direstiyexisting
bone surfaces, while endochondral bone forms fraarlage scaffold. The ‘standard’ closed
fracture model is very useful for studying the by of fracture healin§ and for identifying
agents that impair bone heali’r?g)ut may not be ideal for understanding whethesgant might

prevent or treat DNFs. The standard model typicatiyludes complicated (e.g. comminuted)



fractures that may exhibit delayed healtfignd spontaneous nonunions are tanéth the
standard model, full biomechanical recovery oftinaed bones can occur within 3-4 weeks in
young micé® and rat& in the absence of active treatments. Even ageatsib not promote
osteogenesis or chondrogenesis can increase sakugth in the standard closed fracture model

by delaying callus remodelir§.

Other models or model adaptations that mimic aspefdDNFs include local ischemfa,

adjacent muscle crushiffgsurgically open fractures periosteal damagg®® externally fixated
critical-size segmental defecfs” and non-rigidly-fixated osteotonfy.Some of these ‘higher
hurdle’ models require greater surgical intervem@amd expertise, which limits their use. But
delayed healing can also be induced by simple noadibns of the standard model, such as the

use of aged mic¥,aged ovariectomized rats (Figuré®r administering glucocorticoids.

The clinical landscape for fracture healing trialsand indications

Numerous clinical trials examined pharmacologigairaaches to accelerate fracture healifig,
with only a handful of successes, as describedbélm pharmacological agent or combination
product (drug plus delivery device) is FDA approved'accelerated fracture healing’, although
an ultrasound device, Exog@mwas approved for this indicatiGhln addition to biological
challenges, clinical trial settings can pose pcatithallenges to establishing efficacy. The
window for accelerating radiographic union or rattw-function can be narrow, with most
placebo patients reaching those endpoints witli@waveeks of each oth&r>? Improved
radiographic union rate is not always accompaniedihical improvements such as return-to-

function or reduced fracture healing complicatidhshich are increasingly relied upon as co-



primary endpoints. Regulatory approval pathwaysafmeleration of fracture healing remain
unclear’® and no drugs are currently approved for the préwerr treatment of DNFs. The only
medications approved for fracture healing are buoghogenetic proteins (BMPs) mixed with
osteoconductive carriers and administered to opatures, as described below. There remains a

clear unmet need for non-surgical and non-bioplaysnterventions that prevent or treat DNFs.

The Basics of Fracture Healing

Fracture healing begins with an injury-induced heme and inflammation, which promotes the
condensation of mesenchymal cells from the penosiendosteum, and bone marrow and their
subsequent differentiation along chondrocyte aneatdast lineages (Figure 2). The earliest
anabolic response involves intramembranous bomesfiton on the periosteum. This response
rarely bridges a fracture by itséffand fractures can heal withouf iut this periosteal bone
creates a more robust bony scaffold adjacent téréloture gap upon which the endochondral
phase can aét Bridging of the fractured ends usually occurs tigtoendochondral bone
formation, starting with chondrocyte productioneofartilaginous scaffold (soft callus) that
expands to bridge the fractured ends and then alirnes to form the rigid hard callus (Fig. 2).
The hard callus is then gradually remodeled byoaststs and osteoblasts until normal bone
geometry is re-establishédVhen rigid fixation is achieved in humans afterear-perfect
reduction, fractures can heal by osteoclasts tieatte tunnels across the fracture site that refill
with new bone. This healing, called osteonal, djrecprimary healing, occurs without a
cartilage intermediate or significant call’ﬁsMetaphyseal fractures can heal via bone formation

on existing trabecular elements, which represemghar form of primary healing with minimal



cartilage or callus. But most fractures heal bydbmabined effects of intramembranous and

endochondral bone formation.

Deficiencies or dysregulation of numerous procestessic to fracture repair can lead to
impaired healing, including inadequate intramembuanbone formation adjacent to the
fractured ends, insufficient cartilage formatiorthini the marrow space and fracture gap,
delayed or premature transition from cartilagedody and premature callus remodeling.
Angiogenesis plays an important role during theoehdndral response, and angiogenesis
inhibitors can severely impair callus formatitrgs can ischemia by other medhAn
insufficient early endochondral response, leadingpadequate cartilaginous callus, can

compromise bony union and also lead to a smates, $table hard callus post-unfori>°

Natural analogies to fracture healing and the impotance of chondrogenesis

and osteogenesis

Some fundamental aspects of fracture healing,quéetily the endochondral phase, have clear
parallels with long bone developmérf. The common reliance on endochondral bone formation
for fracture healing and long bone development tsdim natural processes that may be amplified
to prevent or treat DNFs. Maintaining chondrocytean undifferentiated and proliferative state
is important for creating cartilaginous scaffolg®uo which osteoblasts create trabeculae in the
developing growth plate as well as the hard callusng fracture healing. During development,
the acceleration of chondrocyte differentiation \@asociated with reduced growth plate
cartilage, inappropriate regional cartilage mineedlon, and impaired bone gromft%And

during fracture healing, accelerated chondrocyfferdintiation was associated with reduced soft



callus that can lead to a deficient hard calfSuch parallels are also evident in the abnormal
skeletal phenotyp&and impaired fracture healifig® of mice deficient in PTHrP, a key factor
in long bone development (Fig. 3). Converselystatlies showed that activation of the
PTH/PTHrP receptor (PTHR1) led to increased caeilm the growth plate of unfractured

femurs, and in the callus of fractured femrs.

The importance of chondrocytes and the cartilagg gnoduce is evident in high hurdle fracture
healing models. Delayed fracture healing in agetkmias associated with reduced
chondrogenesis compared with young niicsulin-resistant mice with impaired fracture
healing exhibited premature chondrocyte differdiuig® and accelerated soft callus
resorption®” leading to smaller calluses and prolonged nonuniosheep, reduced callus
cartilage caused by unstable fixation also ledefaykd uniorf® The impressive healing
potential of cartilage was shown by the abilitypafe cartilage grafts to heal critical size
segmental defects in mice. This healing was acashgl by cartilage graft mineralization and
bone formation, which may have been mediated byr#msdifferentiation of graft-derived

chondrocytes into osteobla$ts.

While cartilage is important for initial union, @onount of cartilage will successfully heal
fractures without its timely mineralization and legement with bone matrix. Prolongation of the
endochondral repair phase led to biomechanicafigidat calluses in sheel,and persistent
callus cartilage and its delayed conversion to bredeced fracture union in ratsDrug-induced
impairment of callus mineralization can also redcakus strengtfi? An ideal pharmacologic
profile for meeting the unmet needs of fracturelihganay involve the promotion or
maintenance of adequate cartilage to achieve unibite permitting or promoting its timely

conversion to mineralized bone once union is agdeXgents that only stimulate osteogenesis



can improve the structural integrity of united traes, but this effect alone may not improve

outcomes for established or pending nonunions.

Agents and Biological Pathways that Promote Fractug Healing

The scope of biological modifiers in this reviewimited to therapeutic classes that improved

fracture healing in multiple preclinical studiesdgarogressed clinically to fracture healing trials.

Bone morphogenetic proteins (BMPs)

BMPs are bone-derived osteoinductive agents tlaiaicien bone formation when implanted
subcutaneously or within bone defe&t® MPs act by promoting the differentiation of
mesenchymal stem cells into chondroblasts and liststs?® The predominant effect of BMPs is
to stimulate bone formaticH which increases hard callus development and csitesgth®*°
However, BMPs also stimulate chondrogenesis duhiagarly stages of fracture healing
(Figure 4)**°°Several BMPs and BMP receptors are expresseddtufied boné®*° and their
functional involvement is suggested by the inapidit mice lacking BMP-2 to initiate fracture

healing>*

A single clinical trial of BMP-7 (OP-1) was the Im$or its approval by the FDA for the
treatment of recalcitrant long bone nonunions wisesof autograft is unfeasible and alternative
treatments have failed.The trial tested BMP-7 mixed with a type | collagerrier, delivered to
open fractures in 63 patients with tibial nonuniohat least 9 months duration. An active

comparator group comprised 61 similar patientsdéckavith autologous bone graft. All patients



were treated with a locked intramedullary nail.ekf® months, similar and high percentages of
patients in each group exhibited healing baseddiographic assessments and fracture site
pain. BMP-7 was FDA-approved in 2001 under a hutaaian device exemption as an

alternative to autograff’.

BMP-2 was approved for fracture healing in the faiBMP-2 mixed with an absorbable
collagen sponge (ACS) delivered locally to opetirees. This combination product ‘device’,
known as INFUSE® Bone Graft, was FDA-approved i6£2€r use in acute tibial fractures
treated with an intramedullary nail within 14 da@fsnjury,”® based on data from a randomized
controlled trial of 450 patients with open tibighdture. A standard of care (SOC) group was
treated with reamed or unreamed intramedullaryfnation, while the BMP-2 group received
SOC plus BMP-2/ACS. The BMP-2 group exhibited rextlidsk of secondary interventions and
an increased rate of clinical and radiographicihgaf However, subsequent clinical trials of
BMP-2 in tibial fractures have not demonstratedcaffy. One trial of BMP-2/ACS in patients
with open tibial fracture treated with reamed intealullary nailing did not show improved
healing, and there was a trend toward a higheciiofe rate>> A trial testing BMP-2 in a
calcium/phosphate matrix, delivered percutanectastjosed tibial fractures, also failed to show

improvements in healing.

The use of BMPs carries some identified safetysri@8MPs can promote regional bone loss by

recruiting osteoclasts, which can lead to clinmahplications® BMPs are also associated with

other complications, including the risk of hetemitoossificatior™° Despite their prevalent use in
orthopedics through limited indicationSthere remains a need for alternative therapies wit

different biological effects and pharmaceuticalsgrgations. In particular, agents that can be



administered to closed fractures without speciai@a, grafts or graft substitutes would

represent a major advance.

PTH receptor (PTHR1) agonists

PTHR1 agonists have been widely investigated fastére healing.The endogenous PTHR1
agonists include parathyroid hormone (PTH) and Fdldted protein (PTHrP), which have

some distinct effects on PTH1R activafidand clear differences in their endogenous roles. T
fundamental role of PTH is to maintain calcium, @vhit does by stimulating bone resorption
and by promoting renal calcium reabsorption anedsiital calcium absorption. Endogenous
PTH generally reduces bone mass, as shown byghebbne mass of mice lacking endogenous
PTH(1-845° and humans with hypoparathyroidi§firet paradoxically, intermittent
administration of exogenous PTH(1-84) or its acfragment PTH(1-34) increases bone mass
by stimulating bone formation in excess of bonemgson. PTHrP and PTHrP analogs share this

interesting pharmacodynamic propetty?

PTH is not expressed in bone and is not induced &ificture, but its receptor PTHR1 is
expressed by many cell types, including chondracgtel osteoblast&®® Systemic PTH
deficiency in mice was associated with impairedtiree healing?* and exogenous PTH and
PTH fragments can increase fracture callus deasitystrengtd>®>**® PTH promotes early

chondrogenesis and also osteogenesis in fractudelsjo*>:°

which may have favorable
implications for treatment of DNFs. Indeed, seveese reports suggest PTH(1-34) may
promote healing of DNF¥.®° A non-placebo-controlled trial of elderly osteopidc women with

pelvic factures showed an increased rate of radpigc healing and some clinical improvements

in those treated with PTH(1-8#8) A placebo-controlled trial of PTH(1-34) in patisnith



closed distal radius fractures failed to achiesgriimary endpoint, but accelerated radiographic
healing was observed at the lower dose te€tAchon-placebo-controlled study of PTH(1-34) in
patients with proximal humerus fractures failedghow improvements in radiographic or clinical
healing’* No forms of PTH are currently approved for fraethealing, and no controlled

clinical trials formally studied whether PTH or P[H34) can prevent or treat DNFs.

PTHrP has some biological effects that overlap witise of PTH, along with some unique
attributes that suggest promise for promoting tnechealing. Unlike PTH, PTHrP has
fundamental endogenous roles in bone developmetracture healing. Whereas the primary
role of PTH is to maintain serum calcium, ofterthe&t expense of bone maSfTHrP is
considered an endogenous bone anabolic factoattsby promoting osteoblast differentiation,
survival, and activity? PTHrP also inhibits terminal chondrocyte diffefation, maintains
chondrocyte proliferation, inhibits chondrocyte pfosis, and prevents premature cartilage
mineralization®®”*"°PTHrP is expressed by osteoblasts during thengnabranous phase of
fracture healing, and by mesenchymal cells, pn@ifeg chondrocytes and osteoblasts during
the endochondral healing phd8&®THrP is functionally expressed in the intact grelfractured
periosteum of rodent<:"® Periosteal PTHrP mRNA was rapidly upregulatedactiured mouse
bone, and ablation of periosteal PTHrP impairedténe healing by reducing callus cartilage,
bony callus, and callus siZ2lt is tempting to speculate that the loss of pedal PTHrP
contributes to the strong inhibitory effects orcfrae healing that can result from periosteal

damagée?®?

Consistent with its endogenous role in the mainteaaf bone mass, exogenous PTHrP
administration has strong bone anabolic effectauimans and animals. An early PTHrP study in

rats indicated dose-dependent BMD gains that exatktte effects of PTH(1-34y.Recently,



abaloparatide, a selective PTH1R activator with blogy to PTHrP, was reported to cause
significantly greater BMD gains compared with PT¥¥) in postmenopausal womEPTHIP
and PTHrP analogs have yet to be clinically testddacture healing trials, but preclinical
studies indicate positive effects of PTHrP in mad#limpaired bone healing. A PTHrP analog
improved the density and strength of rabbit ostegteites, overcoming the detrimental effects
of glucocorticoid€® The negative impacts of glucocorticoids on fraetuealin§* may relate at
least in part to their ability to suppress boné meduction of PTHrP? Exogenous PTHrP
enhanced the size and density of calluses in deaivéte with impaired fracture healiffy

PTHrP administration also upregulated pro-angiogégtors in a diabetic bone regeneration
model®* The latter finding suggests the potential for PFIty overcome the suppression of
angiogenesis that can impair bone healing in desb&ndogenous PTHrP expression, which
was markedly reduced in the regenerate bone oéti@aimice, was largely restored by
exogenous PTHr# In healthy mice, PTHrP mRNA expression was uptagdl throughout the
post-fracture healing process, and PTH adminisindtirther increased PTHrP expression in the
healing fractures in association with enhanced dhmyenesis and osteogenesis (Fig°T)hus

it appears that bone anabolism through PTH1R dadivaan increase endogenous PTHrP
expression in fracture sites, which could perhapd ko a virtuous cycle that promotes
chondrogenesis and osteogenesis. An importanfaoEndogenous PTHrP in chondrogenesis

and osteogenesis was indirectly demonstrated bginegb fracture healing in PTHrP-deficient

mice (Figure 3¥°

These findings indicate that PTHR1 agonists exedrde biological effects that may favor
fracture healing. Endogenous PTHrP and exogenotisFPand PTH can maintain chondrocytes

in an undifferentiated and proliferative state whstimulating osteogenesis by osteoblasts. In



low- and high-hurdle fracture healing models, PTldnd PTH promoted the production and
maintenance of cartilaginous callus for bridging anion, while stimulating bone formation to
enhance callus strength. Clinical data with PTH{)Yshow some beneficial effects in
accelerating fracture healing, but it remains tedsted whether PTH, PTHrP or analogs thereof

can prevent or treat DNFs.

Activators of Wnt/p-catenin signaling

Recent comprehensive reviews have describedp#¢atéenin signaling pathwal/sand how they
may be leveraged in orthopedic settifijgvnts represent a large family of secreted fadtuas
activate signaling pathways, with prominent rolegmbryonic development and tissue
regeneratioff”> Wnts stimulate bone formation by activating lowsiéy lipoprotein receptor
related protein-5 (LRP5) or LRP6 and Frizzled coepors on the cell surface, which leads to
activation off-catenin signaliné.7 When endogenous Wnt inhibitors prevent Wnt from
activating these co-receptors, bone formation ppsessed’ Two prominent Wnt inhibitors are
sclerostin and DKK#® Inhibition of sclerostin or DKK1 via loss-of-furioh mutations or
inhibitory antibodies can increase bone formatiod Bone mass in intact anim&fsAntibodies
that inhibit DKK12° or sclerostin®* can also increase callus strength in animals with
experimental fractures, and their subcutaneou® rouddministration would potentially allow

for the treatment of open or closed fractures.

While other anabolic agents covered in this revaegvdirect receptor agonists, sclerostin and
DKK1 antibodies function as inhibitors of inhibigrThis may be an important distinction
because the timing, location and magnitude of &ffetsclerostin or DKK1 antibodies will

depend on the presence and levels of endogenarsstah, DKK1, and free Wnts. Sclerostin



antibody administration to rats increased skel®@NA expression of the Wnt inhibitarkkl

by nearly 10-fold and endogenous DKK1 appears to be one factotithiss the ability of
sclerostin antibodies to increase bone mass ahdsadtengtii® There are additional Wnt
inhibitors besides sclerostin and DkR that may also inhibit Wnt signaling despite the
administration of DKK1 or sclerostin antibodies. Bslhave their own endogenous inhibitors
that can reduce BMP receptor activatid®TH and PTHrP have no validated endogenous

inhibitors that impair PTH/PTHrP receptor activatio

The remainder of this section will focus on scléroantibodies because, unlike DKK1
antibodies, their anabolic effects on bone have lseeroborated in humani3Sclerostin
antibodies increased bone formation in a varietyrdfopedic models, including implarifs,
osteotomie€”®” bone defecté! and long bone fracturé&®® However, sclerostin antibodies have

f8:90:97-993nd several

not been shown to have pro-chondrogenic effed®ire healing mode
studies showed that sclerostin inhibition redut¢edvolume or balance of cartilage in fracture
calluses (Figure 69" **These findings align with developmental biologyendin Wntp-
catenin signaling appears to inhibit differentiatmf mesenchymal stem cells along the
chondrocyte lineage, while promoting their diffefiation to the osteoblast linead®.
Interestingly though, inhibition of Wrft/catenin signaling in the chondrocyte lineage of
transgenic mice with tibial fractures was assodiatéh a marked suppression of early callus
chondrogenesis, along with reduced bony callus dion and decreased callus stren§tfihus
while endogenous PTHrP appears to have similardicadoles during bone development and
fracture healing, the roles of Wpt¢atenin signaling in these two processes may bane

divergence. It is important to note that reductionsallus cartilage with sclerostin inhibition has

not been associated with any untoward effects afifgg presumably because bony callus



formation remains robust. However there is litthedence that sclerostin inhibition promotes
cartilage formation. Similarly, Wnt3a, a directigator of wntf-catenin signaling, has been
shown to promote skeletal repair via intramembramnather than endochondral bone
formation%? The effect of sclerostin antibodies or other attivs of Wntf3-catenin signaling in
bone may be limited to increased osteogenesisfaardose fractures destined to achieve union,
this effect should increase callus strength. Buafpending or established nonunion, it is not
clear that increased bone formation alone wouldavg outcomes. In a bony defect model
characterized by frequent nonunions, sclerostiibady provided minimal efficacy beyond the

modest addition of non-bridging bone at the defieatgins:®®

Two placebo-controlled clinical trials assessededtfiects of a sclerostin antibody
(romosozumab; AMG 785/CDP7851) on fracture healiige study (clinicaltrials.gov: NCT
00907296) involved adults with fresh tibial shaédtures treated with an intramedullary nail,
with the hypothesis that romosozumab would redadegraphic healing time. The other study
(clinicaltrials.gov: NCT01081678) involved adultsthva fresh unilateral hip fracture treated
with post-surgical fixation, with the hypothesisitliomosozumab would accelerate healing of
hip fractures and improve physical functioning. ltssof these studies had not been presented
publically as of early 2016, but the sponsors iatiid they would not pursue fracture healing
indications due to the nature of the efficacy rnessws well as recent regulatory guidance that
suggested challenges in achieving registratiomdoelerated fracture healify.When fracture
union and callus strength were assessed in anpralsto complete bridging and biomechanical

recovery, sclerostin inhibition did not lead to eletation of fracture healirig:*®



Fibroblast Growth Factor-2 (FGF-2)

FGF-2 is a potent mitogen with pleiotropic skeletatl extraskeletal effects. Systemically
injected recombinant FGF-2 increased bone formatimvariectomized rat$? and FGF-2
inhibited terminal differentiation of cultured chanocytes-°° suggesting FGF-2 may promote
osteogenesis and chondrogenesis. In a nonhumaatpratudy, internally fixated ulnar
osteotomies that were subjected to periostealpstigphad a 40% nonunion rate in a control
group treated with empty hydrogel carrier, whemhanimals in a group treated with FGF-2 in
hydrogel achieved uniof’ Biomechanical assessments of calluses that achievien showed
significantly greater strength in the FGF-2 grogpsus controls, consistent with increased
osteogenesis. Histology was not assessed untilgaled animals had stable calluses, so effects
of FGF-2 on cartilage could not be properly asseddenetheless, the combined effects of
increased union and increased strength of theypwost: calluses represents a high standard of
preclinical evidence, and suggests FGF-2 has ttenpal to prevent or treat DNFs. A placebo-
controlled clinical trial was conducted for FGF-idered percutaneously in hydrogel to closed
tibial fractures-’® Inclusion criteria included transverse or shotiepke fracture morphology,
which tend to heal more slowly than oblique or alpiractures. Over a 24-week period, a greater
percentage of patients in the FGF-2 group achiexéidgraphic union (bridging of all four
cortices). However there was no treatment effedherrate at which fractures showed bridging
of 3 of 4 cortices, and no difference in clinicebing endpoints. FGF-2 is not currently
indicated for fracture healing, and it is uncle&ether registration trials for FGF-2 will be

conducted.



Summary

The ultimate fates of FGF-2, sclerostin antibodiHPPTHrP and other bone-active factors for
fracture healing are unknown, but experiences thiédlse agents and with BMPs provide clues as
to the attributes of therapeutic agents that mayestay prevent or treat DNFs. All agents
summarized in this review can increase bone foonatiolume, density and strength. Some
agents (PTH, PTHrP, FGF-2) regulate the proliferatind differentiation of chondrocytes in
ways that maintain their ability to produce cagdawhereas sclerostin inhibitors and other
activators of Wnfi-catenin signaling appear to favor osteogenesis @wendrogenesis. Some
agents (BMPs and PTHrP) are expressed locally@amctibnally during fracture healing,
suggesting physiological roles during repair tlatld be pharmacological augmented. Some
agents are delivered to open fractures in spearalecs (BMP-2, BMP-7), while others can be
administered systemically (PTH, PTHrP, scleroshtiedy) or percutaneously to closed
fractures (FGF-2, and potentially PTH, PTHrP oesastin antibody). With the possible
exception of sclerostin antibody, for which cliflié@acture healing data have yet to be
published, each agent produced some benefits ienpatvith fractures, though none has been
tested in controlled clinical trials of patientsthvexisting DNFs or with closed fractures at high

risk of DNF.

DNFs have varying etiology and pathophysiology, émslunlikely that one therapy will have
universal utility in all at-risk patients. Genetic serum-based factors have been explored as a
way of identifying patients at risk for nonunitfi,and such biomarkers might someday help
tailor adjuvant therapies based on patient- antura-specific characteristics. In the meantime,
there seems to be a critical interplay during frechealing between cartilaginous and

osteogenic processes that may be exploited todalkomfluence outcomes for a range of DNFs.



A final proposal relates to translational aspeétsreclinical fracture models. Many agents
increase callus density and strength in the stan@alent closed fracture model, where union
and biomechanical recovery is likely without treatits, but agents under development for
DNFs require a higher level of preclinical evidefaeproof of concept. Increased callus
strength above and beyond that of unfractured maeommon finding in the literature that
does not by itself indicate potential to improve Bbutcomes. For research programs focused
on DNF indications, preclinical efficacy in a trmen-union model represents the strongest proof
of concept. Alternatively, modifications to thersdard closed fracture model can lead to delayed
healing, and treatment-related increases in cathesigth in these higher-hurdle models may
suggest the potential for improving DNF outcomesewrelying on the standard rodent fracture
model, hints of therapeutic potential for DNFs meguire biomechanical assessments at early
post-fracture time points, when strength recovemyritreated controls is far from complete.
Histologic assessments conducted before full strer@govery is also recommended to allow
proper evaluation of treatment effects on cartil&ge programs directed towards DNFs, a
promising histological profile may include an edrgrease in callus cartilage, followed (post-
bridging) by an increase in its mineralization @odversion to bone. This profile should lead to
improved strength of fractures that would have égaln their own, and may also promote union

and strength recovery of fractures that would not.
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Figure Legends

Fig. 1. Biomechanical strength recovery of internally gtagd closed femoral fractures created
in normal gonad-intact female rats at 8 weeks ef(adnite circles), and in OVX rats at 32 (grey
circles) or 50 (black circles) weeks of age. Anisnakre sacrificed at various time points after
fracture for biomechanical testing of callus bregKkioad by a 3-point bending test. Data
represent percentage of the non-fractured congralafiemur diaphysis, n = 3-10 per group per
time point. Fractured femurs from older OVX ratewied slower regain of strength compared

with young gonad-intact rats. Reproduced with pesion from Meyer et &f



Fig. 2. Stages of fracture healing in rodents subjectedtéwnally stabilized experimental long
bone fractures, as described by Bonnarens and EinhReproduced with permission from

Hadjiargyrou et at°

Fig. 3. Impaired long bone fracture healing in PTHrP hapkufficient mice compared with
wild-type (WT) mice. PTHrB" mice exhibited an early transient deficit in calkartilage a

more sustained deficit in callus size and boneasunDay 7 and 14 refer to the time after
creation of internally stabilized closed femoradiure. Data represent means + SD, n = 6/group.
* Significant differences versus wildtype (WT) cools, p<0.05. Reproduced with permission

from Wang et af’

Fig. 4. Recombinant human BMP2 (rhBMP2) induced cartiagmation during the repair of
stabilized closed long bone fractures in mice. Maeeived PBS (control) or 10 pg of rhBMP2
by direct injection into the fresh fracture sitadavere sacrificed 10 days later. Upper graph:
Total callus volume and callus cartilage volumeen&gnificantly greater in the rhBMP2 group
vs. PBS controls when measured by histomorphomé&days post-fracture (P<0.05). Lower
images: Safranin-O/Fast Green staining of callet@es, with a higher-magnification image
showing chondrocytes spanning the fracture lineithaear the left side of the inset. Reproduced

with permission from Yu et af?

Fig.5: Changes in PTHrP, Wnt signaling (i.e., beta-cagmmhondrogenesis and osteogenesis in
normal mice after creation of internally stabiliz&ddsed femur fractures. Mice were treated with

PTH(1-34) (30ug/kg/day) for 14 days post-fractitealing fractures were harvested at various



times and assessed by histology (left panels) &N analyses (right panels). Histology
sections obtained 5 and 10 days post-fracture stareed with Safranin O/fast green, which
labels cartilage and chondrogenic cells (red coltne right panels show that PTH(1-34)
increased MRNA expression of PTHrP, the chondragmairker Sox9, the osteogenic marker
Runx2, and the Wnt signaling marker beta-catenapr®duced with permission from Kakar et

al %6

Fig. 6. Histomorphometry of callus composition for normalld-type (WT) mice andsost
knockout (KO) mice subjected to internally stal@tizclosed femoral fractures. Data were
generated on samples collected 14 or 28 days pugtife. Data represent means and SEM, n =

6-10/group/time point.P<0.05 for SOST KO vs. WT. Reproduced with permisgrom Li et

al®®
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