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ABBREVIATIONS	  
	  

AAV	   Adeno-‐associated	  
virus	  

AAV-‐2	   Adeno-‐associated	  
virus,	  serotype	  2	  

Alk2	   Activin	  receptor-‐like	  
kinase-‐2	  

BMP	   Bone	  morphogenetic	  
protein	  

caAlk2	   constitutively	  active	  
Activin	  receptor-‐like	  
kinase-‐2	  

cDNA	   	   complementary	  DNA	  

DBM	   Demineralized	  bone	  
matrix	  

FGF-‐2	   Fibroblast	  growth	  
factor	  2	  

GAM	   	   gene	  activated	  matrix	  

GFP	   Green	  fluorescent	  
protein	  

ITR	   Inverted	  terminal	  
repeat	  

kb	   	   kilobases	  

Luc	   	   Luciferase	  

micro-‐CT	   micro-‐computed	  
tomography	  

M-‐CSF	   microphage	  colony	  
stimulating	  factor	   	  

MSCs	   Mesenchymal	  stem	  
cells	  

OP-‐1	   	   Ostegenic	  protein-‐1	  

OPG	   	   Osteoprotegrin	  

PDGF	   platelet	  derived	  
growth	  factor	  

PTH	   	   Parathyroid	  hormone	  

RANK	   Receptor	  activator	  of	  
nuclear	  factor	  κB	  

RANKL	   Receptor	  activator	  of	  
nuclear	  factor	  κB	  
ligand	  

rhBMP	   recombinant	  human	  
Bone	  morphogenetic	  
protein	  

rAAV	   recombinant	  Adeno-‐
associated	  virus	  

scAAV	   self-‐complementary	  
Adeno-‐associated	  
virus	  

SCID	   severe	  combined	  
immuno	  deficiency	  

ssAAV	   single	  stranded	  
Adeno-‐associated	  
virus	  

TGF-‐α	   tumore	  necrosis	  factor	  
alpha	  

TGF-‐β	   tumor	  necrosis	  factor	  
beta	  

TRAP	   Tartrate	  resistant	  acid	  
phosphatase	  	  

VEGF	   vascular	  endothelial	  
growth	  factor	  

RT-‐PCR	   Reverse	  transcriptase-‐
polymerase	  chain	  
reaction	  
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SUMMARY	  (English)	  
	  

Bone	  grafting	  is	  commonly	  used	  in	  reconstructive	  orthopaedic	  surgeries	  such	  as	  

spinal	   fusion,	   revision	   of	   failed	   total	   joint	   arthroplasty,	   or	   repair	   of	   skeletal	  

defects	  following	  trauma	  or	  the	  removal	  of	  tumor.	  Both	  experimental	  and	  clinical	  

studies	  have	  shown	  that	  fresh	  autogenous	  grafts	  are	  vastly	  superior	  to	  allograft	  

bone	  in	  graft	  repair	  and	  remodeling.	  In	  the	  case	  of	  autografts,	  both	  graft	  and	  host	  

bones	  contribute	  to	  the	  osteogenesis	  by	  delivering	  living	  cells	  that	  can	  produce	  

early	  new	  bone,	  growth	  factors	  and	  bone	  inducing	  substances.	  Following	  union	  

autografts	   continue	   to	   remodel	   and	   are	   sustained	   through	   normal	   bone	  

homeostasis.	   In	   contrast,	   since	   processed	   allograft	   does	   not	   contain	   any	   living	  

cells,	   healing	   relies	   upon	   invasion	   of	   the	   graft	   by	   host	   cells	   and	   tissues.	   The	  

consequent	  bone	   formation	   is	  delayed	  and	   insufficient	   and	   causes	  a	  20	   -‐	  25	  %	  

failure	  rate	  due	  to	  nonunion	  and	  fracture.	  Therefore,	  it	  is	  important	  to	  elucidate	  

the	  factors	  involved	  in	  autograft	  healing	  and	  to	  devise	  a	  method	  to	  transfer	  these	  

factors	   to	   processed	   allografts	   giving	   these	   grafts	   similar	   favorable	   healing	  

properties.	  	  

We	  have	  studied	  whether	  critical	  factors	  on	  the	  surface	  of	  allografts	  would	  lead	  

to	   autograft-‐like	   healing	   using	   local	   gene	   transfer	   mediated	   by	   freeze-‐dried	  

Adeno-‐associated	  viral	  vectors	  (rAAV).	  In	  order	  to	  improve	  allograft	  healing	  we	  

focused	  on	  affecting	  osteogenesis,	  angiogenesis	  and	  remodeling.	  

Collectively,	  the	  three	  studies	  demonstrate	  the	  efficiency	  of	   lyophilized	  rAAV	  to	  

confer	   bone-‐healing	   capacities,	   which	   are	   normally	   missing	   in	   processed	  

allografts.	   Several	   key	   factors	   in	   bone	   formation	   can	   be	   used	   to	   stimulate	  

allograft	   repair.	   We	   find	   that	   RANKL	   and	   VEGF	   are	   necessary	   for	   autograft	  

healing	  and	  can	  be	   transferred	  using	  rAAV	   to	  revitalize	  structural	  allografts.	   In	  

addition,	  the	  introduction	  of	  Bone	  morphogenetic	  protein	  signals	  on	  the	  cortical	  

surface	  of	  allografts	  leads	  to	  the	  formation	  of	  a	  new	  bone	  cortex	  and	  remodeling	  

that	   does	   not	   normally	   occur.	   Finally,	   we	   find	   that	   VEGF	   is	   able	   to	   induce	   a	  

significant	   increase	   in	   newly	   formed	   bone	   and	   remodeling.	   In	   conclusion	   our	  

results	  indicate	  that	  allografts	  coated	  with	  rAAV	  mediating	  gene	  transfer	  of	  key	  
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factors	  have	  the	  potential	  to	  improve	  allograft	  incorporation	  and	  repair.	  Further,	  

the	  method	  of	   freeze-‐drying	  AAV	   can	  be	  used	  on	   several	   kinds	  of	   biomaterials	  

and	  therefore	  is	  of	  general	  interest.	  
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SUMMARY	  (Danish)	  
	  

Knogletransplantation bruges ofte i ortopædkirurgi til spinal fusion, revision af total 

hofte alloplastik eller udbedring af segmentære knogledefekter efter tumor resektion 

eller traume. Både kliniske og eksperimentielle studier har vist, at autolog 

knoglegrafts (autograft) evne til remodellering og integration med værtsknoglen er 

langt bedre end donor knoglegrafts (allograft). Ved brug af friske autografter bidrager 

celler og osteoinduktive faktorer fra både graft og vært til knoglehelingen. Efter den 

tidlige knogledannelse fortsætter autograften med at remodellere, og på den måde 

vedligeholdes autograften som del af den naturlige knogleomsætning. En allograft har 

været frosset ned og indeholder derfor ingen levende celler, og heling kan 

udelukkende ske vha. værtsceller, som invaderer graften. Derved bliver 

knogledannelsen forsinket og ofte utilstrækkelig. Der opstår ophobning af 

mikrofrakturer, som inden for få år er årsag til, at 20 - 25 % af allografterne svigter, 

og der bliver behov for reoperation. Derfor er det vigtigt at identificere de faktorer, 

som er nødvendige for knogledannelse, revaskularisering og remodellering af knogler, 

samt at udvikle en metode til at overføre disse faktorer til allografter for derved at 

opnå en bedre heling.  

Vi har undersøgt, om tilførslen af vigtige faktorer til overfladen af allografter vil føre 

til forbedret knogledannelse og indvækst efter transplantation. Vi benyttede 

frysetørrede Adeno-associerede virale vektorer til at udtrykke faktorer med 

indflydelse på knogledannelse, kardannelse og remodellering.  

De 3 studier viser, at det er muligt at benytte frysetørret AAV til at tilføre allografter 

en forbedret knogledannelse og helingsevne. Flere forskellige faktorer centrale for 

knogledannelse kan benyttes til at stimulere denne knogleheling. Vi har vist, at 

Vascular endothelial growth factor (VEGF) og Receptor activator of nuclear factor-

κB ligand (RANKL) er nødvendige for autografters heling og at disse faktorer, som 

stimulerer karnydannelse og remodellering, kan overføres til overfladen af allografter 

vha. AAV. Derved opnås forøget knogledannelse og resorption af allograften. 

Derudover kan tilførslen af signaler for knogledannelse (Bone morphogenetic 

proteins), til knogleoverfladen af allografter, stimulere dannelsen af en ny knogle-

cortex, som omgiver allograften og desuden remodellering. Endelig viser vi, at VEGF 
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alene kan inducere en signifikant forøget mængde nydannet knogle og øget antal 

aktive osteoclaster på knogleoverfladen. Sammenfattende viser vores resultater, at 

allografter coated med AAV, som udtrykker nøgle-faktorer for knogleheling, kan 

forbedre allografters knogledannelse og integration. Frysetørret AAV kan også bruges 

i forbindelse med andre syntetiske materialer og er derfor af generel interesse.  
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INTRODUCTION	  
	  

Bone	   grafting	   is	   commonly	   used	   in	   reconstructive	   orthopedic	   surgery	   such	   as	  

revision	   of	   failed	   total	   hip	   arthroplasty,	   spinal	   fusion,	   or	   repair	   of	   segmental	  

skeletal	  defects	  after	  trauma	  or	  removal	  of	  tumors	  (6,	  7).	  Fractures	  exceeding	  a	  

certain	  “critical	  size”	  do	  not	  heal	  spontaneously	  (8).	  The	  lack	  of	  healing	  is	  named	  

“non-‐union”.	  This	  can	  lead	  to	  significant	  pain	  and	  impaired	  physical	  function,	  and	  

consequently	  a	  decline	   in	   the	  patient’s	  quality	  of	   life.	  The	   rate	  of	   fracture	  non-‐

union	  has	  been	  reported	  to	  range	  from	  4	  	  %	  to	  10	  %	  (9,	  10).	  Factors	  contributing	  

to	   delayed	   healing	   and	   non-‐union	   include	   open	   fractures,	   inadequate	   blood	  

supply,	  crushed	  or	  splintered	  bone,	  association	  with	  tumor	  or	  infection,	  smoking	  

and	  underlying	   chronic	   illness	   (11,	   12).	   Experimental	   and	   clinical	   studies	  have	  

shown	   that	   fresh	   autologous	   bone	   grafts	   are	   superior	   to	   devitalized	   allograft	  

donor	  bone	  in	  graft	  repair	  and	  remodeling	  (13).	  However,	  due	  to	  the	  limited	  size	  

of	  available	  autologous	  bone,	  and	  associated	  donor	  site	  morbidity,	  allograft	  bone	  

is	  widely	  used	  for	  large	  segmental	  defects.	  Autografts	  contain	  living	  cells,	  which	  

can	  contribute	  to	  the	  healing	  response	  with	  both	  proliferation	  and	  production	  of	  

critical	   factors.	   In	   contrast	   to	   this,	   allografts	   have	   been	   processed	   and	   do	   not	  

contain	   living	   cells.	   In	   this	   case	   the	   healing	   response	   rely	   on	   invasion	   of	   the	  

allograft	  by	  host	   cells.	  This	   invasion	   leads	   to	  a	  delayed	  and	   insufficient	  healing	  

response	   causing	   a	   20-‐25	   %	   failure	   rate	   due	   to	   non-‐union	   and	   fracture	   (14).	  

Therefore,	   it	   is	   important	   to	  elucidate	   the	   factors	   involved	   in	  autograft	  healing	  

and	   to	  device	   a	  method	   to	   transfer	   these	   factors	   to	  processed	   allografts	   giving	  

these	  grafts	  similar	  favorable	  healing	  properties.	  

Two	   approaches	   have	   been	   studied	   in	   order	   to	   confer	   properties	   of	   bone	  

regeneration	   to	   allografts.	   The	   first	   is	   to	   transplant	   mesenchymal	   stem	   cells	  

(MSCs)	   to	   promote	   bone	   formation	   from	   the	   graft	   followed	   by	   subsequent	  

vascularization	   and	   remodeling	   (15).	   For	   clinical	   applications	   this	   approach	   is	  

complicated	   due	   to	   questions	   such	   as	   cell	   source,	   manufacturing	   costs	   and	  

reproducibility.	  The	  second	  approach	  is	  to	  deliver	  the	  critical	  factors	  directly	  to	  

the	   surface	   of	   the	   allograft.	   For	   example	   the	   use	   of	   recombinant	   human	   bone	  

morphogenetic	   proteins	   (rhBMPs)	   to	   enhance	   bone	   formation	   is	   approved	   for	  
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certain	  orthopedic	  surgeries	  (16).	  This	  approach	  is	  restricted	  for	  large	  segmental	  

defects	   due	   to	   the	  need	  of	   high	  dose	   and	   fast	   degradation	   and	  diffusion	   of	   the	  

proteins	   in	   vivo	   (17).	   Localized	   gene	   transfer	   is	   an	   attractive	   alternative	  

procedure	   allowing	   sustained	   expression	   of	   specific	   factors	   stimulating	   bone	  

regeneration	  and	  repair	  from	  cells	  adjacent	  to	  the	  fracture	  site.	  

In	  this	  thesis	  we	  have	  studied	  whether	  addition	  of	  critical	  factors	  to	  the	  surface	  

of	   allografts	  will	   lead	   to	   autograft-‐like	   healing.	  We	   have	   focused	   on	   local	   gene	  

transfer	   mediated	   by	   Adeno-‐associated	   viral	   vectors	   to	   deliver	   these	   signals	  

efficiently.	  	  

	  

Biological	  aspects	  of	  bone	  grafts	  
	  

Autograft	  
In	  severe	  fractures	  it	  is	  possible	  to	  induce	  bone	  formation	  at	  the	  fracture	  site	  in	  

order	  to	  assist	  healing.	  The	  use	  of	  autogenous	  iliac	  crest	  bone	  is	  considered	  the	  

current	  best	  practice	  because	  it	  possesses	  the	  three	  properties	  required	  for	  bone	  

formation.	   It	   is	   (1)	  osteogenic,	   (2)	  osteoinductive	  and	   (3)	  osteoconductive	   (tbl.	  

1).	   Since	   the	   graft	   is	  harvested	   from	   the	  patient	   it	   is	   histocompatible	   and	  non-‐

immunogenic.	  However,	  there	  are	  several	  disadvantages	  to	  the	  use	  of	  autografts.	  

They	   can	   only	   be	   harvested	   in	   limited	   amounts.	   Furthermore,	   they	   require	   a	  

second	  surgical	  site,	  which	  increases	  the	  operation	  time	  and	  blood	  loss.	  Finally,	  

morbidity	  at	  the	  donor	  site	  is	  commonly	  reported.	  The	  primary	  reasons	  are	  pain	  

at	  the	  donor	  site	  and	  problematic	  scars.	  The	  frequency	  of	  donor	  site	  pain	  varies	  

with	   18-‐31	  %	   of	   the	   patients	   still	   experiencing	   pain	   after	   24	  months	   (18,	   19).	  

Complications	   to	   the	   harvesting	   procedure	   include	   superficial	   and	   deep	  

infection,	   vessel	   damage	   and	   nerve	   injury	   leading	   to	   an	   altered	   sensation	   (20,	  

21).	  
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Allograft	  
In	  large	  segmental	  bone	  defects	  it	  is	  often	  necessary	  to	  use	  large	  pieces	  of	  bone	  

from	   a	   donor	   (allograft)	   instead	   of	   autogenous	   bone.	   An	   allograft	   has	  

osteoconductive	   properties	   but	   only	   limited	   osteoinductive	   and	   no	   osteogenic	  

progenitor	   cells	   for	   biological	   incorporation	   (3).	   Still	   this	   type	   of	   graft	   is	  

commonly	   used	   for	   large	   structural	   defects	   in	   long	   bones	   providing	   structure	  

due	   to	   its	   innate	   load-‐bearing	   strength.	   The	   allograft	   has	   been	   processed	   by	  

freezing	   or	   by	   freeze-‐drying.	   As	   a	   result	   all	   living	   cells	   are	   destroyed	   to	   avoid	  

immunological	   reactions	   due	   to	   histocompatability	   mismatch.	   Instead	   the	  

allograft	   bone	   often	   induces	   a	   reaction	   comparable	   to	   a	   foreign	   body	   reaction	  

with	   the	  bone	  being	   enclosed	   in	   fibrous	   tissue.	   Furthermore,	   the	  processing	  of	  

the	   bone	   leads	   to	   mechanical	   changes	   associated	   with	   micro-‐cracks	   along	   the	  

collagen	  fibers,	  which	  makes	  it	  prone	  to	  failure	  (22).	  The	  clinical	  consequences	  of	  

these	   limiting	   factors	   are	   a	   20-‐25	  %	   failure	   rate	   of	   the	   bone	   allografts	   due	   to	  

infection,	  nonunion	  and	  fracture	  within	  3	  years	  (14)	  and	  up	  to	  60	  %	  within	  10	  

years	   (7,	   23).	   The	   limitations	   also	   implies	   that	   if	   the	   defect	   is	   associated	  with	  

infection	   or	   damaged	   soft	   tissue	   at	   the	   grafting	   site,	   the	   allograft	   has	   to	   be	  

combined	   with	   other	   graft	   substitutes	   which	   provide	   growth	   factors	   and	  

osteoprogenitor	  cells.	  Finally,	  there	  is	  a	  small	  risk	  of	  transmission	  of	  disease	  such	  

as	   hepatitis	   and	   HIV.	   Strict	   control	   to	   avoid	   this	   include	   donor	   screening	   and	  

repeated	  testing	  for	  infectious	  diseases.	  	  

Table	  1	  
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Synthetic	  matrix	  
Different	  kinds	  of	  synthetic	  matrices	  are	  used	  for	  bone	  grafting.	  The	  most	  widely	  

used	  clinically	  are	  ceramics	  composed	  of	  hydroxyappatite,	  tricalcium	  phosphate	  

or	   a	   combination.	   But	   also	   collagen	   and	   synthetic	   polymers	   based	   on	   e.g.	  

polylactic	   acid	   are	   used.	   They	   are	   all	   exclusively	   osteoconductive	   and	   they	  

possess	   little	   mechanical	   stability	   making	   them	   unsuited	   for	   applications	  

requiring	  significant	  impact	  or	  stress	  (3).	  

	  

	  

	  

	  

Repair	  and	  incorporation	  of	  bone	  grafts	  
	  

Fracture	  healing	  
The	  repair	  and	  incorporation	  of	  bone	  grafts	  is	  a	  regulated	  process	  very	  similar	  to	  

fracture	   healing.	   It	   consists	   of	   4	   phases:	   1.	   Inflammation	   and	   hematoma.	   2.	  

Cartilage	   formation.	  3.	  Primary	  bone	   formation.	  4.	  Remodeling	   (24).	  The	   initial	  

inflammatory	  response	  is	  triggered	  by	  the	  injury	  forming	  a	  fracture	  hematoma.	  

The	   dominant	   cell	   type	   in	   the	   hematoma	   is	   platelets.	   These	   cells	   initiate	   the	  

fracture	  repair	  by	  releasing	  numerous	  cytokines	  such	  as	  platelet	  derived	  growth	  

factor	  (PDGF)	  and	  transforming	  growth	  factor	  beta	  (TGF-‐β)	  (25).	  These	  proteins	  

elicit	   the	   inflammatory	  response	   leading	  to	  accumulation	  of	   inflammatory	  cells.	  

Thereafter	   these	   cells	   release	   chemotactic	   molecules	   in	   a	   spatial	   pattern	  

Table	  2	  Adapted	  from	  Gazdag	  A.R.	  et	  al	  (3).	  	  



Mette	  Koefoed,	  PhD	  dissertation	  2011	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  INTRODUCTION
	  

	   14	  

initiating	   the	   proliferation	   and	  differentiation	   of	  mesenchymal	   progenitor	   cells	  

from	  the	  periosteum,	  bone	  marrow	  and	  surrounding	  soft	  tissue	  into	  osteoblasts	  

and	   chondroblasts.	   Within	   the	   first	   days	   the	   repair	   stage	   begins	   leading	   to	  

intramembranous	   bone	   formation	   and	   endochondral	   ossification	   (26).	  

Intramembranous	   bone	   formation	   is	   a	   process	   where	   osteoblasts	   produce	  

unmineralized	  bone	  matrix	  –	  osteoid	  -‐	  on	  the	  surface	  of	  necrotic	  bone,	  which	  in	  

turn	   is	   resorped	  by	  osteoclasts.	   Intramembranous	  bone	   formation	   is	   limited	   in	  

rodents.	   In	   these	   animals	   healing	   predominantly	   occur	   through	   endochondral	  

bone	   formation	  (24).	  This	  starts	  with	  a	  cartilage	  scaffold	  giving	  rise	   to	   the	  soft	  

callus.	  During	   the	   later	  phases	   the	   soft	   callus	   is	   calcified	   and	   the	   chondrocytes	  

become	   hypertrophic	   and	   apoptic.	   Thereafter	   osteoclasts,	   which	   have	   been	  

downregulated	  in	  the	  early	  stages	  of	  fracture	  healing,	  are	  activated	  through	  the	  

elevation	  of	   systemic	   levels	  of	  parathyroid	  hormone	  (PTH)	  and	   tumor	  necrosis	  

factor	   alpha	   (TNF-‐α).	   The	   osteoclasts	   then	   begin	   to	   resorp	   bone,	   turning	   the	  

callus	  into	  mature	  lamellar	  bone	  (24,	  27).	  This	  process	  is	  known	  as	  remodeling	  

leading	  to	  restored	  anatomy	  and	  function	  of	  the	  broken	  bone.	  

	  

Graft	  repair	  
The	  successful	  healing	  of	  autologous	  bone	  is	  characterized	  by	  the	  contribution	  of	  

cells	   from	   both	   host	   and	   graft	   bone	   in	   the	   healing	   response.	   This	   results	   in	  

complete	   incorporation	   and	   remodeling	   of	   the	   autograft.	   In	   allograft	   bone	   the	  

situation	  is	  different.	  Since	  these	  grafts	  do	  not	  contain	  any	  living	  cells,	  the	  healing	  

relies	  upon	  invasion	  of	  the	  graft	  by	  host	  cells	  from	  the	  graft	  host	  boundaries.	  This	  

leads	  to	  bone	  formation	  restricted	  to	  the	  ends	  of	   the	  graft	   leaving	  the	  mid	  part	  

unaffected	   (fig.	   1).	   Furthermore,	   neovascularization	   is	   similarly	   limited	   to	   the	  

host-‐graft	   junction.	   Typically	   this	   type	   of	   allograft	   bone	   is	   not	   completely	  

replaced	   by	   new	   bone	   leaving	   a	   necrotic	   segment	   of	   the	   mid	   graft	   prone	   to	  

necrosis	  and	  fracture	  (28).	  



Mette	  Koefoed,	  PhD	  dissertation	  2011	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  INTRODUCTION
	  

	   15	  

	  

	  

Animal	  models	  of	  structural	  bone	  defects	  
Several	   animal	   models	   have	   been	   used	   to	   study	   the	   healing	   response	   during	  

fracture	  healing.	  Both	  rodent	  but	  also	  large	  animal	  models	  have	  been	  used	  (29,	  

30).	   The	   biology	   and	   anatomical	   differences	   between	   animals	   should	   be	   taken	  

into	   consideration	   when	   selecting	   animal	   model	   and	   interpreting	   the	   results.	  

Small	   rodents	   have	   a	   more	   simple	   bone	   structure	   without	   haversian	   canals,	  

which	   are	   seen	   in	   human	   bone.	   They	   heal	   primarily	   by	   endochondral	   bone	  

formation	   followed	   by	   remodeling	   at	   the	   fracture	   site	   by	   the	   osteoclastic	  

formation	  of	  resorption	  pits	  on	  the	  periosteal	  surface.	  In	  turn	  osteoblasts	  fill	  up	  

the	  pits	  with	  new	  bone.	  This	  is	  similar	  to	  full	  haversian	  remodeling	  but	  without	  

the	  formation	  of	  secondary	  haversian	  systems	  (30).	  There	  is	  little	  knowledge	  of	  

the	  implications	  of	  this	  anatomical	  difference.	  This	  is	  a	  problem	  with	  the	  use	  of	  

rodents	  for	  fracture	  research	  but	  there	  are	  several	  advantages.	  These	  include	  the	  

lower	   cost	   of	   rodent	   studies	   making	   it	   possible	   to	   use	   larger	   study	   groups,	   a	  

more	   widespread	   screening	   of	   possible	   therapeutic	   interventions	   and	   the	  

possibility	  of	  using	  transgenic	  mouse	  models.	  	  

	  

Murine	  femoral	  allograft	  model	  
For	  the	  animal	  studies	  in	  this	  thesis	  a	  murine	  femoral	  allograft	  model	  was	  used	  

(5).	   This	  model	   demonstrates	   the	  biological	   differences	  between	   autograft	   and	  

allograft	  healing.	  

Figure	  1	  Micro-‐CT	  pictures	  of	  autograft	  (A	  and	  C)	  and	  allograft	  	  (B	  and	  D)	  healing	  after	  6	  
weeks.	  The	  allograft	  shows	  an	  impaired	  callus	  formation	  and	  poor	  integration	  with	  
reduced	  remodeling	  (arrows),	  compared	  to	  the	  autograft	  (1).	  
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We	  used	  8	  –	  12	  weeks	  old,	  male	  C57Bl/6	  mice.	  To	  create	  a	  critical	  sized	  defect	  a	  

4	  mm	  segment	  of	   the	  mid	  shaft	  of	   the	  femur	  was	  removed	  by	  an	  electrical	  saw	  

and	   a	   freeze	   thawed	   graft	   from	   an	   allogenic	   strain	   of	   mice	   (allograft)	   was	  

immediately	   inserted	   and	   fixed	  with	   a	  metal	   pin	   through	   the	  marrow	   canal	   to	  

ensure	  a	  fairly	  rigid	  fixation	  (fig.	  2).	  Mechanical	  stability	  has	  been	  demonstrated	  

to	  be	  one	  of	  the	  most	  important	  factors	  of	  cortex-‐cortex	  bone	  healing	  facilitating	  

the	   ingrowth	   of	   blood	   vessels	   and	   host	   bone	   (31,	   32).	   The	   used	   stabilization	  

method	  is	  adapted	  from	  a	  widely	  used	  model	  of	  fracture	  healing	  (33).	  	  

Using	   this	   model	   Tiyapatanaputi	   et	   al.	   	   (5)	   have	   shown	   that	   autograft	   repair	  

exhibits	  coordinated	  endochondral	  bone	  formation	  at	  the	  host-‐graft	  junction.	  At	  

the	   cortical	   surface	   of	   the	   graft	   the	   periosteum	  gives	   rise	   to	   intramembranous	  

bone	  formation	  after	  2	  weeks.	  All	  autografts	  were	  healed	  after	  4	  weeks.	  This	   is	  

similar	  to	  what	  have	  been	  shown	  in	  other	  animal	  models	  and	  in	  clinical	  studies	  

(7,	  34).	  In	  contrast	  the	  allografts	  (and	  frozen	  isografts	  as	  well)	  show	  no	  evidence	  

of	   intramembranous	   bone	   formation.	   In	   fact	   the	   mid	   part	   of	   the	   graft	   was	  

enclosed	  in	  fibrous	  tissue.	  The	  formation	  of	  new	  bone	  was	  completely	  dependent	  

on	  the	  host	  at	  the	  host-‐graft	  boundary	  (5).	  By	  5	  weeks	  only	  85%	  of	  the	  allografts	  

were	  healed	  at	  the	  host-‐graft	  junction.	  Furthermore,	  numerous	  osteoclasts	  were	  

present	   on	   the	   surface	   of	   autografts	   after	   4	   weeks	   initiating	   the	   remodeling	  

process.	  However,	   only	   few	  osteoclasts	  were	   observed	   on	   the	   allograft	   surface	  

indicating	  the	  allograft	  was	  not	  integrated	  into	  the	  renewal	  and	  turnover	  of	  bone.	  

There	  was	  no	  difference	  between	  allografts	  and	  frozen	  isografts	  in	  regard	  to	  new	  

Figure	  2	  A	  metal	  pin	  was	  inserted	  through	  the	  marrow	  cavity	  of	  the	  femur	  to	  illustrate	  the	  
created	  4	  mm	  defect	  (A).	  Then	  a	  piece	  of	  allograft	  bone	  (B)	  was	  inserted	  into	  the	  defect	  
followed	  by	  fixation	  and	  post-‐oprative	  x-‐ray	  (C).	  
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bone	   formation	   and	   resorption	   of	   the	   grafts,	   suggesting	   that	   an	   immunogenic	  

response	  does	  not	  affect	  the	  graft	  healing	  in	  this	  model	  (fig.	  3).	  This	  is	  consistent	  

with	   recent	   clinical	   data	   (35).	   In	   addition,	   it	   has	   been	   demonstrated	   that	   the	  

formation	  of	  new	  blood	  vessels	   in	  allograft	  repair	   is	  restricted	  to	  the	  host-‐graft	  

junction.	  This	  was	  shown	  after	   injection	  of	  a	  contrast	  agent	   followed	  by	  micro-‐

computed	   tomography	   (micro-‐CT)	   scans	   (36).	   	   This	   result	   suggests	   that	   the	  

requirement	   for	  a	   functional	  vascular	  network	   is	  very	   important	   to	  give	  access	  

for	   vital	   progenitor	   cells	   to	   the	   devitalized	   graft.	   More	   over,	   Zhang	   et	   al.	   (36)	  

showed	   that	   the	   lack	   of	   a	   live	   periosteum	   is	   a	   major	   shortcoming	   of	   the	  

processed	   allografts.	   Isografts	   from	   ROSA	   26A	   mice	   expressing	   beta-‐

galactosidase	   constitutively	   were	   inserted	   into	   wild	   type	   control	   mice.	   X-‐gal	  

staining	   after	   10	   days	   revealed	   that	   70	  %	   of	   the	   newly	   formed	   bone	   could	   be	  

attributed	   to	   the	   proliferation	   and	   differentiation	   of	   donor	   progenitor	   cells	   on	  

the	   surface	   of	   inserted	   live	   bone	   grafts.	   Subsequently,	   the	   donor-‐derived	   cells	  

were	  substituted	  by	  host	  cells	  and	  at	  

day	   28	   only	   few	   donor-‐derived	   cells	  

were	   present	   in	   the	   sections.	  

Furthermore,	   the	   donor	   cells	  

contributed	   to	   neoangiogenesis	  

demonstrated	   by	   x-‐gal	   staining	   of	  

endothelial	   cells	   within	   the	   newly	  

formed	  bone	  (36).	  Off	  note	  is	  also	  that	  

the	   removal	   of	   the	   periosteum	   from	  

the	   isograft	   led	   to	   allograft	   like	  

healing.	   This	   resulted	   in	   bone	  

formation	   at	   the	   graft	   ends	   being	  

largely	  dependent	  on	  the	  host	  and	  the	  

formation	   of	   fibrotic	   tissue	   at	   the	  

graft	  surface.	  In	  contrast,	  the	  removal	  

of	   bone	   marrow	   cells	   from	   the	  

isograft	   did	   not	   alter	   the	   healing	  

process,	   underlining	   the	   importance	  

of	   the	   periosteum	   for	   healing	   in	   this	  

Figure	   3	   Radiographic	   healing	   of	  
autografts,	   isografts,	   and	   allografts	   in	   the	  
murine	   model.	   Bone	   healing	   was	  
monitored	   by	   x-‐rays	   taken	   at	   2,3	   and	   4	  
weeks	   post-‐grafting.	   A	   decrease	   in	   bone	  
callus	  was	   observed	   surrounding	   isografts	  
and	  allografts	  compared	  to	  autografts	  (5).	  	  
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model.	  Finally,	   the	  biomechanical	  performance	  of	  the	  grafts	  was	  evaluated.	  The	  

autografts	   are	   superior	   to	   allografts	   at	   6	   weeks	   after	   implantation	   both	   with	  

regards	  to	  torsional	  stiffness	  and	  ultimate	  torque.	  The	  biomechanical	  properties	  

of	  allografts	  were	  equivalent	  to	  autografts	  at	  9	  weeks	  but	  decreased	  significantly	  

at	   12	   and	   18	  weeks.	   The	   biological	   and	   biomechanical	   properties	   of	   auto-‐	   and	  

allograft	  healing	  demonstrated	  in	  this	  model	  resemble	  what	  has	  been	  shown	  in	  

both	  other	  animal	  models	  and	  clinical	  studies	  (6,	  37-‐39).	  

	  

	  

Critical	  factors	  and	  osteoinductive	  cells	  
	  

Attempts	   to	   overcome	   the	   limitations	   of	   bone	   graft	   repair	   include	   strategies	  

focusing	   on	   the	   two	   shortcomings	   of	   allografts:	   (i)	   the	   need	   for	   critical	   factors	  

and	  (ii)	  the	  need	  for	  osteoprogenitor	  cells	  at	  the	  fracture	  site.	  	  

	  

Demineralized	  bone	  matrix	  
Osteoinductive	  properties	   can	  be	   introduced	   through	   the	  use	   of	   demineralized	  

bone	  matrix	   (DBM).	  This	  material	   possesses	  minor	  osteoconductive	  properties	  

as	  well	  but	  no	  structural	  strength.	  DBM	  is	  produced	  by	  acid	  extraction	  of	  bone	  

derived	   from	   human	   banked	   allograft	   bone.	   It	   consists	   of	   noncollagenous	  

proteins,	   bone	   growth	   factors	   and	   collagen.	   Among	   others	   it	   contains	   Bone	  

morphogenetic	  protein	   (BMP)	   -‐2,	   -‐4	  and	   -‐7	   in	  different	  amounts	  dependent	  on	  

the	   donor	   bone	   it	   originates	   from	   and	   the	   sterilization	   process	   used.	   Thus	   the	  

efficacy	  and	  osteoinductive	  properties	  between	  samples	  differ.	  Furthermore,	  the	  

amount	  of	  BMP-‐2	  and	  BMP-‐7	  is	  limited	  and	  lower	  than	  what	  is	  needed	  for	  rhBMP	  

clinical	  studies	  (40).	  DBM	  can	  promote	  bone	  repair	  and	  have	  been	  widely	  used	  

as	   a	   graft	   substitute	   for	   smaller	   defects	   or	   a	   bone	   graft	   extender	   in	   clinical	  

studies	  (41-‐43).	  
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Recombinant	  proteins	  
The	   introduction	   of	   critical	   factors	   through	   the	   use	   of	   recombinant	   proteins	  

added	  to	  the	  fracture	  site	  has	  been	  successful	  both	  in	  preclinical	  animal	  studies	  

and	  in	  clinical	  trials	  (44,	  45).	  The	  most	  abundantly	  used	  proteins	  are	  BMP-‐2	  and	  

BMP-‐7	   (also	  known	  as	  osteogenic	  protein-‐1	   (OP-‐1)).	  The	  cloning	  of	   the	  human	  

BMP-‐2	  gene	  made	  it	  possible	  to	  produce	  recombinant	  protein	  in	  large	  quantities.	  

rhBMP	  are	  now	  approved	   for	   a	   limited	  number	  of	   orthopedic	   surgeries.	   These	  

proteins	   are	   sold	   in	   combination	  with	   a	   carrier	   leading	   to	   slow	   release	   of	   the	  

rhBMP	  after	  insertion	  into	  the	  fracture	  site.	  In	  spite	  of	  several	  promising	  in	  vivo	  

large	  animal	  studies,	  the	  effect	  of	  rhBMP	  in	  clinical	  studies	  has	  been	  limited.	  One	  

reason	  is	  difficulties	  in	  maintaining	  sufficient	  levels	  of	  protein	  at	  the	  fracture	  site	  

required	  to	  achieve	  bone	  repair	  in	  humans	  due	  to	  fast	  protein	  degradation	  (17).	  

Another	   reason	   is	   that	   humans	   seem	   to	   be	   less	   responsive	   to	   rhBMP	   than	  

animals	  maybe	  due	  to	  differences	  in	  receptor	  affinity.	  This	  has	  made	  it	  necessary	  

to	   use	   supraphysiological	   doses	   of	   rhBMP.	   Finally,	   there	   have	   been	   reports	   of	  

adverse	   effects	   in	   relation	   to	   the	   use	   of	   rhBMP.	   Recently,	   heterotopic	   bone	  

formation	   has	   been	   reported	   even	   at	   low	   dose-‐BMP	   levels	   as	   well	   as	   acute	  

airway	   obstruction	   caused	   by	   soft	   tissue	   swelling	   induced	   by	   an	   inflammatory	  

response	  4-‐7	  days	  after	  cervical	  spine	  fusion	  (46,	  47).	  Thus	  there	  is	  a	  continuous	  

uncertainty	   about	   the	   potential	   of	   the	   use	   of	   rhBMP.	   However,	   rhBMP	   can	   be	  

used	  for	  some	  clinical	  applications	  although	  there	  is	  a	  need	  for	  further	  controlled	  

clinical	  trials	  to	  establish	  the	  benefits	  and	  indications	  for	  use	  (16,	  48).	  

	  

Osteoprogenitor	  cells	  
Mesenchymal	   stem	   cells	   (MSCs)	   are	   derived	   from	   different	   tissues	   including	  

bone	  marrow,	  adipose	  tissue,	  skeletal	  muscle	  and	  umbilical	  cord	  blood	  (49-‐52).	  

These	   cells	   possess	   the	   ability	   to	   proliferate	   and	   differentiate	   into	   different	  

lineages	  including	  bone,	  cartilage	  and	  adipocyte	  cells	  (50).	  For	  the	  repair	  of	  large	  

bone	  defects	  the	  MSCs	  have	  been	  combined	  with	  scaffolds	  or	  matrixes	  to	  provide	  

an	   osteoconductive	   scaffold	   containing	   cells	   able	   to	   (i)	   proliferate	   and	  

differentiate	   into	   bone	   or	   cartilage	   forming	   cells	   and	   (ii)	   to	   produce	  

osteoinductive	  factors	  which	  recruit	  and	  activate	  osteoprogenitor	  cells	  from	  the	  

host	   thereby	   increasing	   the	   reparative	   response.	   Zhang	   et	   al.	   have	   shown	   that	  
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MSCs	   were	   not	   on	   their	   own	   efficient	   for	   the	   induction	   of	   solid	   bridging	   and	  

integration	   when	   using	   the	   previously	   described	  murine	   allograft	   model	   (36).	  

Several	   groups	   have	   studied	   the	   use	   of	  MSCs	   combined	  with	   polymer-‐carriers	  

(53-‐55).	   Some	   of	   the	   problems	   with	   this	   type	   of	   tissue	   engineering	   approach	  

include	  poor	  vascularization	  of	  large	  scaffolds	  leading	  to	  a	  limited	  life	  span	  of	  the	  

seeded	  cells	  due	  to	  insufficient	  nutrition	  and	  hypoxia	  (56-‐58).	  Furthermore,	  the	  

tissue	   engineering	   constructs	   tested	   so	   far	   have	   not	   been	   able	   to	   carry	   heavy	  

loads	  making	  them	  less	  useful	  for	  the	  repair	  of	  large	  load-‐bearing	  defects	  (58).	  

	  

	  

Gene	  transfer	  
	  

To	  overcome	  the	  limitations	  associated	  with	  in	  vivo	  use	  of	  recombinant	  proteins	  

and	  MSCs	  alternative	  strategies	  are	  being	  explored.	  Several	  groups	  have	  studied	  

approaches	  based	  on	  localized	  gene	  transfer.	  In	  this	  way	  it	  should	  be	  possible	  to	  

achieve	   controlled	   delivery	   of	  

factors	   either	   alone	   or	   in	  

combination	   with	   cells	   for	   bone	  

formation	  (59-‐62).	  	  

	  Gene	   therapy	   involves	   the	   transfer	  

of	   genetic	   information	   to	   patient	  

cells	   and	   the	   consequent	   synthesis	  

of	  RNA	  or	  protein	  in	  target	  cells	  for	  

therapeutic	  purposes.	  Gene	  therapy	  

has	   been	   tested	   for	   treatment	   of	  

inherited	   disorders	   such	   as	   Cystic	  

Fibrosis	   and	   Hemophilia	   (63,	   64).	  

Furthermore	   it	   is	   tested	   clinically	  

for	  other	  diseases	  including	  various	  

cancers	   (65),	   arthritis	   (66),	  

Table	  3	  Diseases	  addressed	  by	  ongoing	  or	  
completed	  clinical	  trials	  worldwide	  in	  
2010	  (2).	  
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Parkinson	   disease	   (67)	   and	   congenital	   eye	   disease	   (68).	   More	   than	   1600	  

protocols	   of	   gene	   therapy	   clinical	   trials	   have	   been	   approved	  worldwide	   up	   till	  

2010	  (tbl.	  3)	  (2).	  	  

In	  the	  context	  of	  bone	  healing	  the	  research	  still	  occur	  at	  the	  preclinical	  level.	  For	  

bone	   tissue	   repair	   the	   aim	   is	   to	   deliver	   genes	   for	   osteogenic	   factors	   to	   the	  

fracture	   site	   allowing	   local	   transcription,	   translation	   and	   expression	   of	   the	  

osteogenic	  protein.	  Continuous	  gene	  expression	  at	  low	  levels	  are	  less	  likely	  than	  

the	  bolus	  application	  needed	  for	  recombinant	  protein	  therapy	  to	  elicit	  systemic	  

spread,	   ectopic	   bone	   formation	   and	   it	   may	   reduce	   the	   risk	   of	   eliciting	   an	  

inflammatory	  or	   immune	  response	  (69).	  The	  key	  questions	  of	  gene	  therapy	   for	  

bone	   fracture	   repair	   are	  where	   to	   deliver	   the	   genes,	   how	   to	   deliver	   them	   and	  

what	  genes	  to	  deliver.	  Moreover	  safety	  is	  of	  utmost	  importance	  since	  fracture	  is	  

not	  a	  life-‐threatening	  disease.	  Given	  that	  fracture	  repair	  naturally	  occurs	  locally	  

most	   research	   has	   focused	   on	   the	   delivery	   of	   the	   therapeutic	   gene	   directly	   to	  

cells	   localized	   in	   near	   proximity	   to	   the	   fracture	   (70-‐72).	   This	   allows	   a	   more	  

efficient	  local	  gene	  transfer,	  less	  side	  effects	  and	  hopefully	  increased	  safety.	  	  

	  

	  

Vector	  systems	  
	  

On	   its	   own	   DNA	   is	   very	   insufficient	   in	   crossing	   both	   the	   cell	   and	   nuclear	  

membranes	  because	  of	  its	  high	  polarity.	  As	  a	  result,	  various	  carrier	  systems	  have	  

been	  developed	  facilitating	  the	  delivery	  and	  expression	  of	  transgenes	  in	  the	  cell	  

nucleus.	  These	  vector	  systems	  can	  be	  divided	  into	  viral	  and	  nonviral	  vectors.	  The	  

disadvantages	  associated	  with	  viral	  vectors	  include	  difficulties	  in	  the	  production,	  

but	  most	  of	  all	  the	  concern	  for	  safety.	  	  The	  viral	  vectors	  are	  associated	  with	  a	  risk	  

of	  immune	  responses	  towards	  the	  vector,	  integration	  into	  the	  genome	  to	  disrupt	  

normal	  gene	  function	  and	  recombination	  (73).	  In	  spite	  of	  these	  concerns	  they	  are	  

still	  used	   for	   the	  majority	  of	  clinical	   trials	   (almost	  70	  %)	  due	  to	  a	  much	  higher	  

efficiency	   compared	   to	   the	   nonviral	   vectors	   in	   general	   (2).	   Viral	   vectors	   are	  

derived	   from	  wildtype	   viruses	   having	  most	   viral	   genes	   removed	   except	   genes	  
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required	   for	   the	   vector	   to	   transfer	   and	   express	   the	   gene	   of	   interest.	  

Consequently,	  most	  of	  the	  pathogenicity	  and	  the	  ability	  to	  replicate	  and	  produce	  

new	  infectious	  viral	  particles	  have	  been	  eliminated.	  Viral	  vectors	  most	  often	  used	  

for	   bone	   healing	   studies	   are	   adenovirus,	   retrovirus	   including	   lentivirus	   and	  

adeno-‐associated	  virus	  (29,	  74).	  Each	  of	  these	  viral	  systems	  has	  advantages	  and	  

limitations.	  

	  

Adenoviral	  vectors	  
Adenovirus	   is	   a	   double	   stranded	  DNA	   virus.	   Adenoviral	   vectors	   can	   transduce	  

many	   different	   kinds	   of	   cells	   with	   high	   efficiency	   including	   both	   dividing	   and	  

non-‐dividing	   cells.	   These	   vectors	   only	   integrate	   into	   the	   host	   genome	   at	   low	  

frequency	  most	  often	   leading	   to	   transient	  gene	  expression.	  However,	   there	   is	  a	  

concern	  that	  2	  –	  3	  weeks	  of	  protein	  production	  may	  not	  induce	  an	  adequate	  bone	  

repair	   in	   vivo	   (37).	   The	   natural	   (wildtype)	   adenovirus	   frequently	   cause	  

infections	  of	  the	  upper	  respiratory	  tract,	  gastrointestinal	  and	  conjunctivitis	  (75).	  

As	   a	   consequence	   most	   people	   have	   neutralizing	   antibodies.	   Therefore,	   the	  

administration	  of	   the	  vector	  can	  elicit	  a	  severe	   innate	   immune	  response,	  which	  

can	  be	  fatal	  (76).	  In	  1999	  this	  led	  to	  a	  pause	  in	  the	  use	  of	  the	  adenoviral	  vector	  in	  

human	  gene	  therapy	  trials	  but	  still	  it	  has	  been	  widely	  used	  for	  preclinical	  studies	  

of	  fracture	  repair.	  	  

	  

Retroviral	  and	  Lentiviral	  vectors	  
The	  retroviruses	  including	  the	  lentiviruses	  are	  RNA	  viruses.	  After	  infection	  of	  the	  

cell,	  the	  viral	  RNA	  is	  reverse	  transcribed	  into	  DNA	  followed	  by	  insertion	  into	  the	  

host	  cell	  genome.	  Thereafter	  the	  introduced	  genetic	  material	  is	  replicated	  as	  part	  

of	   the	   host	   genome	   and	   passed	   on	   to	   the	   next	   generation	   of	   cells	   allowing	   for	  

long-‐term	   gene	   expression.	   This	   can	   be	   beneficial	   for	  monogenic	   diseases	   like	  

hemophilia	   where	   life	   long	   treatment	   is	   necessary.	   The	   integration	   process	  

causes	   the	   risk	   of	   insertional	  mutagenesis.	   This	   has	   led	   to	   the	   development	   of	  

leukemia	   in	   children	   treated	   for	   severe	   combined	   immuno	   deficiency	   (SCID)	  

(77).	   Another	   limitation	   of	   retroviral	   vectors	   is	   that	   host	   cell	   division	   is	  

necessary	   for	   successful	   transduction	   (78).	   This	   has	   led	   to	   widespread	   use	   of	  
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lentiviral	  vectors	  since	  these	  posses	  the	  ability	  to	  transduce	  postmitotic	  cells	  like	  

neurons,	   skeletal	   muscle	   and	   retinal	   cells	   (73).	   Lentiviral	   vectors	   have	   been	  

modified	  to	  reduce	  the	  risk	  of	  integration	  (79)	  but	  since	  the	  most	  used	  lentiviral	  

vectors	  are	  derived	  from	  HIV	  it	  will	  be	  problematic	  to	  achieve	  permission	  for	  a	  

clinical	  trial	  with	  non	  life-‐threatening	  diseases.	  

	  

Recombinant	  Adeno-associated	  viral	  vectors	  
Vectors	  based	  on	  adeno-‐associated	  virus	  (AAV)	  are	  commonly	  regarded	  as	  safe.	  

This	   virus	   is	   a	   non-‐pathogenic	   parvovirus	   and	   it	   has	   not	   been	   associated	  with	  

human	  disease.	   It	   is	  dependent	  on	  co-‐infection	  with	  a	  helper	  virus	   (most	  often	  

adeno-‐	  or	  herpes	  virus)	   for	  productive	   infection.	   If	  a	  helper	  virus	   is	   lacking	  the	  

AAV	  latently	  infects	  the	  cell.	  The	  natural	  (wildtype)	  AAV	  tends	  to	  integrate	  into	  

the	  host	  genome	  in	  a	  site-‐specific	  manner	  in	  chromosome	  19	  (80).	  Recombinant	  

AVV	  (rAAV)	  rarely	   integrates	  and	   the	  majority	  persists	  as	  nuclear	  concatemers	  

formed	  by	  head	  to	  tail	  recombination	  leading	  to	  a	  higher	  safety	  profile	  (81).	  The	  

AAV	  has	  a	   linear	   single	   stranded	  DNA	  genome	   (ssAAV)	   that	   is	  4.7	  kb,	  but	  only	  

145	   bp	   at	   each	   end	   –	   the	   inverted	   terminal	   repeats	   (ITR)	   –	   are	   required	   for	  

packaging	  of	  the	  therapeutic	  transgene	  into	  viral	  particles	  and	  internalization	  of	  

the	  virus.	  In	  the	  recombinant	  viral	  vector	  the	  remainder	  of	  the	  genome	  is	  deleted	  

including	   the	   viral	   proteins	   (82).	   This	   leaves	   only	   the	   viral	   capsid	   and	   the	  

transgene	   as	   possible	   antigens	   to	   the	   host	   reducing	   the	   likelyhood	   of	   an	  

immunogenic	  response.	  The	  most	  commonly	  used	  AAV	  vector	  is	  the	  serotype	  2	  

(AAV-‐2).	  Most	  people	  have	  antibodies	  against	  AAV-‐2	  and	  32	  %	  have	  neutralizing	  

antibodies	   (83),	   which	   reduces	   the	   transduction	   efficiency	   and	   makes	  

readministration	   problematic.	   To	   avoid	   this	   problem	   several	   other	   serotypes	  

have	   been	   investigated,	   and	   some	   of	   these	   have	   a	   lower	   seroprevalence	   in	  

humans.	  Furthermore,	  the	  different	  serotypes	  targets	  different	  tissues	  and	  cells	  

allowing	   targeted	   transgene	   delivery.	   For	   example	   serotype	   6	   targets	   skeletal	  

muscle	  and	  serotype	  8	   show	  specific	   tropism	   for	   liver	   cells	   (84,	  85).	  The	   rAAV	  

transduces	  both	  dividing	  and	  non-‐dividing	  cells.	  But	  these	  vectors	  depend	  on	  the	  

host	   cell	   replication	   to	   generate	   a	   double	   stranded	   DNA	   template	   needed	   for	  

mRNA	  transcription.	  In	  postmitotic	  cells	  this	  characteristic	  can	  delay	  the	  onset	  of	  
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transgene	   expression.	   In	   order	   to	   circumvent	   this	   self-‐complementary	   AAV	  

(scAAV)	   were	   constructed.	   These	   vectors	   have	   a	   pseudo-‐double	   stranded	  

genome	   attained	   by	   a	   small	   deletion	   in	   one	   of	   the	   ITRs	   resulting	   in	   a	   dimeric	  

genome	   linked	  by	  a	  mutant	   ITR,	  which	   can	   serve	  as	   template	   for	   transcription	  

immediately	  after	  transduction.	  These	  vectors	  are	  more	  efficient	  but	  they	  have	  a	  

limited	  packaging	  capacity	  (2.15	  kb)	  (86).	  Increased	  efficiency	  allows	  the	  use	  of	  a	  

reduced	   amount	   of	   viral	   vector	   particles	   and	   thereby	   less	   risk	   of	   an	   immune	  

response.	  Recently,	  further	  progress	  has	  been	  made	  to	  increase	  the	  transduction	  

efficiency.	   It	  has	  been	  demonstrated	   that	   the	  exchange	  of	  single	  amino	  acids	   in	  

the	  capsid	  made	  the	  vectors	  less	  prone	  to	  ubiquitination	  and	  degradation	  before	  

entry	   into	   the	   nucleus	   leading	   to	   a	   100-‐fold	   increase	   in	   efficiency	   (87,	   88).	  

Because	  of	  the	  efficiency,	  possibility	  of	  targeted	  delivery,	  low	  immune	  response	  

and	  the	  mainly	  episomal	  nuclear	  form	  the	  rAAV	  are	  promising	  for	  gene	  transfer	  

in	  the	  musculoskeletal	  system.	  Recently	  two	  clinical	  trials	  of	  rheumatoid	  arthritis	  

were	   reported	  with	   rAAV-‐2	   carrying	   cDNA	   encoding	   a	   TNFR:Fc	   fusion	   protein	  

inhibiting	   the	   function	   of	   TNF-‐α.	   The	   vector	  was	   injected	   intraarticularly	   (89).	  

However,	   limitations	  to	  the	  use	  of	  rAAV	  are	  the	  restricted	  size	  of	  the	  transgene	  

(4.5	  kb),	  which	  is	  insufficient	  for	  some	  applications	  but	  efficient	  for	  most	  of	  the	  

growth	   factors	   used	   for	   bone	   repair.	   Furthermore,	   the	   production	   of	   the	   viral	  

vector	   is	  generally	  constrained	  by	  the	  difficulties	  of	  producing	  high	  titer	  vector	  

(90).	  	  

	  

Non-viral	  vectors	  
The	  main	   advantage	   of	   the	   nonviral	   vectors	   compared	   to	   viral	   vectors	   is	   their	  

safety.	  In	  addition,	  they	  are	  flexible	  with	  regards	  to	  the	  size	  of	  the	  transgene	  to	  

deliver,	   and	   manufacturing	   is	   simplified.	   Furthermore	   they	   posses	   less	  

immunogenicity,	   even	   though	   they	   may	   elicit	   an	   inflammatory	   response	   as	  

reported	   by	   Ruiz	   et	   al.	   after	   airway	   administration	   of	   lipid-‐DNA	   complexes	   to	  

cystic	   fibrosis	  patients	   (91,	  92).	  The	  major	  drawback	  of	   the	  nonviral	  vectors	   is	  

their	   generally	   low	   efficiency	   in	   vivo	   and	   it	   has	   been	   difficult	   to	   demonstrate	  

efficient	   gene	   transfer	   for	   bone	   healing	   in	   vivo.	   However,	   some	   studies	   did	  

demonstrate	   some	   effect	   on	   bone	   formation.	   (59,	   93,	   94).	   Barriers	   to	   nonviral	  
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gene	  delivery	  result	  in	  degradation	  of	  the	  DNA	  during	  the	  extra	  and	  intracellular	  

trafficking	  from	  administration	  to	  nuclear	  transcription.	  The	  degradation	  can	  be	  

caused	  by	  for	  example	  toxicity	  of	  the	  nonviral	  delivery	  system	  and	  degradation	  

of	  the	  DNA	  by	  extracellular	  nucleases	  or	  lysosomes	  in	  the	  cytosol	  (95).	  Nonviral	  

methods	  can	  be	  as	  simple	  as	  the	  delivery	  of	  plasmid	  DNA,	  chemical	  approaches	  

and	  physical	  approaches.	  	  

	  

Plasmid	  DNA	  has	  a	  very	  limited	  lifespan	  in	  the	  extracellular	  environment	  and	  is	  

inefficient	   for	   gene	   delivery.	   Nevertheless	   Osawa	   et	   al.	   have	   recently	  

demonstrated	  that	  repeated	  injections	  of	  a	  plasmid	  expressing	  BMP-‐2	  was	  able	  

to	   induce	   the	   formation	   of	   ectopic	  mature	   bone	  with	   bone	  marrow	   in	   skeletal	  

muscle	  after	  2	  –	  8	   repeated	   intramuscular	   injections	   (96).	  Several	  groups	  have	  

tried	   to	   combine	  plasmid	  DNA	  with	  polymer	   scaffolds	   or	   bioactive	  matrices	   to	  

protect	   the	   DNA	   from	   degradation	   and	   control	   the	   release	   to	   avoid	   an	   initial	  

burst	   of	   plasmid	   and	   instead	   obtain	   a	   slow,	   sustained	   release	   pattern.	   One	  

example	  of	  this	  is	  the	  use	  of	  gene-‐activated	  matrices	  (GAMs).	  Here	  the	  plasmids	  

are	  incorporated	  into	  the	  matrix,	  and	  when	  the	  matrix	  is	  degraded	  the	  plasmids	  

are	  slowly	  released	  leading	  to	  transfection	  of	  surrounding	  cells.	  This	  technology	  

was	  used	  to	  promote	  the	  formation	  of	  new	  bone	  in	  segmental	  bone	  defects	  (59,	  

93,	   97).	   Bonadio	   et	   al.	   delivered	   a	   plasmid	   containing	   the	   cDNA	   of	   a	   secreted	  

peptide	  fragment	  of	  human	  PTH	  in	  a	  GAM	  inserted	  in	  a	  critical	  size	  bone	  defect	  in	  

dogs.	  The	  gene	  transfer	  led	  to	  new	  bone	  formation	  not	  achieved	  when	  inserting	  

the	  matrix	  or	  the	  plasmid	  alone	  (59).	  Furthermore,	  Vascular	  endothelial	  growth	  

factor	  (VEGF)	  gene-‐activated	  matrix	  inserted	  in	  a	  rabbit	  large	  critical	  size	  defect	  

in	   the	  radius	  resulted	   in	   increased	  angiogenesis	  and	  osteogenesis	   (93).	  Several	  

research	  groups	  have	  investigated	  polymer	  scaffolds	  allowing	  ingrowth	  of	  MSCs,	  

genetically	   engineered	   cells	   or	   host	   cells	   to	   promote	   healing.	   Gazit	   et	   al.	  

demonstrated	   the	   ability	   of	   engrafted	  MSCs	   expressing	   BMP-‐2	   to	   differentiate	  

and	   stimulate	   bone	   growth	   in	   a	   model	   of	   segmental	   defect	   repair	   (98).	   A	  

shortcoming	   of	   this	   method	   was	   fluctuation	   in	   the	   amount	   of	   growth	   factor	  

produced	  dependent	  on	  cell	  survival	  during	  implantation.	  Furthermore,	  scaffolds	  

can	   serve	   as	  means	   for	   gene	   delivery.	   Chemical	  modification	   of	   scaffolds	  with	  
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cationic	   polymers	   or	   calcium	   phosphate	   promotes	   bone	   formation	   through	  

complex	   formation	   with	   the	   plasmid.	   These	   methods	   protect	   the	   DNA	   from	  

degradation	  and	  create	  a	  positively	  charged	  particle	   to	   facilitate	   internalization	  

and	   intracellular	   trafficking	   (94,	   99).	   Moreover,	   scaffolds	   can	   combine	   the	  

transfer	  of	   cells	  and	  plasmids	   integrating	   the	   two	  primary	  components	  needed	  

for	   bone	   healing	   –	   critical	   factors	   and	   cells.	   The	   efficacy	   of	   this	   approach	  was	  

demonstrated	  by	  delivering	  osteogenic	   cells	   and	  plasmid	  DNA	   complexed	  with	  

calcium	  phosphate	  in	  an	  injectable	  hydrogel	  into	  the	  fracture	  site	  (100).	  Finally,	  

physical	  approaches	  like	  electroporation	  and	  sonoporation	  have	  been	  developed	  

to	  enhance	  the	  delivery	  of	  plasmid	  DNA	  to	  cells.	  Both	  methods	  have	  been	  used	  to	  

promote	  ectopic	  bone	   formation	   in	  vivo	   (96,	  101).	  Recently,	   electroporation	  of	  

an	  osteogenic	  gene	  in	  a	  non-‐union	  bone	  defect	   in	  mice	  led	  to	  induction	  of	  bone	  

bridging	  the	  gap	  (101).	  	  

	  

Controlled	  expression	  of	  growth	  factors	  and	  cytokines	  
Regenerative	   bone	   tissue	   involves	   complex,	   temporal	   and	   coordinated	  

expression	   of	   several	   growth	   factors	   and	   cytokines	   (24,	   102).	   Several	   groups	  

have	   tried	   to	   control	   parts	   of	   these	   mechanisms.	   The	   efficacy	   of	   combining	  

angiogenic	  and	  osteogenic	  factors	  to	  improve	  repair	  of	  critical	  sized	  defects	  have	  

been	  demonstrated	  in	  various	  animal	  studies	  (103-‐105).	  Recently,	  the	  release	  of	  

selected	   growth	   factors	   at	   different	   rates	   during	   bone	   repair	   has	   been	  

accomplished	   using	   scaffolds	   consisting	   of	   a	   combination	   of	   polymers	   with	  

different	   degradation	   rates	   (106,	   107).	   Finally,	   exogenous	   control	   of	   transgene	  

expression	  has	  been	  obtained	  with	  a	  dual-‐construct	  vector	  based	  on	  rAAV-‐BMP-‐

2	   regulated	   by	   the	   tetracycline	   sensitive	   promotor	   (TetOn)	   (108)	   and	   through	  

chemical	   control	   of	   an	   unstable	   fusion	   protein	   (109).	   Both	   constructs	   led	   to	  

improved	  bone	  healing	  when	  combined	  with	  MSCs.	  
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Factors	  used	  to	  induce	  allograft	  repair	  
	  

Bone	  Morphogenetic	  Proteins	  
Bone	  Morphogenetic	  Proteins	  (BMPs)	  are	  a	  part	  of	  the	  TGF-‐β	  family.	  They	  affect	  

the	  development	  of	  several	  kinds	  of	  tissues.	  They	  are	  able	  to	  induce	  ectopic	  bone	  

formation	  and	  they	  can	  induce	  osteogenic	  differentiation	  of	  non-‐bone	  cells	  (110).	  

The	  continuous	  osteogenesis	  required	  for	  bone	  growth,	  remodeling	  and	  repair	  is	  

regulated	  by	   the	  availability	  of	  a	  minor	  group	  of	  BMPs	   including	  BMP-‐2,	   -‐4,	   -‐7,	  

and	   -‐9	   (111).	   These	   factors	   act	   as	   both	   chemotactic	   agents	   and	   growth	   and	  

differentiation	  factors.	  As	  chemotactic	  agents	  the	  BMPs	  stimulate	  progenitor	  cell	  

migration	   to	   the	   site	   of	   injury.	   As	   growth	   factors	  BMPs	   stimulate	   angiogenesis	  

and	   stem	   cell	   proliferation,	   and	   as	   differentiation	   factors	   they	   induce	   the	  

differentiation	  of	  stem	  cells	  into	  chondrocytes,	  osteoblasts	  and	  osteocytes	  (112).	  

Thus	   the	   BMPs	   are	   able	   to	   induce	   the	   entire	   process	   of	   new	   bone	   formation.	  

These	   proteins	   have	   been	   demonstrated	   to	   promote	   bone	   healing	   in	   several	  

animal	   models	   and	   they	   are	   used	   clinically.	  

	  

The	  BMPs	  send	  their	  signals	  to	  the	  cell	  nucleus	  through	  different	  receptors.	  The	  

signaling	   by	   BMP	   requires	   two	   types	   of	   transmembrane	   serine/threonine	  

receptors.	   Both	   receptors	   of	   type-‐I	   and	   type-‐II	   exist	   independently	   in	   the	   cell	  

membrane.	  Complexes	  of	  type-‐I	  and	  type-‐II	  receptors	  have	  high	  affinity	  for	  BMP.	  

Figure	  4	  Schematic	  drawing	  showing	  cellular	  mechanisms	  of	  
BMP-‐induced	  osteoinduction.	  Adapted	  from	  Samartzis	  et	  al	  (4).	  
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Activation	  by	  BMP	  leads	  to	  phosphorylation	  of	  the	  type-‐I	  receptor	  by	  the	  type-‐II	  

receptor,	   which	   is	   auto-‐phosphorylated.	   This	   leads	   to	   phosphorylation	   of	   the	  

intracellular	   receptor-‐Smad	   proteins	   1,	   5	   and	   8	   into	   active	   forms	   followed	   by	  

association	  with	   the	   cofactor	   Smad4.	  The	   activated	  Smad-‐complex	   translocates	  

to	   the	   nucleus	   leading	   to	   specific	   gene	   transcription	   (113).	   Inhibitory	   Smad	  

proteins	  are	  phosphorylated	  as	  well	  and	  they	  antagonize	  the	  phosphorylation	  of	  

the	   receptor-‐Smads,	   compete	   for	   the	   binding	   of	   Smad4	   and	   down	   regulate	  

transcription.	   However,	   the	   control	   of	   the	   feedback	   system	   is	   not	   fully	   known	  

(4).	  	  	  

For	  one	  of	  the	  studies	  in	  this	  thesis	  the	  activin	  receptor-‐like	  kinase-‐2	  (ALk2)	  was	  

used	  (also	  known	  as	  ActR-‐I).	  This	  receptor	  binds	  both	  activins	  and	  BMPs	  and	  its	  

signaling	  specificity	  is	  like	  a	  BMP	  receptor	  type-‐I	  (114,	  115).	  Alk2	  is	  activated	  by	  

BMP-‐2,	   4	   and	   7	   -‐	   all	   very	   potent	   stimulators	   of	   osteoinduction	   and	   osteoblast	  

differentiation	   (116).	   Alk2	   was	   mutated	   into	   a	   constitutively	   active	   form	  

(caAlk2).	  Accordingly,	  binding	  of	  a	  type-‐II	  receptor	  or	  ligand	  is	  not	  required	  for	  

signal	   transduction	   (117).	   Further,	   caAlk2	   signals	   cannot	   be	   blocked	   by	   the	  

endogenous	  BMP	  antagonists	  noggin	  and	  chordin.	  

	  

Vascular	  Endothelial	  Growth	  Factor	  
The	   blood	   supply	   at	   the	   fracture	   site	   has	   been	   identified	   as	   on	   of	   the	   most	  

important	  parameters	  of	  successful	   fracture	  healing	  (118).	  VEGF	  is	  an	  essential	  

regulator	   of	   angiogenesis	   (24,	   119).	   During	   endochondral	   ossification	  

hypertrophic	  chondrocytes	  express	  VEGF.	  This	  protein	  promotes	  the	  invasion	  of	  

the	  cartilage	  by	  new	  blood	  vessels,	  chondrocyte	  apoptosis,	  cartilage	  remodeling	  

and	   ossification.	   In	   this	   way	   the	   avascular	   cartilaginous	   tissue	   is	   transformed	  

into	  vascular	  new	  bone.	  VEGF	  binds	  to	  the	  tyrosine	  kinase	  receptors	  VEGFR1	  and	  

VEGFR2	   expressed	   on	   the	   surface	   of	   endothelial	   cells.	   This	   binding	   leads	   to	  

proliferation,	   angiogenesis	   and	   endothelial	   cell	   survival	   (120).	   The	   role	   of	  

angiogenesis	   during	   fracture	   repair	   has	   been	   demonstrated	   by	   the	  

administration	   of	   a	   soluble,	   neutralizing	   VEGF	   receptor	   in	   animal	   models	   of	  

fracture	  healing	  (60,	  120).	  The	  consequent	  inhibition	  of	  VEGF	  signaling	  led	  to	  an	  

almost	   completely	   suppressed	   angiogenesis,	   an	   extended	   area	   of	   hypertrophic	  
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chondrocytes	  and	  prevention	  of	  fracture	  healing.	  In	  two	  studies	  discontinuation	  

of	   the	   inhibition	   was	   followed	   by	   resumption	   of	   vessel	   formation	   and	   bone	  

growth	   (60,	   120-‐122).	   Moreover,	   Mori	   et	   al.	   demonstrated	   that	   an	   anti-‐

angiogenic	  compound	  disrupted	  ectopic	  bone	  formation	  induced	  by	  recombinant	  

BMP-‐2	  (122).	  Finally,	  adding	  VEGF	  when	  treating	  critical	  sized	  defects	  promoted	  

the	  mineralization	  of	  the	  bone	  and	  increased	  bone	  density	  (93).	  	  

	  

Fibroblast	  Growth	  Factor-2	  
Fibroblast	  growth	  factor-‐2	  (FGF-‐2)	   is	  known	  to	  stimulate	  bone	  formation	  (123,	  

124).	  FGF-‐2	  is	  produced	  by	  cells	  from	  the	  osteoblast	  lineage	  and	  modulates	  bone	  

formation	  through	  the	  regulation	  of	  fibroblast	  and	  osteoblast	  proliferation	  (125).	  

In	  contrast	  to	  the	  bone	  stimulatory	  effect,	  high	  doses	  of	  FGF-‐2	  have	  been	  shown	  

to	  stimulate	  bone	  resorption.	  Evidence	  suggests	  that	  the	  mechanism	  involves	  an	  

indirect	   effect	   of	   FGF-‐2	   on	   osteoclast	   precursors	   through	   induction	   of	   cyclo-‐

oxygenase	   2.	   This	   leads	   to	   expression	   of	   Receptor	   activator	   of	   NF-‐κB	   ligand	  

(RANKL)	   in	   osteoblasts	   resulting	   in	   differentiation	   of	   osteoclast	   precursors	  

(126).	   FGF-‐2	   is	   also	   known	   to	   have	   an	   angiogenic	   potential	   further	   improving	  

bone	   formation.	   	   FGF-‐2	   stimulates	   the	   production	   of	   VEGF	   in	   endothelial	   cells,	  

increases	  the	  expression	  of	  VEGF	  receptors	  and	  endothelial	  cell	  migration	  (127).	  

FGF-‐2	   and	   VEGF	   have	   been	   reported	   to	   promote	   increased	   angiogenesis	   and	  

formation	   of	   more	   mature	   blood	   vessels	   (128).	   The	   combination	   of	   the	   two	  

growth	   factors	   has	   additionally	   been	   shown	   to	   promote	   increased	   vessel	   and	  

bone	  formation	  in	  a	  model	  of	  vascularized	  allografts	  (103).	  

	  

RANKL	  –	  Receptor	  activator	  of	  nuclear	  facto-κB	  (NF-κB)	  ligand	  
Receptor	  activator	  of	  NF-‐κB	  (RANK),	  RANKL	  and	  osteoprotegrin	   (OPG)	  are	   the	  

main	  regulators	  of	  osteoclast	  activation	  and	  bone	  resorption.	  Osteoclasts	  are	  the	  

cells	  responsible	  for	  bone	  resorption.	  They	  are	  multinucleated	  cells	  derived	  from	  

the	  monocyte/macrophage	  family.	  Marrow	  stromal	  cells	  and	  osteoblasts	  express	  

macrophage	  colony	  stimulating	   factor	  (M-‐CSF)	  and	  RANKL,	  which	  are	  essential	  

and	  sufficient	  to	  promote	  osteoclastogenesis	  (129).	  RANKL	  is	  a	  surface-‐residing	  

molecule.	  It	  binds	  to	  the	  receptor	  RANK	  on	  the	  surface	  of	  osteoclast	  progenitors	  
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thereby	  inducing	  the	  formation	  of	  osteoclasts	  and	  concomitant	  bone	  resorption.	  

OPG	  inhibits	  the	  action	  of	  RANKL	  (130).	  OPG	  is	  a	  decoy	  receptor	  competing	  with	  

RANK	   for	  RANKL.	  The	  balance	  between	   the	   stimulator	  RANK	  and	   the	   inhibitor	  

OPG	  expressed	  during	  fracture	  healing	  controls	  the	  resorption	  of	  the	  mineralized	  

cartilage	   in	   the	   callus	   and	   the	   later	   restoration	   of	   the	   bone	   structure	   during	  

remodeling	  (102).	  	  
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HYPOTHESIS	  &	  AIMS	  
	  

Allograft	  healing	  is	  limited	  compared	  to	  autograft	  healing	  due	  to	  1.	  Reduced	  bone	  

formation	   at	   the	   surface	   of	   the	   allograft,	   2.	   Impaired	   formation	   of	   new	   blood	  

vessels	  and	  3.	  Lack	  of	  osteoclastic	  remodeling	  of	   the	  allograft	  bone.	   In	  order	  to	  

improve	   structural	   allograft	   healing	   it	   is	   necessary	   to	   identify	   key	   factors	  

facilitating	   these	   central	   processes	   and	   to	   develop	   a	  method	   to	   transfer	   these	  

factors	   to	   processed	   allografts	   to	   obtain	   similar	   healing	   properties	   as	   seen	   in	  

autograft	  healing.	  	  

Main	  hypothesis	  in	  this	  thesis:	  Targeted	  delivery	  of	  critical	  factors	  to	  the	  surface	  

of	  bone	  allografts	  leads	  to	  autograft-‐like	  healing.	  	  	  

	  

The	  three	  papers	  included	  in	  this	  thesis	  each	  had	  specific	  hypothesis	  and	  aims:	  

I.	   “Remodeling	   of	   cortical	   bone	   allografts	   mediated	   by	   adherent	   rAAV-‐

RANKL	  and	  VEGF	  gene	  therapy.”	  

	   Hypothesis	  and	  aims:	  	  

	   We	  aimed	  at	  defining	   factors	  present	   in	   autograft	  healing	  and	  absent	   in	  
allograft	   healing	   using	   RT-‐PCR.	   Further,	   we	   tested	   the	   transduction	  
efficiency	   of	   a	   new	   delivery	   system	   of	   freeze-‐dried	   rAAV.	   Finally,	   we	  
tested	   if	   the	  addition	  of	   the	  absent	   factors	   (VEGF	  and	  RANKL)	  mediated	  
by	   freeze-‐dried	   rAAV	   could	   stimulate	   allograft	   vascularization	   and	  
remodeling	  assessed	  by	  histomorphometry	  and	  histology.	  	  

	   	  

II.	   “Biological	  effects	  of	  rAAV-‐caAlk2	  coating	  on	  structural	  allograft	  healing.”	  

	   Hypothesis	  and	  aims:	  

	   We	  aimed	  to	  evaluate	  the	  transduction	  efficiency	  of	  immobilized	  rAAV	  in	  
vivo.	   Further,	   the	   effect	   of	   BMP	   signaling	   on	   allograft	   healing	   was	  
evaluated	   by	   coating	   allografts	   with	   rAAV	   expressing	   a	   constitutively	  
active	   Alk2	   receptor.	   Bone	   formation	   was	   measured	   by	  
histomorphometry	  and	  micro-‐CT	  analysis.	  The	  characteristics	  of	  allograft	  
healing	   were	   evaluated	   on	   OrangeG/alcian	   blue,	   x-‐gal	   and	   tartrate	  
resistant	   acid	   phosphatase	   (TRAP)	   stained	   sections.	   BMP	   is	   a	   strong	  
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osteogenic	  promotor	  and	  we	  expected	  an	  increase	  in	  newly	  formed	  bone	  
to	  improve	  allograft	  healing.	  

	  

III.	   “AAV2	  mediated	   VEGF	   gene	   transfer	   leads	   to	   increased	   bone	   formation	  
and	  remodeling	  of	  bone	  allografts.”	  

	   Hypothesis	  and	  aims:	  	  

	  To	  alleviate	  the	  restricted	  angiogenesis	  in	  allograft	  healing	  and	  stimulate	  
bone	   formation	   we	   used	   rAAV	   immobilized	   to	   the	   surface	   of	   bone	  
allografts	   to	   obtain	   local	   and	   sustained	   expression	   of	   VEGF	   and	   FGF-‐2.	  
New	  bone	   formation	  was	   evaluated	  by	  histology	   and	  micro-‐CT	   analysis.	  
We	   hypothesized	   that	   bone	   healing	   would	   be	   improved	   as	   a	   result	   of	  
combined	  stimulation	  of	  bone	  and	  vessel	  formation.	  
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METHODS	  

-	  A	  short	  description	  of	  most	  important	  methods	  used	  in	  this	  thesis	  
	  

Preparation	  of	  rAAV	  vectors.	  The	  rAAV-‐LacZ,	  rAAV-‐GFP	  and	  rAAV-‐Luc	  vectors	  

(serotype	   2/2)	   with	   gene	   expression	   under	   the	   control	   of	   the	   CMV	   promotor,	  

were	  obtained	  directly	  from	  the	  Gene	  Therapy	  Center	  of	  the	  University	  of	  North	  

Carolina,	   Chapel	  Hill,	  North	  Carolina,	  USA.	   Plasmids	   containing	   cDNA	   for	  VEGF	  

(131),	  RANKL	  (132),	  Flt1	  (104)	  and	  caAlk2	  (117)	  were	  used	  for	  subcloning	  into	  

the	   pAAV-‐BGHA	   transfer	   vector.	   After	   ligation	   and	   transformation	   positive	  

clones	  were	  confirmed	  by	  restriction	  digest	  and	  DNA	  sequencing.	  The	  resulting	  

plasmids	  were	   used	   for	   viral	   vector	   production	   through	   a	   helper	   plasmid-‐free	  

method	  at	  the	  Gene	  Therapy	  Center	  of	  the	  University	  of	  North	  Carolina	  (90).	  The	  

functional	  activity	  of	  the	  vectors	  was	  determined	  (117,	  133-‐135).	  	  

The	  cDNA	  for	  FGF-‐2	  was	  inserted	  into	  rAAV-‐LacZ	  and	  the	  rAAV	  were	  packaged,	  

purified	  and	  titrated	  (136).	  

Preparation	  of	  coated	  allografts.	  Allografts	  harvested	  from	  Balb/C	  mice	  were	  

washed	  with	  70	  %	  ethanol,	  rinsed	  in	  saline	  to	  remove	  residual	  ethanol,	  and	  then	  

frozen	   at	   -‐800C	   for	   at	   least	   24	  hours	   prior	   to	   use	   (5).	   For	   the	   addition	   of	   viral	  

vectors	  the	  allograft	   is	  placed	  on	  dry	  ice	  and	  the	  rAAV	  particles	  in	  a	  50	  µL	  1	  %	  

sorbitol-‐PBS	   solution	   are	   pipetted	   onto	   the	   cortical	   surface.	   Then	   they	   were	  

lyophilized	  and	  stored	  at	  -‐800C	  until	  transplantation.	  	  

Murine	   segmental	   allograft	   model.	   A	   4	   mm	   middiaphysial	   segment	   was	  

removed	  from	  the	  right	  femur	  using	  an	  electrical	  saw.	  The	  segment	  was	  replaced	  

by	  an	  auto-‐	  or	  allograft.	  When	  the	  graft	  was	  placed	  in	  the	  femoral	  defect,	  and	  it	  

was	  secured	  by	  a	  22-‐gauge	  steel	  pin	  inserted	  through	  the	  marrow	  canal	  (5).	  	  

X-ray.	  2	  dimensional	  x-‐ray	  images	  are	  used	  to	  evaluate	  successful	  positioning	  of	  

the	  fracture	  after	  operation	  and	  fracture	  repair.	  They	  are	  of	   low	  resolution	  and	  

can	   only	   be	   used	   for	   qualitative	   assessment	   of	   bone	   formation	   and	   not	   for	  

quantitative	  analysis	  (137).	  
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Micro	   computed	   tomography	   (micro-CT).	  An	   x-‐ray	   based	   technology,	  which	  

can	   create	   cross	   sections	   of	   an	   object	   for	   production	   of	   high-‐resolution	   3D	  

reconstructions	  (6	  µm).	  Analysis	  of	  these	  data	  can	  provide	  quantitative	  outcome	  

measures	  based	  on	  x-‐ray	  attenuations	  of	  e.g.	  bone	  volume	  and	  mineral	  density	  

(138).	  Advanced	  micro-‐CT	  scanners	  that	  allow	  for	  in	  vivo	  imaging	  exist.	  But	  most	  

often	  the	  data	  are	  acquired	  ex	  vivo	  and	  do	  not	  allow	  for	  longitudinal	  studies.	  	  

Histology	  and	  histomorphometry.	  To	  evaluate	  cellular	  and	  tissue	  structures	  of	  

bone	   healing	   the	   tissue	  must	   be	   processed	   for	   histological	   sections	   (139-‐141).	  

Histomorphometry	   is	   a	  quantitative	  method	   for	  measuring	   the	  volume	  of	   a	  3D	  

structure	  from	  2-‐dimensional	  sections	  (5).	  Well	  known	  limitations	  are	  associated	  

with	   chosen	   field	   of	   view	   and	   the	   evaluation	   of	   irregular	   structures	  with	   high	  

variability	  in	  the	  treatment	  group.	  	  

Bioluminescence	  imaging	  and	  bioluminescence	  tomography.	  It	  is	  an	  in	  vivo,	  

quantitative	   and	   non-‐invasive	   imaging	   technique	   based	   on	   light	   emission	   in	  

living	  organisms.	  We	  have	  used	  it	  with	  the	  firefly	  luciferase,	  which	  requires	  the	  

injection	  of	   the	   substrate	  D-‐luciferin	   to	   the	   subject	   prior	   to	   imaging.	  Temporal	  

and	  spatial	  in	  vivo	  gene	  expression	  can	  be	  recorded	  (142,	  143).	  	  
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RESULTS	  SUMMARY	  
	  

Localized	  transduction	  mediated	  by	  freeze-dried	  rAAV.	  
We	   developed	   a	   new	   method	   to	   express	   proteins	  
involved	   in	   bone	   healing	   from	   the	   graft	   surface	  
mediated	  by	  freeze-‐dried	  rAAV	  (fig.	  5).	  In	  vitro	  analyses	  
of	   freeze-‐dried	  AAV	   vectors	   applied	   to	   a	  monolayer	   of	  
293	   human	   embryonic	   kidney	   cells	   revealed	   no	  
decrease	   in	   the	   transduction	   efficiency	   of	   the	   vector	  
after	  freeze-‐drying	  and	  storage	  at	  -‐800C	  determined	  by	  
β-‐galactosidase	   activity.	   The	   staining	   was	   dispersed	  
throughout	   the	   culture	   disk	   indicating	   that	   the	   virus	  
readily	  rehydrates	  and	  diffuses	  in	  the	  culture	  medium.	  	  

In	   vivo	   transduction	   efficiency	   of	   rAAV-‐LacZ	  
immobilized	  on	  the	  surface	  of	  allografts	  was	  determined	  after	  insertion	  in	  mice	  
femurs.	   X-‐gal	   staining	   of	   histological	   section	   showed	   the	   transduction	   of	  
fibroblasts	  (∼	  1-‐5	  %)	  in	  the	  fibrous	  tissue	  in	  close	  proximity	  of	  the	  graft,	  as	  well	  
as	  stromal	  cells	  in	  the	  fracture	  callus	  (fig.	  6).	  	  

	  

	  

STUDY	  I.	  Revitalization	  of	  rAAV-RANKL	  and	  rAAV-VEGF	  coated	  
allografts	  
We	   show	   that	   allografts	   are	   deficient	   of	   VEGF	   and	   RANKL	   during	   the	   healing	  
response	   compared	   to	   autografts.	   There	   fore	   we	   treated	   allograft	   with	   rAAV	  
mediated	  gene	  transfer	  of	  RANKL	  and	  VEGF	  individually	  or	  in	  combination.	  The	  
allografts	   were	   inserted	   in	   a	   murine	   femoral	   defect	   model.	   Histology	   of	   the	  
combination	  group	  after	  4	  weeks	  showed	  a	  marked	  new	  bone	  formation	  on	  the	  
periosteal	   surface	   of	   the	   allografts.	   The	   live	   new	   bone	   was	   depositioned	   in	  
regions	   of	   previous	   resorption	   of	   the	   allograft	   bone	   (fig.	   7).	   Tartrate	   resistant	  
acid	   phosphatase	   staining	   indicated	   active	   osteoclastic	   bone	   resorption	   of	   the	  
dead	  graft	  and	  remodeling	  of	  the	  newly	  formed	  bone	  simultaneously.	  There	  was	  

Figure	   6	   In	   vivo	   transduction	   efficiency	   of	   rAAV-‐LacZ	   coated	   allografts	   after	   14	   days.	  
Representative	   histology	   of	   control	   (A)	   and	   rAAV-‐LacZ	   coated	   allografts	   (B	   and	   C).	   The	   blue	  
staining	  indicates	  transduction	  of	  the	  fibroblast	  (f)	  and	  osteoblasts	  (Ob)	  between	  the	  allograft	  
(a)	  or	  host	  bone	  (h)	  and	  muscle	  (m).	  

	  

Figure	  5	  Murine	  femoral	  
allograft	  with	  rAAV-‐LacZ	  
lyophilized	  onto	  the	  
surface.	  
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also	  evidence	  of	  neovascularization	  of	  the	  marrow	  cavity	  along	  the	  length	  of	  the	  
graft.	  In	  contrast,	  none	  of	  these	  features	  were	  found	  in	  the	  individual	  treatment	  
groups	  or	  the	  controls.	  

	  

	  

STUDY	  II.	  Biological	  effects	  of	  BMP	  signaling	  on	  structural	  allograft	  
healing	  
To	  determine	  the	  effect	  of	  BMP	  signaling	  on	  allograft	  healing	  we	  coated	  allografts	  
with	   rAAV-‐Alk2	  and	   inserted	   them	   in	   a	  mouse	   femoral	  defect.	  At	  day	  14	   there	  
was	   evidence	   of	   endochondral	   bone	   formation	   directly	   at	   the	   surface	   of	   the	  
allograft.	  At	  day	  28	  there	  were	  signs	  of	  remodeling	  of	  the	  mineralized	  callus	  and	  
active	   osteoclasts	   on	   the	   graft	   surface	   in	   the	   rAAV-‐Alk2	   treated	   grafts	   only.	  
Micro-‐CT	   analysis	   after	   42	   days	   revealed	   a	   significant	   increase	   in	   new	   bone	  
formation	  and	  complete	  bridging	  of	  bone	  along	  the	  entire	  length	  of	  the	  graft	  (fig.	  
8).	  

	  

	  

	  

Figure	   7	   Revitalization	   of	   processed	   allografts	   via	   rAAV	   mediated-‐RANKL	   and	   VEGF	   gene	  
transfer.	  Representative	  histology	  of	  rAAV_LacZ	  (A)	  and	  rAAV-‐RANKL	  +	  rAAV-‐VEGF	  (B)	  coated	  
allografts	  on	  day	  28.	  The	  marked	  amount	  of	  new	  bone	  on	  the	  rAAV-‐RANKL	  +	  rAAV-‐VEGF	  coated	  
allograft	  is	  highlighted	  by	  a	  reversal	  line	  (arrows).	  In	  some	  regions,	  up	  to	  50	  %	  of	  the	  cortical	  
thickness	  was	  resorped	  compared	  to	  the	  rAAV-‐LacZ	  coated	  allograft.	  The	  new	  bone	  that	  formed	  
on	   the	   allografts	  was	  quantified	  by	  histomorphometry	   (C)	   and	   the	  data	   are	  presented	   as	   the	  
area	  of	  new	  bone	  formation	  on	  the	  graft	  ±	  SD.	  (*P<0.05	  vs.	  LacZ	  control).	  

Figure	   8	   Micro-‐CT	   analysis	   of	   rAAV-‐caAlk2	   mediated	   allograft	   healing.	   The	   3D	  
reconstructions	   (A	   and	   B)	   show	   a	   marked	   increase	   in	   the	   amount	   of	   new	   bone	   formed	  
around	  the	  rAAV-‐caAlk2	  coated	  allograft	  compared	  to	  rAAV-‐LacZ	  control	  (C).	  	  
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STUDY	  III.	  Increased	  bone	  formation	  and	  remodeling	  of	  bone	  
allografts	  mediated	  by	  rAAV-VEGF	  gene	  transfer	  
We	  studied	  the	  potential	  effects	  of	  stimulating	  both	  neovascularisation	  and	  new	  
bone	   formation	   using	  AAV2	  mediated	   gene	   transfer	   of	   VEGF	   and	   FGF-‐2.	  While	  
there	  was	   no	   effect	   on	   bone	   formation	   in	   the	   combination	   group	   or	   the	   FGF-‐2	  
group	  compared	  to	  controls	  the	  VEGF	  coated	  allografts	  led	  to	  an	  almost	  two	  fold	  
increase	  in	  new	  bone	  volume	  (VEGF:	  31.7	  +/-‐	  11.6	  mm3,	  GFP:	  16.4	  +/-‐	  8.6	  mm3,p	  
<	   0.05).	   Furthermore,	   both	   histology	   and	   3D	   reconstructions	   of	   the	   micro-‐CT	  
data	  showed	  the	  formation	  of	  new	  bone	  covering	  the	  entire	  surface	  of	  the	  VEGF	  
treated	   allografts	   (fig.	   9).	   Finally,	   the	   VEGF	   group	   showed	   clear	   signs	   of	  
remodeling	  both	  at	  the	  ends	  and	  along	  the	  side	  of	  the	  graft.	  

	  

	  

Figure	   9	   Increased	   bone	   formation	   in	   de-‐vitalized	   allografts	   by	   rAAV-‐mediated	   gene	  
transfer	  of	  VEGF.	  Representative	  Goldner	  Trichrome	  stained	  section	  of	  mice	   in	   the	  control	  
(A)	   and	   VEGF	   group	   (B	   and	   C).	   Allograft	   is	   marked	   by	   asterixs.	   The	   VEGF	   group	   is	  
characterized	   by	   new	   bone	   formation	   along	   the	   entire	   length	   of	   the	   graft	   (B)	   and	   the	  
presence	  of	  calcified	  cartilage	  (light	  blue)	  and	  osteoid	  (red)	  at	  the	  mid	  part	  of	  the	  graft	  after	  
10	  weeks.	  	  
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DISCUSSION	  
	  

Allografts	  are	  used	  clinically	  for	  the	  repair	  of	  segmental	  bone	  defects	  due	  to	  their	  

osteoconductive	   and	   biomechanical	   properties.	   However,	   due	   to	   the	   lack	   of	  

osteogenic	  and	  osteoinductive	  properties	   the	   long-‐term	  clinical	   results	  need	   to	  

be	  improved.	  We	  have	  studied	  whether	  critical	  signals	  to	  the	  cortical	  surface	  of	  

bone	   allograft	  would	   lead	   to	   autograft-‐like	  healing	  by	   freeze-‐drying	   rAAV	  onto	  

the	  cortical	  surface	  of	  devitalized	  allografts.	  In	  order	  to	  improve	  allograft	  healing	  

we	  focused	  on	  affecting	  osteogenesis,	  angiogenesis	  and	  remodeling.	  	  

	  

Local	  gene	  expression	  
Initially,	  we	   studied	   the	   localization	   of	   gene	   expression.	   Using	   LacZ	   as	  marker	  

gene	  we	  demonstrate	   that	   approximately	   100	  %	  of	   the	   transduction	   efficiency	  

was	   maintained	   after	   freeze-‐drying	   and	   storage.	   For	   in	   vivo	   evaluation	   rAAV-‐

LacZ	   coated	   allografts	   were	   inserted	   in	   a	   murine	   femoral	   allograft	   model.	  We	  

observed	  transduction	  of	  cells	  in	  the	  immediate	  proximity	  of	  the	  graft	  as	  well	  as	  

stromal	   cells	   in	   the	   fracture	   callus	   (1~	   5	   %	   of	   the	   cells).	   Localized	   gene	  

expression	   was	   confirmed	   by	   bioluminescence	   imaging.	   This	  method	   revealed	  

low	  luciferase	  expression	  in	  the	  skin	  in	  close	  proximity	  to	  the	  site	  of	  insertion	  of	  

the	  graft	  in	  the	  split	  muscle.	  	  

	  

Revitalization	  of	  structural	  allografts	  
Based	  on	   the	   finding	   that	   reduced	  amounts	  of	  VEGF	  and	  RANKL	  are	  expressed	  

during	  allograft	  repair	  compared	  to	  autograft,	  we	   introduced	  rAAV-‐RANKL	  and	  

VEGF	   to	   allografts	   in	   vivo.	   This	   led	   to	   the	   formation	   of	   new	   bone	   at	   the	   graft	  

surface	  in	  areas	  of	  already	  resorped	  bone	  and	  new	  blood	  vessels	  in	  the	  marrow	  

cavity	   of	   the	   graft.	   The	   observed	   changes	   were	   explained	   by	   a	   central	   role	   of	  

VEGF	   in	  angiogenesis	   leading	   to	   recruitment	  of	  progenitor	   cells	   to	   the	   fracture	  

site.	   Further,	   VEGF	   is	   known	   to	   be	   essential	   for	   callus	   formation	   and	  

mineralization	  during	  endochondral	  osteogenesis	  (60,	  120).	  In	  addition,	  RANKL	  

is	   the	   central	   activator	   of	   osteoclast	   activity	   leading	   to	   induction	   of	   extensive	  
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remodeling	  (129).	  There	  was	  no	  effect	  of	   the	   two	   factors	  alone,	   supporting	   the	  

paradigm	  that	  VEGF	  and	  RANKL	  work	  closely	  together	  (24).	  

In	  order	  to	  form	  a	  homogenous	  bone	  collar	  surrounding	  the	  allograft	  similar	  to	  

the	  one	  seen	  in	  autograft	  healing,	  we	  conferred	  BMP-‐2	  signals	  to	  the	  surface	  of	  

the	  allograft.	  Histology	  and	  micro-‐CT	  scans	  revealed	  an	  increase	  in	  newly	  formed	  

bone.	  Endochondral	  bone	  formation	  was	  seen	  directly	  on	  the	  surface	  of	  the	  graft,	  

extending	   its	   entire	   length.	   Furthermore,	   there	   was	   active	   osteoclasts	   on	   the	  

graft	   surface	   and,	   finally,	   there	   was	   a	   live,	   vascularized	   bone	   marrow	   in	   the	  

treated	   allografts.	   It	   has	  previously	  been	   shown	   that	   the	  Alk2	   receptor	   excerts	  

osteogenic	   effects	   through	   the	   induction	   of	   Indian	   hedgehock	   signaling	   in	  

prehypertrophic	   chondrocytes	   (117).	   Additionally,	   BMP	   has	   also	   been	  

demonstrated	   to	   stimulate	   vascular	   ingrowth	   during	   osteogenesis	   through	   the	  

induction	  of	  VEGF	  expression	   in	  osteoblasts	   (144).	  These	   factors	   could	  explain	  

the	  effects	  seen	  on	  allograft	  healing.	  

One	   effective	   treatment	   to	   save	   a	   failing	   allograft	   clinically	   is	   to	   implant	   a	  

vascular	  graft	  in	  close	  proximity	  to	  the	  allograft	  (14).	  This	  shows	  the	  importance	  

of	   establishing	   a	   functional	   vascular	   network	   for	   allograft	   repair.	   In	   order	   to	  

improve	   angiogenesis	   and	   osteogenesis	   we	   coated	   processed	   allografts	   with	  

rAAV-‐VEGF	   and	   FGF-‐2.	   We	   demonstrated	   increased	   new	   bone	   formation	  

covering	   the	  entire	   length	  of	   the	  graft	  and	  evidence	  of	   remodeling	   in	   the	  VEGF	  

treated	  group.	  We	  also	  used	  VEGF	  in	  study	  I	  but	  here	  we	  found	  no	  effect	  on	  bone	  

formation.	  In	  the	  two	  studies	  we	  used	  VEGF	  in	  different	  amounts	  (5	  x	  107	  versus	  

1	  x	  109	  transducing	  units)	  underlining	  the	  importance	  of	  making	  dose-‐response	  

studies	  to	  evaluate	  the	  most	  effective	  dose.	  Similar	  results	  were	  found	  using	  the	  

BMP-‐2	  gene.	  Allografts	  coated	  with	  scAAV2.5-‐BMP-‐2	  in	  low	  dose	  (1	  x	  107,	  -‐	  108,	  -‐	  

109)	   led	   to	   unaltered	   biomechanics	   of	   the	   allografts.	   However,	   high	   dose	   (1	   x	  

1010)	  resulted	  in	  biomechanics	  equal	  to	  autografts	  after	  6	  weeks	  (145).	  We	  could	  

not	  detect	  an	  additive	  effect	  on	  bone	   formation	  using	   the	  combination	  of	  VEGF	  

and	  FGF-‐2.	  This	  is	  in	  contrast	  to	  other	  studies	  (103).	  The	  explanation	  may	  be	  that	  

high	  levels	  of	  FGF-‐2	  have	  been	  shown	  to	  inhibit	  bone	  formation	  (146).	  The	  FGF-‐2	  

treated	  group	  showed	   induction	  of	   remodeling	  and	   increased	  resorption	  of	   the	  
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allograft	   leading	   to	   a	   significantly	   reduced	   graft	   volume	   after	   10	   weeks.	   This	  

effect	  may	  be	  explained	  by	  the	  effect	  of	  FGF-‐2	  on	  osteoclast	  differentiation	  (126).	  

	  

Several	   findings	   in	   the	   three	  studies	   indicate	   that	   the	   transduction	  of	  an	  active	  

transgene	   to	   cells	   close	   to	   the	   allograft	   initiates	   a	   healing	   response,	   which	  

triggers	  further	  steps	  in	  the	  repair	  process	  elicited	  by	  the	  host.	  Firstly,	  there	  was	  

no	   formation	   of	   fibrous	   tissue	   surrounding	   the	   allografts	   contrary	   to	   what	   is	  

normally	   seen.	   This	   may	   be	   explained	   by	   the	   transduction	   of	   the	   neighboring	  

cells	   leading	   to	  an	  altered	  perception	  of	   the	  graft	   from	  being	  a	   foreign	  body	   to	  

become	   part	   of	   the	   host.	   As	   a	   result	   the	   ingrowth	   of	   vessels	   and	   osteoclastic	  

resorption	   are	   allowed.	   This	   may	   be	   followed	   by	   a	   host	   remodeling	   response	  

converting	   nonvital	   bone	   into	   live	   bone	   including	   a	   live	   bone	   marrow,	   even	  

though	   the	   genes	   in	   the	   coating	   does	   not	   have	   access	   to	   the	   marrow	   cavity.	  

Furthermore,	  osteoclasts	  were	  only	  observed	   in	  areas	  of	  previous	   formation	  of	  

new	   bone	   close	   to	   the	   graft	   surface	   suggesting	   that	   bone	   formation	   on	   the	  

surface	  is	  required	  to	  initiate	  remodeling.	  	  

	  

We	  observed	  a	  tendency	  of	  uncoordinated	  bone	  formation.	  In	  the	  group	  treated	  

with	  VEGF	   and	  RANKL	   the	   resorption	   and	   subsequent	   bone	   formation	   did	   not	  

occur	   in	   a	   coordinated	   fashion.	   In	   some	   of	   the	   grafts	   resorption	  was	   observed	  

initially	  at	  the	  time	  of	  sacrifice	  after	  4	  weeks.	  In	  the	  VEGF	  treated	  group	  (study	  

III)	   the	   presence	   of	   new	   cartilage	   and	   osteoid	   formation	   at	   10	  weeks	   likewise	  

indicate	  that	  the	  osteogenesis	  response	  did	  not	  occur	  uniformly.	  This	  may	  be	  due	  

to	   variation	   in	   the	   level	   of	   transgene	   expression.	   This	   could	   be	   caused	   by	  

variation	   in	   local	   tissue	  damage	  eliciting	  second	  strand	  synthesis	  necessary	   for	  

successful	   transduction	   of	   rAAV.	   Recently,	   Yazici	   et	   al.	   (145)	   compared	   the	  

efficacy	   of	   ssAAV2.0-‐BMP-‐2	   and	   scAAV2.5-‐BMP-‐2.	   They	   were	   able	   to	   obtain	  

allograft	  healing	  superior	  to	  autograft	  healing	  using	  a	  scAAV2.5-‐BMP-‐2	  coating.	  

Furthermore,	   they	  did	  not	  detect	   any	  new	  cartilage	   in	   the	  histological	   sections	  

after	   6	   weeks	   indicating	   that	   the	   effect	   of	   scAAV-‐BMP-‐2	   was	   exerted	   through	  

enhanced	  bone	   formation	   followed	  by	  remodeling	  rather	   than	  exaggerated	  and	  
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ongoing	  endochondral	  ossification.	  This	  could	  be	  explained	  by	  the	  use	  of	  scAAV	  

for	  a	  more	  consistent	  gene	  transfer.	  

	  

Limitations	  
Although,	   our	   results	   show	   the	   potential	   of	   allografts	   coated	   with	   rAAV	   to	  

improve	  allograft	  integration	  and	  repair,	  further	  studies	  have	  to	  be	  performed	  to	  

prove	  the	  efficacy	  of	  this	  approach.	  The	  connectivity	  of	  the	  formed	  bone	  has	  to	  be	  

improved.	  This	   could	  be	  obtained	   from	  a	  more	  uniform	  coating	  procedure	  and	  

perhaps	   by	   using	   scAAV	   to	   increase	   transduction	   efficiency	   and	   get	   a	   more	  

uniform	   response.	   Further,	   the	   biomechanical	   properties	   of	   the	   formed	   bone	  

have	   to	   be	   evaluated.	   This	   can	   be	   done	   both	  mechanically	   and	  using	  micro-‐CT	  

based	   methods	   (70,	   147).	   It	   is	   also	   important	   to	   evaluate	   the	   efficacy	   of	   the	  

approach	  in	   large	  animal	  models	  with	  bone	  structure	  and	  weight	  bearing	  more	  

similar	   to	  humans.	  Large	  animals	  would	  also	  allow	   long-‐term	  follow-‐up	  so	  that	  

allograft	  remodeling	  could	  be	  evaluated.	  For	  example	  the	  presence	  of	   live	  bone	  

morrow	  in	  the	  caAlk2	  group	  may	  make	  the	  bone	  less	  prone	  to	  microfractures.	  	  

In	  addition,	  the	  safety	  of	  the	  vector	  system	  has	  to	  be	  carefully	  evaluated.	  AAV	  is	  a	  

replication	  deficient,	  non-‐integrating	  vector	  derived	  from	  a	  nonpathogenic	  virus,	  

but	   the	  potential	   for	   integration	  and	  cellular	   transformation	  cannot	  be	  entirely	  

eliminated.	   Moreover,	   we	   observed	   sustained	   luciferase	   expression	   for	   more	  

than	  6	  months	  in	  vivo.	  Allografts	  coated	  with	  AAV-‐luciferase	  have	  been	  shown	  to	  

decay	  after	  3-‐4	  weeks	  after	  insertion	  into	  the	  femoral	  muscle	  of	  mice	  (142).	  The	  

difference	  may	  be	  due	  to	  the	  insertion	  into	  muscle	  being	  less	  traumatic,	  creating	  

less	  inflammation,	  which	  can	  induce	  the	  necessary	  second	  strand	  synthesis	  of	  the	  

AAV.	  The	  control	  of	   transgene	  expression	  could	  be	  obtained	  using	  an	   inducible	  

system.	   Such	   an	   approach	   was	   used	   to	   regulate	   angiogenesis	   and	   bone	  

regeneration	   mediated	   by	   rAAV-‐based	   BMP-‐2	   gene	   delivery	   to	   MSCs	   in	   a	  

calvarial	   defect	   model	   (108).	   In	   addition,	   it	   is	   important	   to	   determine	   the	  

maximum	  effect	  elicited	  by	  a	  specific	  amount	  of	  transgene	  expressed	  in	  order	  to	  

increase	   safety	   and	   avoid	   side	   effects	   induced	   by	   overdosing.	   Overdosing	   side	  

effects	   were	   observed	   clinically	   using	   supraphysiologcal	   doses	   of	   rhBMP	   (46,	  
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47).	  Most	   importantly,	   this	  underlines	   that	   the	  kinetics	  of	   gene	  expression	  and	  

the	  distribution	  of	  the	  vector	  have	  to	  be	  evaluated	  carefully.	  

We	   demonstrate	   the	   efficacy	   of	   various	   growth	   factors	   for	   improvement	   of	  

allograft	   repair.	   Further,	   we	   demonstrate	   the	   potential	   of	   a	   simple	   cell-‐free	  

method,	  creating	  a	  “pseudo	  periosteum”,	  which	  can	  easily	  be	  applied	   in	  clinical	  

medicine	  as	  an	  of-‐the-‐shelf	  product.	  The	  method	  we	  described	  has	  already	  been	  

used	  by	  other	  scientists	  on	  several	  biomaterials	  and	  also	  on	  freeze-‐dried	  tendons	  

(143,	   148)	   showing	   that	   the	   technology	   has	   broad	   implications	   throughout	  

transplantation	  medicine.	  
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CONCLUSION	  
	  

We	   have	   shown	   the	   ability	   of	   immobilized	   AAV	   gene	   transfer	   to	   confer	  

osteogenic,	   angiogenic	   and	   remodeling	   capabilities	   most	   often	   absent	   in	  

devitalized	  allograft	  healing.	  Several	  key	  factors	  can	  be	  used	  to	  improve	  allograft	  

repair.	  We	  found	  that	  RANKL	  and	  VEGF	  are	  necessary	  for	  autograft	  healing	  and	  

can	   be	   transferred	   using	   rAAV	   to	   revitalize	   structural	   allografts.	   Furthermore	  

introduction	  of	  BMP	  signals	  on	  to	   the	  cortical	  surface	  of	  allografts	  mediated	  by	  

rAAV	  lead	  to	  a	  new	  bone	  cortex	  and	  remodeling.	  Finally,	  we	  found	  that	  VEGF	  can	  

induce	   significant	   bone	   formation	   and	   remodeling.	   In	   conclusion	   our	   results	  

show	  that	  allografts	  coated	  with	  rAAV	  expressing	  key	  factors	  have	  the	  potential	  

to	  improve	  the	  performance	  of	  structural	  allografts.	  	  
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PERSPECTIVE	  
	  

Several	  issues	  must	  be	  addressed	  to	  improve	  the	  efficacy	  of	  revitalizing	  allografts	  

adding	  critical	  signals	  mediated	  by	  rAAV.	  Careful	  evaluation	  of	  the	  kinetics	  of	  the	  

transgene	  expression	  and	  the	  biodistribution	  of	  the	  vector	  has	  to	  be	  performed.	  

Further,	   to	   extend	   the	   understanding	   of	   the	   revitalization	   of	   the	   allografts	   the	  

biomechanics	  has	  to	  be	  evaluated	  to	  ensure	  proper	  function	  of	  the	  formed	  bone.	  

In	   addition,	   the	   method	   should	   be	   established	   in	   a	   large	   animal	   model	   with	  

external	   fixation	  similar	  to	  what	   is	  needed	  for	  clinical	  use.	  Finally,	  visualization	  

of	   bone	   formation	   and	   neovascularization	   in	   in	   vivo	   large	   animal	   models	   may	  

provide	   further	   insight	   into	   the	   mechanisms	   of	   allograft	   incorporation	   and	  

repair.
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Remodeling	  of	  cortical	  bone	  allografts	  mediated	  by	  
adherent	  rAAV-RANKL	  and	  VEGF	  gene	  therapy	  
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Abstract	  

Bone	  allografts	  are	  used	  to	  repair	  bone	  fractures	  although	  they	  often	  fail	  to	  heal	  properly	  

due	   to	   a	   limited	   formation	   of	   new	   bone	   and	   blood	   vessels.	   This	   study	   investigated	  

whether	  coordinating	  vessel	  and	  bone	  formation	  is	  achieved	  using	  Vascular	  Endothelial	  

Growth	  Factor	  (VEGF)	  and	  Fibroblast	  Growth	  Factor-‐2	  (FGF2)	  gene	  transfer	  mediated	  by	  

immobilized	   recombinant	   adeno-‐associated	   viral	   vectors	   (rAAV).	   Nonvital	   allografts	  

were	  coated	  with	  rAAV	  and	  studied	  in	  a	  mouse	  femoral	  allograft	  model.	  Luciferase	  was	  

used	   as	   reporter	   to	   evaluate	   the	   gene	   expression	   kinetics.	   Localized	   gene	   expression	  

appeared	   between	   day	   4	   and	   9	   and	   continued	   for	   more	   than	   6	  months.	   VEGF	   coated	  

allografts	   led	  to	  an	  almost	  two	  fold	  increase	  in	  new	  bone	  volume	  compared	  to	  controls	  

(VEGF:	  31.7±11.6	  mm3,	  GFP:	  16.4±8.6	  mm3,	  p<0.05).	  Histology	  and	  3D	  reconstructions	  

using	  micro-‐CT	  revealed	  new	  bone	  covering	  the	  entire	  surface	  of	  the	  VEGF-‐treated	  grafts.	  
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Furthermore,	  clear	  signs	  of	  remodeling	  were	  identified	  at	  the	  ends	  and	  along	  the	  surface	  

of	  the	  grafts.	  In	  conclusion,	  allografts	  coated	  with	  immobilized	  AAV	  have	  the	  potential	  to	  

improve	  the	  repair	  of	  large	  bone	  defects.	  

	  

INTRODUCTION	  

Structural	  bone	  allografts	  are	  used	  to	  reconstruct	  large	  skeletal	  defects	  following	  trauma	  

or	   removal	   of	   tumor.	   Both	   experimental	   and	   clinical	   studies	   have	   shown	   that	   fresh	  

autogenous	  grafts	  are	  superior	  to	  allograft	  bone	  for	  graft	  repair	  and	  remodeling	  [1,	  2].	  In	  

the	  case	  of	  autografts,	  both	  graft	  and	  host	  bone	  contributes	   to	   the	  osteogenesis.	  Living	  

cells	  contained	   in	   the	  autografts	  can	  produce	  early	  new	  bone,	  growth	   factors	  and	  bone	  

inducing	   substances.	   Following	   bone	   union	   autografts	   continue	   to	   remodel,	   and	   these	  

processes	   are	   sustained	   through	   normal	   bone	   homeostasis.	   In	   contrast,	   as	   frozen	  

allografts	  does	  not	  contain	   living	  cells,	  healing	  relies	  upon	  invasion	  of	  the	  graft	  by	  host	  

cells	   [3].	  Consequently,	   a	   large	   segment	  at	   the	  mid	  part	  of	   the	  graft	   is	  prone	   to	   lack	  of	  

revascularization	   and	   loss	   of	   strength,	   causing	   a	   20-‐25%	   failure	   rate	   due	   to	   nonunion	  

and	  fracture	  [4].	  

	  	  

Allografts	   heal	   by	   endochondral	   bone	   formation	   only	   [5].	   Several	   growth	   factors	   are	  

expressed	  in	  a	  distinct	  pattern	  during	  this	  healing	  response	  playing	  a	  role	  in	  bone	  repair	  

[6].	   The	  most	   promising	   of	   these	   are	   the	   Bone	  Morphogentic	   Proteins	   (BMPs),	   which	  

have	   been	   used	   in	   clinical	   trials	  with	   varying	   effect,	   and	   in	   best	   case	   being	   capable	   to	  

promote	   fracture	   healing	   following	   use	   of	   very	   high	   doses	   [7].	   Furthermore,	   recent	  

reports	   have	   shown	   adverse	   effects	   after	   treatment	   with	   recombinant	   human	   BMP	  

(rhBMP)	  including	  soft	  tissue	  swelling	  and	  heterotopic	  ossification	  [8,	  9].	  	  

	  

Besides	   BMPs,	   other	   pathways	   are	   involved	   in	   bone	   formation.	   For	   example,	  

angiogenesis	  is	  important	  since	  inhibition	  of	  Vascular	  Endothelial	  Growth	  Factor	  (VEGF)	  

can	   disturb	   BMP	   induced	   osteogenesis	   [10].	   During	   endochondral	   ossification	   the	  

inhibition	  of	  VEGF	  leads	  to	  decreased	  bone	  formation	  at	  the	  growth	  plate	  secondary	  to	  

suppression	   of	   vessel	   formation	   and	   impairment	   of	   cartilage	   resorption	   [5,	   11].	  
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Fibroblast	   growth	   factor-‐2	   (FGF2)	   is	   another	   regulator	   of	   neoangiogenesis,	   and	   the	  

mitogenic	  effect	  of	  FGF2	  on	  endothelial	   cells,	   chondrocytes,	   fibroblasts	  and	  osteoblasts	  

and	  has	  been	  demonstrated	  essential	  to	  the	  osteogenesis	  of	  mesenchymal	  stem	  cells	  [12,	  

13].	  Both	  VEGF	  and	  FGF2	  can	  promote	  bone	  formation	  in	  vivo	  [11,	  14,	  15].	  Furthermore,	  

the	   combination	   of	   VEGF	   and	   FGF2	   has	   been	   shown	   to	   induce	   faster	   bone	   formation	  

together	  with	  an	  increased	  formation	  of	  blood	  vessels	  in	  a	  model	  of	  vascular	  bone	  graft	  

healing	   in	  mice	   [16].	   	  Recently,	  an	   increased	  angiogenesis	  and	  blood	  vessel	  maturation	  

was	  demonstrated	  in	  an	  acellular	  collagen	  scaffold	  loaded	  with	  both	  VEGF	  and	  FGF2	  [17].	  

	  

As	  the	  lack	  of	  formation	  of	  novel	  blood	  vessels	  is	  one	  of	  the	  major	  problems	  associated	  

with	  allograft	  healing	  we	  used	  allografts	  coated	  with	  immobilized	  adeno-‐associated	  viral	  

vectors	   [18-‐20]	   to	   obtain	   local	   and	   sustained	   expression	   of	   VEGF	   and	   FGF2,	   and	   we	  

assessed	  new	  bone	  formation	  by	  histology	  and	  micro-‐CT	  analysis.	  We	  hypothesized	  that	  

bone	  healing	  would	  be	  enhanced	  when	  coordinating	  vessel	  and	  bone	  formation	  using	  a	  

combined	  treatment	  of	  VEGF	  and	  FGF2.	  
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RESULTS	  

Freeze-dried	   adeno-associated	   viral	   vectors	   are	   released	   from	   the	   bone	   graft	  

surface	  within	  the	  first	  minute	  

Murine	   femorale	   allografts	   coated	   with	   adeno-‐associated	   viral	   vectors	   are	   capable	   of	  

transducing	  adjacent	  cells	  in	  the	  fracture	  callus	  following	  implantation	  [18,	  19].	  In	  order	  

to	  measure	  the	  release	  of	  the	  viral	  coating	  from	  the	  bone	  surface	  coated	  allografts	  were	  

placed	   onto	   confluent	   layers	   of	   293	   cells.	   Each	  minute	   the	   grafts	  were	  moved	   to	   new	  

wells,	  and	  48	  h	  later	  the	  number	  of	  GFP	  positive	  cells	  was	  measured	  by	  flow	  cytometry.	  

As	  seen	   in	   fig.	  1,	  most	  of	   the	  AAV	  vectors	  (88%)	   in	  the	  coating	  were	  released	  from	  the	  

graft	   surface	  within	   the	   first	  minute.	  Only	   2.4%	  of	   the	   total	   transduction	   capacity	  was	  

measured	  between	  3-‐15	  min.	  	  

Luciferase	   expression	   measured	   by	   bioluminescence	   is	   localized	   to	   the	   graft	  

insertion	  in	  the	  right	  femur	  and	  continues	  for	  more	  than	  6	  months	  

Based	  on	  the	  release	  profile	  demonstrated	  in	  vitro,	  we	  examined	  the	  kinetics	  of	  the	  viral	  

coating	  in	  vivo	  using	  a	  murine	  femoral	  allograft	  model	  as	  done	  previously	  [18,	  19].	  Each	  

allograft	  was	  coated	  with	  1×109	  particles	  of	  rAAV-‐luciferase	  and	  inserted	  in	  the	  femur	  of	  

the	   mice	   as	   described	   in	   the	   materials	   and	   methods	   section.	   As	   seen	   in	   fig.	   2A,	   gene	  

expression	  was	   localized	   to	   the	   site	   of	   insertion	   of	   the	   graft	   in	   the	   right	   femur	   of	   the	  

mouse.	   Significant	   transgene	   expression	  was	   detected	   at	   day	   9,	   reached	   a	   steady	   level	  

around	  day	  50	  and	  could	  still	  be	  detected	  at	  day	  178	  (fig.	  2B).	  3D	  scans	  were	  performed	  

to	  confirm	  the	   localization	  at	   the	  right	  site	  of	   the	  animal	  close	   to	   the	  surface,	  matching	  

the	   site	  of	   insertion	   (fig.	  2C).	  No	  expression	  at	   ectopic	   tissues	  was	  observed	   indicating	  

that	  shedding	  of	  the	  viral	  vectors	  to	  tissues	  outside	  this	  region	  did	  not	  take	  place.	  	  

Muscle	  and	  fibrous	  tissue	  are	  the	  main	  targets	  of	  allograft	  coated	  AAV	  transduction	  

In	  order	  to	  further	  define	  the	  location	  of	  the	  transgene	  expression	  we	  divided	  the	  right	  

femur	  into	  different	  tissue	  groups	  by	  dissection:	  (1)	  skin,	  (2)	  the	  femur	  and	  (3)	  muscle	  

and	   fibrous	   tissue	   surrounding	   the	   femur.	   As	   seen	   in	   fig.	   3,	   bioluminescence	   imaging	  

clearly	  defined	  the	  muscle	  and	  fibrous	  tissue	  surrounding	  the	  graft	  as	  the	  main	  location	  

of	  luciferase	  expression.	  The	  bone	  did	  not	  show	  gene	  expression	  above	  control	  levels.	  	  It	  
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has	  previously	  been	  shown	  that	  cells	  within	  the	  newly	  woven	  bone	  are	  transduced	  with	  

AAV	   using	   LacZ	   as	  marker	   gene,	   but	  most	   likely	  we	  were	   not	   able	   to	   detect	   any	   light	  

signal	   from	   these	   cells	   due	   to	   shielding	   of	   the	   signal	   by	   the	   overlying	   calcified	   bone.	  

Finally,	  the	  skin	  showed	  low	  levels	  of	  gene	  expression	  localized	  to	  the	  area	  just	  above	  the	  

site,	  where	  the	  muscle	  has	  been	  split.	  This	  may	  generate	  a	  potential	  route	  for	  escape	  of	  

the	   viral	   vectors,	   emphasising	   the	   importance	   of	   sealing	   of	   the	   allograft	   within	   the	  

muscle.	  There	  was	  no	  sign	  of	  transduction	  of	  the	  surrounding	  skin	  (data	  not	  shown).	  

rAAV-VEGF	  coated	  allografts	  lead	  to	  increased	  bone	  formation	  

AAV2	  mediated	   gene	   expression	   of	   VEGF165	   and	   FGF2	  was	   used	   to	   study	   the	   effect	   of	  

stimulation	  of	  both	  neovascularisation	  and	  bone	  formation.	  Mice	  (n=48)	  were	  divided	  in	  

4	  groups	  receiving	  either	  VEGF,	  FGF2,	  a	  combination	  of	  the	  two	  and	  a	  GFP-‐control	  group.	  

Micro-‐CT	  scans	  were	  performed	  after	  10	  weeks	  (fig.	  4).	  Bone	  volume	  analysis	  of	  acquired	  

micro-‐CT	  imaging	  data	  allowed	  calculation	  of	  total	  bone	  volume,	  graft	  volume	  and	  new	  

bone	   volume.	   Interestingly,	   VEGF	   treated	   allografts	   led	   to	   an	   almost	   2-‐fold	   increase	   in	  

formation	   of	   new	   bone	   compared	   to	   GFP-‐controls	   (31.7±11.6	   mm3	   vs.	   16.4±8.6	   mm3,	  

p<0.05).	  	  3D	  reconstructions	  of	  the	  micro-‐CT	  data	  showed	  formation	  of	  new	  bone	  along	  

the	   entire	   length	   of	   the	   VEGF	   treated	   allografts	   in	   5	   of	   8	   samples	   (fig.	   5).	   In	   contrast,	  

animals	   in	   the	   control	  were	   dependent	   on	   bone	   bridging	   at	   the	   host-‐graft	   boundaries,	  

leaving	   the	   mid	   part	   of	   the	   graft	   unaffected.	   Treatment	   with	   FGF2	   or	   combination	   of	  

VEGF	  and	  FGF2	  had	  no	  effect	  on	  the	  amount	  of	  new-‐generated	  bone.	  

Histological	  features	  of	  AAV-VEGF	  coated	  allograft	  healing	  	  

Histological	   sections	   were	   stained	  with	   Goldner	   Trichrome	   and	   tartrate-‐resistant	   acid	  

phosphatase	   to	   investigate	   the	   effect	   of	   AAV-‐VEGF	   treatment	   (fig.	   6).	   Histology	  

confirmed	   formation	   of	   a	   new	  bone	   callus	   along	   the	   entire	   length	   of	   the	   allograft.	   The	  

new	  bone	  was	  situated	  directly	  on	  the	  surface	  of	  the	  graft	  bone	  and	  between	  the	  host	  and	  

graft	  bone,	  with	  active	  resorption	  of	  the	  necrotic	  graft	  bone	  both	  at	  the	  ends	  of	  the	  graft	  

and	  also	  along	  the	  central	  part	  of	  the	  graft	  surface	  (fig.	  7).	  The	  surface	  of	  the	  graft	  was	  

irregular	   and	   invaded	  by	   new	  bone	  marrow	   in	   the	   remodeling	   callus.	   Finally,	   calcified	  

cartilage	   and	   osteoid	   were	   present	   at	   the	   mid	   part	   of	   the	   graft	   in	   some	   animals,	  

indicating	  that	  bone	  formation	  continued	  after	  10	  weeks.	  	  



Mette	  Koefoed,	  PhD	  dissertation	  2011	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  PAPER	  III
	  

	   77	  

AAV-FGF2	  leads	  to	  increased	  remodeling	  of	  processed	  allografts	  

Even	  though	  there	  was	  no	  significant	  increase	  in	  new	  bone	  formed	  in	  the	  FGF2	  treated	  

group,	   histological	   evaluation	   revealed	   an	   irregular	   surface	   of	   the	   allograft	   with	  

numerous	  osteoclasts	  in	  areas	  covered	  with	  new	  bone.	  	  Furthermore,	  micro-‐CT	  revealed	  

a	  significantly	  decreased	  graft	  bone	  volume	  in	  the	  FGF2	  group	  compared	  to	  the	  control	  

(0.009	  vs.	  0.012	  cm3,	  p<0.05),	  indicating	  active	  remodeling	  in	  the	  FGF2	  treated	  animals	  

(fig.	  8).	  
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DISCUSSION	  

This	   experimental	   study	   in	  mice	   showed	   that	  AAV-‐VEGF	   gene	   transfer	   improved	  bone	  

formation	  and	  remodeling	  during	  devitalized	  allograft	  healing.	  The	  effect	  is	  explained	  by	  

the	  formation	  of	  a	  new	  bone	  collar	  that	  surrounds	  the	  entire	  graft	  and	  numerous	  active	  

osteoclasts	  on	  the	  graft	  surface	  not	  normally	  seen	  in	  allograft	  healing..	  

Processed	   bone	   allografts	   are	   often	   problematic	   to	   use	   clinically	   due	   to	   a	   lack	   of	  

revascularization	   and	   loss	   of	   mechanical	   strength.	   These	   grafts	   lack	   the	   biological	  

osteoinductive	   activity	   to	   induce	   bone	   formation	   in	   their	   surroundings	   and	   have	  

decreased	   ability	   to	   participate	   in	   osteogenesis	   [1].	   Nonetheless,	   they	   are	  widely	   used	  

because	  of	  the	  problems	  associated	  with	  autografts:	   limited	  size,	  availability	  and	  donor	  

site	  morbidity	  [21].	  Several	  approaches	  based	  on	  gene	  transfer	  have	  been	  investigated	  to	  

improve	   allograft	   healing,	   including	   the	   transfer	   of	   factors	   expressing	   growth	   factors	  

released	   from	   artificial	   scaffolds	   and	   cell	   based	   approaches	   with	   engineered	  

mesenchymal	  stem	  cells	  expressing	  transgenes	  important	  for	  osteogenesis	  [14,	  22,	  23].	  

Recently,	   the	   delivery	   of	   immobilized	   self-‐complementary	   AAV	   (scAAV)	   mediated	  

transfer	  of	  BMP2	  has	  been	  shown	  to	  induce	  bone	  formation	  and	  remodeling	  of	  processed	  

allografts	  [20].	  The	  same	  method	  of	  immobilized	  AAV	  mediated	  gene	  transfer	  was	  in	  this	  

study	  used	  to	  demonstrate	  the	  appearance	  of	  luciferase	  gene	  expression	  between	  day	  4	  

and	  day	  9	  (fig.	  2).	  We	  found	  this	  optimal	  considering	  that	  VEGF	  is	  normally	  expressed	  by	  

hypertrofic	  chondrocytes	  on	  day	  10	  after	  fracture	  [24].	  Gene	  expression	  was	  localized	  to	  

the	   site	  of	   insertion	  with	  no	   indication	  of	   shedding	  of	   the	  viral	   vector	   to	  other	  organs,	  

confirming	   previous	   findings	   with	   AAV	   coated	   allografts	   inserted	   in	   the	   quadriceps	  

muscle	  in	  mice	  [25].	  However,	  we	  observed	  low	  levels	  of	  gene	  expression	  in	  the	  skin	  in	  

close	  proximity	  to	  the	  dissection	  of	  the	  muscle	  during	  insertion	  (fig.	  3).	  Considering	  the	  

fast	  release	  of	  the	  viral	  vector	  coating	  measured	  in	  vitro,	  this	  observation	  suggests	  that	  

care	  must	  be	  taken	  to	  avoid	  disruption	  of	  the	  coating	  during	  insertion.	  

The	  sustained	   luciferase	  enzyme	  expression	   for	  more	  than	  6	  months	  may	  be	  explained	  

by	   the	   transduction	   of	   muscle	   cells	   with	   a	   long	   life	   cycle.	   Others	   have	   shown	   that	  

luciferase	   expression	   declined	   3-‐4	   weeks	   following	   insertion	   of	   coated	   allografts	   into	  

muscle	  [25].	  This	  difference	   	  could	  be	  explained	  by	  differences	  in	  animal	  models	  as	  the	  
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insertion	   into	  muscle	   is	   less	   traumatic	  and	   less	   likely	   to	  elicit	   a	   regenerative	   response,	  

which	   may	   induce	   AAV	   second	   strand	   synthesis	   necessary	   for	   gene	   expression.	  

Nevertheless,	  for	  safety	  reasons	  the	  expression	  profile	  has	  to	  be	  carefully	  evaluated.	  

For	   successful	   integration	   of	   the	   grafted	   bone	   tissue	   coordinated	   action	   of	   progenitor	  

cells,	   kinetics	   of	   growth	   factors	   and	   revascularization	   is	   essential.	   We	   attempt	   to	  

recapitulate	  aspects	  of	   the	  bone	  regenerative	  environment	  by	  using	  dual	  growth	   factor	  

stimulation	  coated	  onto	  the	  surface	  of	  processed	  bone	  allografts	  to	  repair	  a	  critical	  sized	  

defect	  in	  vivo.	  In	  a	  similar	  model,	  combination	  of	  VEGF	  and	  receptor	  activator	  of	  nuclear	  

factor	   κB	   ligand	   (RANKL)	   improved	   bone	   allograft	   healing	   through	   angiogenesis	   and	  

osteoclast	  activation,	  leading	  to	  new	  bone	  formation	  [18].	  However,	  the	  treatment	  led	  to	  

inferior	  biomechanics	  of	  the	  bone	  due	  to	  extensive	  resorption	  of	  the	  grafts.	  The	  reported	  

synergistic	  effects	  between	  angiogenic	  and	  osteogenic	  factors	  on	  bone	  formation	  [26,	  27]	  

suggest	   that	   stimulation	   of	   both	   angiogenesis	   and	   bone	   formation	   in	   combination	  will	  

lead	  to	  an	  improved	  healing	  response	  of	  processed	  bone	  allografts.	  	  

In	  contrast	  to	  what	  has	  previously	  been	  shown	  using	  this	  animal	  model	  [18],	  we	  found	  

that	  VEGF	  treatment	  alone	  was	  sufficient	  for	  induction	  of	  increased	  bone	  formation	  (fig.	  

4).	  This	  effect	  may	  be	  due	  to	  the	  use	  of	  a	  higher	  amount	  of	  viral	  vectors	  (1×109	  vs.	  5×107	  

viral	   particles)	   as	   VEGF	   has	   been	   sufficient	   for	   induction	   of	   new	   bone	   formation	  

previously	   [11,	   14].	   This	   response	   emphasizes	   the	   importance	   of	   performing	   dose-‐

response	   studies	   when	   evaluating	   the	   effect	   of	   growth	   factors.	   To	   extend	   the	  

understanding	   of	   the	   VEGF	   effect	   biomechanics	   of	   the	   allograft	   healing	   has	   to	   be	  

evaluated	   to	   ensure	   proper	   performance	   of	   the	   reconstructed	   bone.	   Furthermore,	  

evaluating	  the	  induced	  neovascularization	  in	  an	  in	  vivo	  animal	  model	  may	  also	  provide	  

additional	  information	  about	  the	  role	  of	  VEGF.	  	  

We	  surprisingly	  found	  that	  the	  combination	  of	  VEGF	  and	  FGF2	  did	  not	  lead	  to	  increased	  

formation	  of	  new	  bone,	  contrary	  to	  a	  model	  of	  vascularized	  bone	  allotransplants,	  where	  	  

these	   factors	  both	   increased	   the	  amount	  of	  new	  vessels	   formed	  and	  bone	  volume	  [16].	  

Furthermore,	  we	  found	  no	  significant	  effect	  of	  FGF2	  gene	  transfer	  on	  bone	  formation.	  In	  

the	  3D	  reconstructions	  of	   the	  healing	  allografts	   (fig.	  5)	  we	  clearly	  demonstrated	  a	  new	  

bone	  collar	  encapsulating	  the	  entire	  graft	  in	  newly	  formed	  bone	  in	  contrast	  to	  the	  lack	  of	  
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bone	   formation	   at	   the	   mid	   part	   of	   the	   graft	   in	   the	   controls.	   This	   observation	   was	  

confirmed	   by	   the	   histology	   (fig.	   6	   and	   fig.	   7).	   FGF2	   alone	   had	   no	   effect	   on	   new	   bone	  

formation	  but	  caused	  induction	  of	  remodeling	  and	  increased	  resorption	  of	  the	  allograft	  

compared	  to	  control	   (fig.	  8).	  This	   is	   in	  agreement	  with	   the	  effect	  of	  FGF2	  on	  osteoclast	  

differentiation	  through	  the	  upregulation	  of	  Receptor	  activator	  of	  nuclear	  factor	  κB	  ligand	  

(RANKL)	  [28].	  	  

In	   summary,	   we	   showed	   that	   expression	   of	   VEGF	   mediated	   by	   immobilized	   AAV	   is	  

beneficial	  for	  improved	  healing	  of	  devitalized	  allograft.	  	  The	  VEGF	  treatment	  of	  the	  bone	  

defects	  lead	  to	  the	  formation	  of	  new	  bone,	  covering	  the	  entire	  graft,	  lack	  of	  fibrous	  tissue	  

surrounding	  the	  graft	  and	  evidence	  of	  remodeling	  of	  the	  graft	  surface.	  These	  features	  are	  

normally	  associated	  with	   the	  healing	  of	  vital	  autografts.	  Thus	  our	   findings	  suggest	   that	  

immobilized	  AAV-‐VEGF	   could	   be	   used	   to	   overcome	   the	   lack	   of	   fracture	   repair	   in	   large	  

bone	  defects	  associated	  with	  decreased	  blood	  supply.	  
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MATERIAL	  AND	  METHODS	  

rAAV	  vector	  preparation.	  rAAV-‐GFP,	  rAAV-‐Luc	  and	  rAAV-‐VEGF165	  vectors,	  all	  serotype	  

2/2	   were	   produced	   at	   the	   Gene	   Therapy	   Center	   of	   the	   University	   of	   North	   Carolina,	  

Chapel	  Hill.	  The	  cDNA	  for	  VEGF165	  were	  subcloned	  into	  the	  pAAV-‐BGHA	  transfer	  vector	  

prior	  to	  viral	  vector	  production	  [18].The	  human	  basic	  fibroblast	  growth	  factor	  cDNA	  was	  

inserted	  into	  rAAV-‐LacZ	  (rAAV-‐FGF2).	  The	  rAAV	  were	  packaged,	  purified	  and	  titrated	  as	  

previously	  described	  [29-‐31].	  	  

Murine	   segmental	   femoral	   graft	   model.	   All	   animal	   studies	   were	   conducted	   in	  

accordance	  with	  procedures	  approved	  by	  the	  Danish	  Animal	  Experiments	  Inspectorate.	  

Male	   C57Bl/6	   mice	   8	   weeks	   old	   were	   used	   for	   the	   femoral	   grafting	   procedure	   as	  

described	  previously	  [32].	  Briefly,	  the	  mice	  were	  anesthetized	  using	  ketamine/xylazine.	  

A	  10	  mm	  incision	  was	  made	  in	  the	  right	  femur	  and	  the	  bone	  exposed	  by	  blunt	  dissection.	  

A	  4	  mm	  segment	  of	  bone	  was	  removed	  using	  an	  electrical	  saw,	  and	  a	  piece	  of	  allograft	  

bone	  was	  inserted	  in	  the	  gap	  and	  fixed	  with	  a	  0.6	  mm	  titanium	  pin	  through	  the	  marrow	  

canal.	  The	  incision	  in	  the	  skin	  was	  closed	  using	  absorbable	  sutures.	  The	  animals	  received	  

an	  injection	  of	  Buprenorphine	  (0.1	  mg/kg)	  immediately	  after	  surgery	  followed	  by	  three	  

days	   of	   oral	   Buprenorphine	   (0.7-‐1.4	   mg/kg)	   for	   pain	   management.	   The	   mice	   were	  

allowed	  to	  move	  freely	  after	  recovery	  from	  the	  anesthesia.	  	  

Bone	   allograft	   processing.	  Bone	   allografts	  were	   harvested	   from	   BalbC	  mice,	   cleaned	  

and	  rinsed	  in	  70%	  ethanol,	  rinsed	  three	  times	  in	  steril	  saline	  to	  remove	  residual	  ethanol,	  

and	  then	  frozen	  for	  at	  least	  24	  h	  before	  use.	  In	  order	  to	  coat	  the	  graft	  with	  rAAV	  vectors,	  

the	   vector	   was	   suspended	   in	   a	   total	   of	   50	   µL	   of	   a	   1%	   sorbitol-‐PBS	   solution,	   and	   the	  

solution	   pipetted	   on	   to	   the	   graft	   surface	   while	   the	   graft	   was	   on	   dry	   ice	   followed	   by	  

freeze-‐drying	  [18].	  

Release	  of	  AAV	  vectors	  from	  murine	  bone	  allograft	   in	  vitro.	  Allografts	  were	  coated	  

with	   1×108	   particles	   of	   rAAV-‐GFP.	   The	   time	   for	   release,	   transduction	   and	   gene	  

expression	  was	  determined	  by	  placing	  allografts	  on	  a	  confluent	   layer	  of	  HEK	  293	  cells.	  

The	  grafts	  were	  moved	  to	  a	  new	  well	  each	  minute.	  The	  number	  of	  GFP-‐positive	  cells	  was	  

determined	  by	  flow	  cytometry	  after	  48	  h	  (n=3).	  
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Bioluminescence	   imaging.	  All	   bioluminescence	   imaging	   data	  was	   obtained	   using	   the	  

IVIS	   Spectrum	   imaging	   system	   (Caliper	   Life	   Sciences,	   Hopkinton,	   Massachusetts).	   In	  

order	  to	  demonstrate	  gene	  expression	  over	  time,	  allografts	  coated	  with	  1×109	  particles	  

of	   rAAV-‐luciferase	  were	   inserted	   in	   the	   right	   femur	  of	   the	  mice,	   and	   the	   animals	  were	  

scanned	  at	  different	   time	  points.	  At	   each	   time	  point	  each	  mouse	  was	   injected	  with	   the	  

substrate	   D-‐luciferin	   potassium	   salt	   using	   a	   concentration	   of	   15	   mg/mL/10	   g	   body	  

weight	  (Synchem	  OHG,	  Felsberg-‐Altenburg,	  Germany).	  A	  standardized	  region	  of	  interest	  

was	   defined	   and	   the	   radiance	   efficiency	   was	   measured	   (photons/cm2/sec/sr).	   3D	  

bioluminescence	   imaging	   followed	   manufacturer’s	   protocol	   for	   diffuse	   light	   imaging	  

tomography	  with	  the	  following	  settings:	  emission	  filter	  range	  of	  560-‐660	  nm	  (6	  in	  total),	  

exposure	   time	   1,	   medium	   binning,	   and	   f-‐stop	   1.	   Following	   acquisition,	   surface	  

topography	  and	  bioluminescence	  source	  reconstruction	  was	  performed	  and	  the	  total	  flux	  

was	   measured.	   To	   determine	   the	   location	   of	   the	   cells	   transduced	   with	   the	   luciferase	  

enzyme,	   the	   skin	   was	   removed	   from	   the	   right	   side	   of	   the	   lower	   back,	   the	   femur	   was	  

harvested	  and	   the	  muscle	  and	   fibrous	   tissue	  surrounding	   it	  was	   isolated.	  The	  skin,	   the	  

muscle	   and	   fibrous	   tissue	   and	   the	   femoral	   bone	   were	   analyzed	   individually	   and	   the	  

radiance	  efficiency	  from	  the	  entire	  tissue	  segments	  was	  measured.	  	  

Quantification	  of	  new	  bone	  formation	  using	  µCT	  analysis.	  Following	  sacrifice	  of	  the	  

mice,	  the	  grafted	  femurs	  were	  harvested	  and	  fixed	  in	  70%	  ethanol	  for	  5	  days.	  The	  tissue	  

blocks	   were	   dehydrated	   gradually	   in	   ethanol	   (70%–100%)	   at	   4	   oC	   and	   embedded	   in	  

methylmethacrylate	   at	   -‐20	   oC.	   The	   grafted	   femurs	   were	   positioned	   vertically	   and	  

positioned	   in	   a	   micro-‐CT	   system	   (VivaCT	   40,	   Scanco,	   Bassersdorf,	   Switzerland)	   to	  

quantify	  the	  volume	  of	  newly	  formed	  bone	  surrounding	  the	  allograft	  [19].	  The	  allograft	  

region	  was	  scanned	  with	  a	  16	  µm	  isotropic	  voxel	  resolution.	  The	  imaging	  software	  OsiriX	  

(www.osirix-‐viewer.com)	   was	   used	   for	   data	   processing.	   Initially,	   the	   two	   ends	   of	   the	  

graft	  were	  precisely	   identified	   to	   standardise	   a	   fixed	  examination-‐volume,	  bounded	  by	  

the	  graft	   itself	  plus	   the	  addition	  of	  exactly	  15	  slices	   to	  each	  end	  of	   the	  graft.	  A	  blinded	  

observer	   determined	   an	   appropriate	   threshold-‐value	   for	   the	   bone	   voxels,	   and	   this	  

threshold-‐value	   was	   kept	   constant	   throughout	   the	   analyses	   for	   each	   femur.	   The	  

threshold	   value	   then	   served	   as	   the	   basis	   for	   a	   semiautomatic	   creation	   of	   regions	   of	  
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interest	   that	  was	   finally	   propagated	   throughout	   the	   dataset	   in	   order	   to	  measure	   bone	  

volume.	  

To	  exclude	  the	  allograft	  in	  the	  evaluation	  of	  bone	  healing,	  a	  second	  region	  of	  interest	  was	  

limited	   to	   the	   graft	   itself.	   The	   volume	   of	   newly	   bone	   formed	   was	   calculated	   by	  

subtracting	  the	  graft	  volume	  from	  the	  entire	  examination-‐volume.	  The	  volume	  rendering	  

application	  in	  OsiriX	  was	  used	  to	  create	  indicative	  3D	  representations,	  with	  intensity	  and	  

colour	  settings	  referring	  to	  subjective	  preferences.	  

Histology.	  	  The	  femurs	  were	  embedded	  in	  extra	  MMA,	  cut	  in	  7	  µm	  sections	  and	  stained	  

with	   Goldners	   Trichrome,	   Hematoxyline	   and	   Eosine	   or	   tartrate-‐resistent	   acid	  

phosphatase	  (TRAP)	  activity	  for	  qualitative	  analyses	  [33].	  	  

Statistical	   analysis.	  Analyses	   of	   the	  micro-‐CT	  data	  were	   performed	  blinded.	   The	   data	  

were	  tested	  for	  normal	  distribution	  and	  homogeneity	  of	  variance.	  When	  these	  conditions	  

were	   fulfilled	   the	   groups	   were	   compared	   using	   parametric	   analyses	   (Student’s	   t-‐test)	  

and	   the	   data	   are	   presented	   as	   mean	   ±SD	   or	   mean	   ±SEM.	   	   The	   level	   of	   statistical	  

significance	  was	  p<0.05.	  
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Figure	  1	  In	  vitro	  release	  of	  AAV	  vectors	  coated	  onto	  the	  surface	  of	  bone	  

allografts.	  The	  release	  of	  AAV-‐GFP	  vectors	  was	  determined	  by	  placing	  coated	  

allografts	  on	  a	  confluent	  layer	  of	  HEK	  293	  cells.	  Every	  minute	  the	  grafts	  were	  

moved	  to	  a	  new	  well.	  The	  number	  of	  GFP	  positive	  cells	  was	  determined	  by	  flow	  

cytometry.	  

	  

Figure	  2	  Continuous	  and	  localized	  gene	  expression	  mediated	  by	  recombinant	  

adeno-‐associated	  viral	  vectors	  through	  the	  use	  of	  bone	  allografts.	  (A)	  

Bioluminescence	  images	  of	  mice	  grafted	  with	  rAAV-‐luciferase	  coated	  bone	  

allografts	  show	  the	  light	  signal	  specifically	  localized	  to	  the	  site	  of	  the	  bone	  graft	  

in	  the	  right	  femur	  of	  the	  mice.	  (B)	  The	  light	  signal	  was	  detected	  at	  day	  9	  and	  

reached	  a	  steady	  level,	  which	  could	  still	  be	  visualized	  at	  day	  178.	  This	  is	  based	  on	  

the	  bioluminescence	  light	  signal	  intensity	  computed	  from	  a	  standardized	  region	  

of	  interest	  (mean	  +/-‐	  SEM,	  n	  ≥	  4).	  

	  

Figure	  2C	  Localized	  expression	  of	  luciferase	  activity	  after	  insertion	  of	  bone	  graft	  

coated	  with	  rAAV-‐luc.	  3D	  reconstruction	  of	  bioluminescence	  intensity	  using	  the	  

IVIS	  Spectrum	  Imaging	  System.	  The	  luciferase	  activity	  	  is	  solely	  	  expressed	  at	  the	  

site	  of	  insertion	  of	  the	  coated	  graft	  in	  the	  right	  femur	  of	  the	  mouse.	  There	  is	  no	  

visible	  shedding	  of	  the	  viral	  vector	  to	  the	  rest	  of	  the	  body.	  
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Figure	  3	  Cells	  within	  muscle	  and	  fibrous	  tissue	  are	  the	  main	  targets	  when	  using	  

rAAV-‐mediated	  gene	  transfer	  from	  coated	  allografts.	  The	  radiance	  efficiency	  

measured	  from	  the	  whole	  mouse	  equals	  the	  light	  signal	  measured	  from	  the	  

muscle	  and	  fibrous	  tissue	  after	  dissection	  indicating	  these	  are	  the	  main	  focus	  of	  

gene	  transfer.	  We	  found	  very	  little	  light	  emission	  from	  the	  back	  of	  the	  skin	  and	  

from	  the	  femur.	  There	  may	  be	  transduced	  cells	  within	  the	  callus	  which	  we	  are	  

not	  able	  to	  detect	  because	  the	  light	  signal	  are	  blocked	  by	  the	  overlying	  calcified	  

bone.	  Data	  is	  presented	  as	  mean	  ±	  SEM,	  n	  =	  5.	  

	  

Figure	  4	  Increased	  new	  bone	  formation	  in	  allograft	  healing	  using	  rAAV-‐

mediated	  VEGF	  gene	  transfer.	  Using	  a	  murine	  femoral	  allograft	  model	  4	  groups	  

of	  mice	  were	  treated	  with	  rAAV	  expressing	  either	  VEGF,	  bFGF2,	  a	  combination	  of	  

the	  two	  and	  a	  GFP-‐control	  group.	  New	  bone	  formation	  was	  evaluated	  after	  10	  

weeks	  using	  microCT.	  VEGF	  treated	  allografts	  led	  to	  an	  almost	  two	  fold	  increase	  

in	  new	  bone	  volume	  compared	  to	  GFP-‐controls	  (	  *p<	  0.05,	  mean	  +/-‐	  SEM,	  n	  ≥	  7).	  

	  

Figure	  5	  Representative	  3D	  reconstructions	  of	  rAAV-‐VEGF	  treated	  graft	  and	  a	  

GFP-‐control	  graft.	  The	  rAAV-‐VEGF	  treated	  graft	  has	  developed	  a	  uniform	  new	  

bone	  formation	  covering	  the	  entire	  allograft	  making	  it	  indistinguishable	  from	  a	  

healing	  autograft.	  In	  contrast	  the	  control	  lack	  bone	  formation	  at	  the	  entire	  mid	  

part	  of	  the	  graft	  as	  expected.	  This	  is	  demonstrated	  by	  3D	  reconstructions	  of	  

microCT	  data	  obtained	  after	  10	  weeks.	  	  
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Figure	  6	  Increased	  bone	  formation	  and	  induction	  of	  resorption	  of	  processed	  

allografts	  by	  rAAV-‐mediated	  gene	  transfer	  of	  VEGF.	  	  Representative	  Goldner	  

Trichrome	  stained	  histological	  sections	  from	  mice	  in	  the	  control	  group	  (A)	  and	  

the	  group	  treated	  with	  VEGF	  (B-F).	  Graft	  is	  marked	  by	  asterix.	  An	  example	  of	  a	  

VEGF-‐coated	  allograft	  completely	  encaged	  in	  newly	  formed	  bone	  (B).	  In	  contrast	  

the	  control	  are	  entirely	  dependent	  on	  creeping	  callus	  from	  the	  host	  bone	  (A).	  The	  

VEGF	  treated	  group	  is	  characterized	  by	  new	  bone	  laid	  down	  directly	  on	  the	  

surface	  of	  the	  graft	  (C)	  and	  at	  the	  time	  of	  killing	  of	  the	  mice	  after	  10	  weeks,	  there	  

is	  still	  calcified	  cartilage	  (light	  blue),	  and	  osteoid	  (red)	  at	  the	  mid	  part	  of	  the	  graft	  

indicating	  bone	  formation	  is	  still	  ongoing	  (E,	  F,	  the	  marked	  area	  in	  E	  at	  a	  higher	  

magnification).	  There	  is	  a	  new	  bony	  union	  between	  the	  host	  and	  the	  graft	  with	  

active	  tunneling	  resorption	  within	  the	  necrotic	  graft	  bone	  and	  the	  surface	  of	  the	  

graft	  bone	  is	  irregular	  and	  invaded	  by	  new	  bone	  marrow	  within	  the	  remodeling	  

callus(D,	  black	  arrows).	  In	  contrast	  the	  control	  group	  showed	  none	  of	  these	  

features.	  (A,	  B:	  1.25	  x.	  C,	  D,	  E:	  10	  x.	  F:	  20	  x	  magnification).	  

	  

Figure	  7	  Resorption	  of	  the	  processed	  allograft	  induced	  by	  rAAV-‐mediated	  gene	  

transfer	  of	  VEGF.	  Representative	  TRAP-‐stained	  histological	  sections.	  The	  graft	  

bone	  is	  being	  actively	  resorped	  mostly	  from	  the	  periosteal	  surface	  represented	  

by	  resorption	  lacunae	  both	  at	  the	  ends	  of	  the	  graft	  (A)	  and	  in	  a	  higher	  

magnification	  in	  (C)	  and	  also	  localized	  to	  the	  central	  part	  of	  the	  graft	  surface	  (B).	  

In	  contrast	  in	  the	  control	  group	  there	  are	  several	  osteoclasts	  located	  in	  the	  

remodeling	  creeping	  callus	  but	  the	  graft	  bone	  shows	  no	  sign	  of	  resorption	  (D).	  
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Figure	  8	  AAV-‐FGF2	  gene	  transfer	  leads	  to	  increased	  remodeling	  of	  coated	  

allografts.	  TRAP	  stained	  histological	  section	  demonstrating	  several	  active	  

osteoclasts	  (red)	  on	  the	  irregular	  surface	  of	  the	  allograft	  in	  close	  proximity	  to	  the	  

newly	  formed	  bone.	  The	  graft	  bone	  is	  marked	  by	  asterisk	  (A).	  The	  microCT	  data	  

demonstrate	  a	  significant	  decrease	  in	  allograft	  bone	  in	  the	  FGF2	  group	  after	  10	  

weeks	  (*p	  <	  0.05)	  (B).	  
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Figure	  1.	  	  
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Figure	  2c.	  	  
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