Ther apeutic Bone Gom h and Regeneration Field of the Invention The present
i nvention relates to the therapeutic growth and regeneration of bone tissue
and partiwol2ariogoi4o t he use of Heparan-Sul phate 2 in thectisezepPmuiiic gr owt h
and regeneration of bone tissue. Background to the Invention The drive to
devel op bone regenerative therapies to,circunvent del ayed and non uni on of
bone fractures is an inportant therapeutic issue, especially considering
the mllions of fractufTherapkutib BoneuGromthanld Begenkerdtiast 10% of which are
unabl e to heal by thenselves. Several growth factors play key roles in the
process of bone repair, and studies ained at elucidating the factors
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to be strongly influenced by several heparan-binding growth factors and it is widely

accepted that fibroblast growth factors (FGFs) and their receptors (FGFRs) are

essential to osteoblast differentiation and proliferation (2-4). Much evidence has

accumulated to show that FGF cognate binding to its receptor, and thus its

intracellular signaling, as is the case with a large number of other growth and

adhesive factors, is in fact controlled by HS (5).

Heparan sulfate is a member of the glycosaminoglycan family of macromolecules,
linear polysaccharides consisting of a repeating glucosamine/glucuronic acid
disaccharide unit backbone attached to a protein core. HS has highly but variably
sulfated sequences contained within its chains, organized into clusters that subtend
protein binding. These sulfated structural domain motifs are primarily responsible for
the regulatory properties of HS (6). HS polysaccharides display versatilities in
conformation and orientation of functional groups which enable them to employ
different modes of binding with any individual protein or protein complex. These
selective interactions with: certain-proteins thus resultinregulatior of protein-activities:
(7). HS thus acts as a co-receptor, binding to heparin-binding growth factors such as
FGF and BMP2, both protecting them from proteolytic degradation and promoting
binding to their high affinity receptors (7). HS has a low affinity yet high capacity for



FGF and BMP2, both protecting themfrom proteol ytic degradation and
pronoting binding to their high affinity receptors (7). HS has a | ow
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Fibrin glue enjoys widespread clinical application as a wound sealant, a reservoir to
deliver growth factors and as an aid in the placement and securing of biological
implants (19-22). Several studies have shown that fibrin glue promotes the regrowth
of peripheral nerves to levels comparable with standard microsurgery, making it a
popular candidate for experimental nerve repair (17). In the cellular environment,
fibrin specifically binds to a variety of proteins, including fibronectin, albumin, FGF2,
VEGF, and IL-1 (18). These properties make it an interesting drug and cell delivery
system for various applications in tissue engineering (19-23). In each case tissue
regenerative capabilities were investigated with respect to tailoring the scaffold to .

generate certain release profiles of the growth factors over time.

Heparan Suplhate 2 was identified and described in Brickman et al. (1998), J. Biol.
Cherr 273(8), 4350-4359): and-was-purified from embryonicday 0 ¢E46) murine-
neuroepithelia.



In a first aspect of the present invention HS-2 is provided for use in a
nmet hod of nedical treatnment. In particular, HS-2 is provided for use in a
nmet hod ofwonresridmgpibone fracture. Pharmaceuti cal conposiPCISG20@000317

medi caments conprising HS-2 are provided. In one aspect of the present

i nventi on pharnmaceutical conpositi onsrﬁnd nmedi caments conprising HS-2 are
provided for use in a nethod of treat the nmet hod conprising treatnent
of bone fSammarg of kime lventibher aspect of t he present invention a

bi oconpati bl e inplant or prosthesis conprising a biomaterial and HS-2 is
provi ded. The inplant or prosthesis is preferably for use in a nethod of
treating tonistaspetinféhe imeehinp\l'eammbiSZ)rsqsb\he@d foruse Wf@frﬁtmbldf coated or
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fracture lbcme;fran:wded. The nedi canent may conpri se a bioconpati bl e inplant
or prosthesis conprising a biomaterial and HS-2, as described herein. In
anot her aspect of the present invention a nmethod of form ng a bioconpatible
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conpri se |nj ection of HS-2 to the tissue surrounding the fracture. In a
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f or nul at eRfetesably praiedaciowrégmtectwittpdSid.i on or medi canent conpri si ng HS- 2,
optional Iy conprising a pharmaceutically acceptablecarrier, adjuvant or
diluent. It may al so conprise of bioactive fragnents deri ved from or
anal ogues'nmothﬁhésmt efithe pR2nhiviediohdhe Lse ofddSR if thet inenufastpreadf aof t he
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comprise a biocompatible implant or prosthesis comprising a biomaterial and HS-2,
as described herein. In another aspect of the present invention a method of forming
a biocompatible implant or prosthesis is provided, the method comprising the step of

coating or impregnating a biomaterial with HS-2.

In a further aspect of the present invention a method of treating a bone fracture in a
subject is provided, the method comprising administration of a therapeutically
effective amount of HS-2 to the subject. The method may comprise administering
HS-2 to the tissue surrounding the fracture. The method may comprise injection of

HS-2 to the tissue surrounding the fracture.

In a further aspect of the present invention a method of treating bone fracture in a
subject is provided, the method comprising surgically implanting a biocompatible
implant or prosthesis, which implant or prosthesis comprises a biomaterial and HS-2,

irto-tissuerof the subject at orsurrounding: thiesite of fracture. -

In the present invention HS-2 may be formulated as a pharmaceutical composition or

medicament comprising HS-2, optionally comprising a pharmaceutically acceptable



regeneration of bone tissue in a subject in vivo is provided conprising
adm nistering HS-2 to bone tissue in need of such stinulation. Description
of Preferwedotnmisomiinents The present invention i s concePogsGaimhotshe

t herapeutic use (human and veterinary) of HS-2 to treat bone fracture. HS-2
is reported here to augnent wound heal jng in bone. HS-2 stinulates bone
regeneration in response to injury and contributes to inproved wound
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mechanical stress or by medical conditions such as osteoporosis or osteoarthritis.

Orthopedic classification of fractures includes closed or open and simple or multi-
fragmentary fractures. In closed fractures the skin remains intact, whilst in an open
fracture the bone may be exposed through the wound site, which brings a higher risk
of infection. Simple fractures occur along a single line, tending to divide the bone in

two. Multi-fragmentary fractures spilt the bone into multiple pieces.

Other fracture types include, compression fracture, compacted fracture, spiral
fracture, complete and incomplete fractures, transverse, linear and oblique fractures
and comminuted fractures.

In most subjects bone healing (fracture union) occurs naturally and is initiated
following injury. Bleeding normally leads to clotting and attraction of white blood cells
and fibroblasts, followed by production-of collagen fibres. This is followed by bone -
matrix (calcium hydroxyapatite) deposition (mineralisation) transforming the collagen
matrix into bone. Immature re-generated bone is typically weaker than mature bone

and over time the immature bone undergoes a process of remodelling to produce



bones (e.g. cranium ribs, scapula, sternum pelvic girdle), irregular
bones (e.g. vertebrae), sesanoid bones (e.g. patella). Bone fracture al so
i ncl udes watzhw/msgiseal porosity, such as that exhibited PEZTSGR)OOVESIN th
osteoporosis. Although not limting to the present invention, the primary
actions of HS-2 may be on cells within, adjacent to, or caused to mgrate
into the wound site and may be on the“bone stemcells, the preosteoblasts
or the oshak 4sh&iardongn T‘Pa@)éoﬁlbletté‘Bor@é‘ﬁééllhérp)’oc‘éés VRES UbRgeRbgeCel | s found
or caused to mgrate into or within the wound HS-2 and pharnmaceuti cal
conposi t i 6 terieREAYARRIRS conpri sing HS-2 are provided for use in a
nmet hod of treatnent of bone fracture in a mammali an subject. HS-2 may be
purified and isolated as described in Brickman et al. (1998) . Biol.
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ost eopor O§Figb @) SSp@PAFONES (9. PaRHEhI stration of HS-2 is preferably to the
ti ssue surroundi ng the fracture. This may incl ude adm nistration directly
to bone ttssue iri’ ch the fracture has occurre ' Administration may be
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(e.g. bl ogith xessRksgis.near to and supplying the bone. Adm nistration maybe
directly to the site of injury and may be to a callus formed by initial
heal i ng of the wound. Medi canments and pharnaceuti cal conpositions according
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the nature and severity of the fracture. Prescrlptlon of

HS-2 and pharmaceutical compositions and medicaments comprising HS-2 are

provided for use in a method of treatment of bone fracture in a mammalian subject.

HS-2 may be purified and isolated as described in Brickman et al. (1998), J. Biol.
Chem. 273(8), 4350-4359.

Treatment may comprise wound healing in bone. The treatment may involve repair,
regeneration and growth of bone. HS-2 facilitates fracture repair by facilitating new
bone growth. HS-2 acts to improve the speed of fracture repair enabling bone
healing to occur faster leading to improved recovery time from injury. Treatment may

lead to improved bone strength.
Treatment may also include treatment of osteoporosis or osteoarthritis.

Administration of HS-2 is preferably to the tissue surrounding the fracture. This may
include administration directly to-bone tissue-in:which the fracture has occurred: -
Administration may be to connective tissue surrounding the bone or fracture or to

vasculature (e.g. blood vessels) near to and supplying the bone. Administration may



treatnment, e.g. decisions on dosage etc, is wthin the responsibility of
general practitioners and other nedical doctors, and will typically take
account ovothw/asexdur e of the fracture, the condition of PCiSGzemdiovedual
patient, the site of delivery, the nmethod of adm nistration and ot her
factors known to practitioners. Single or multiple adm nistrations of HS-2
doses may be adm nistered in accordan@e with the guidance of the
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delivered in dosages of at’ I'east 1ng/m, nore preferably at Teast 5ng/m

and opti oYMy 10 ng/m or nore. Indivi dual HS 2 dosages may be of the
order less than 1ng and greater than 1lny, e.g. one of about 5 g, about
10ng, about 25ny, about 50/yg, about 100 g, about O0O.5ng, or about 1ng.
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1mg and greater than 1ug, e.g. one of about 5ug, about 10ug, about 25ug, about

50ug, about 100ug, about 0.5mg, or about 1mg. Examples of the techniques and

protocols mentioned above can be found in Remington’s Pharmaceutical Sciences,

20th Edition, 2000, pub. Lippincott, Williams & Wilkins.

HS-2 may be used to treat bone fracture alongside other treatments, such as
administration of pain relieving or anti-inflammatory medicaments, immobilisation and
setting of the bone, e.g. immobilising the injured limb in a plaster cast, surgical
intervention, e.g. to re-set a bone or move a bone to correct displacement, angulation
or dislocation. If surgery is required HS-2 may be administered directly to (e.g.

applied to) the fracture during the surgical procedure.

Pharmaceutical compositions and medicaments of the invention may take the form of
abiomaterial that is coated and/orimpregnated-with HS-2. An implant or prostivesis::
may be formed from the biomaterial. Such implants or prostheses may be surgically

implanted to assist in bone growth, regeneration, restructuring and/or re-modelling.



The biomaterial should allow the coated or inpregnated HS-2 to be rel eased
fromthe biomaterial when adm nistered to or inplanted in the subject.

Bi omat er iviD 208/sest¢ ki netics may be altered by alteringPChSG009w0e317 €, e. g.
porosity, of the biomaterial. In addition to coating or inpregnating a

bi omaterial with HS-2, one or nore biglogically active nol ecul es may be

i npregnated or coated on the bi omat er i’al . For exanpl e, at |east one chosen
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wth HS-2 may be useful in both nmedical and veterinary purposes. It wll be
appreciated that the present invention may inprove the quality of life of a

patient orhginbBterial mM%sébeaedbh%dréiﬁthMH@nz RbpredtioR¥syP! € a val uabl e
race horse for lflse in breedin omaterial provides a scaffol d or

matri x sugpdEe C"I'“ﬁlén%h@ﬁ’é‘?r@?tieg?' byydixing Fsy? withthee FQﬂSt‘ YiKe SPTBRNSHS ¢ ti ssue,

or may bethémotned@ér%lf@g cnﬂﬁwowe%am b€atisor FHBCZ mwmétﬂuceﬁateﬂalsol ution).
The i npl ant rost hesi s sh Bﬂ% bi ocogﬁ%at .. hon-toxic and of

| ow i murfo 'H9 1A% CABRIISE g9 rs% Srrofnip Qf)the Bif@alsighat eri al nmay

bebi odegradabl e such that the biomaterial degrades as wound healing occurs,
ul ti nat el | eavi 0 ener ted bone i itu bj ect .

At o nac i 8 SR REAC ol RS Cesad bR a4 tvelpiced BOMIB® qui de
bone r egam@ﬁaferualr\m@rﬂdr?miswrg@twbrsmplameaunlm the s’.ilbﬁﬂc,l@r Bbmaﬁéi’tag) RfeadeSt I u?:t g ral
support durin ea ical renpva the biomteria ei ng
o oot g e Ao P aeol a8, o b RO PHES DEPGTED | ol o oy Do

soft and/ or f 1 exi bl e" e.g. hydrogels, fibrin web or mesh, or collagen
SO, NS B9t PSS BRI 9By £ Y ot
t hr ee- di redsisgioslyl actipe moletiuldsGraystd inpregraitdd@icoardd @pihe idnesteligsFaf wat er or
other sol el{[aim%?es, att %afsto gnrg cﬁwggrh from the group consisting of: BMP-2, BMP-4, OP-1,

FGF-1, FGF-2, TGF-81, TGF-82, TGF-£3; VEGF; collagen; laminin; fibronectin;

vitronectin. In addition or alternatively to the above bioactive molecules, one or more

bisphosphonates may be impregnated or coated onto the biomaterial along with HS-

2. Examples of useful bisphosphonates may include at least one chosen from the

group consisting of: etidronate; clodronate; alendronate; pamidronate; risedronate;

zoledronate.

Biomaterials coated or impregnated with HS-2 may be useful in both medical and
veterinary purposes. It will be appreciated that the present invention may improve the
quality of life of a patient or potentially extend the life of an animal, for example a

valuable race horse for use in breeding.

The biomaterial provides a scaffold or matrix support. The biomaterial may be
suitable for implantation in tissue, or may be suitable for administration (e.g. as

mierocapsules in solution).

The implant or prosthesis should be biocompatible, e.g. non-toxic and of low

immunogenicity (most preferably non-immunogenic). The biomaterial may be



Solidification can occur by aggregation, coagul ation, hydrophobic
interactions or cross-linking. Alternatively biomaterials may be rel atively
rigid strifPe28ds024¢ g formed fromsolid materials suchP&d/SERYOPE7 or
biologically inert metals such as titanium The biomaterial may have a
porous matrix structure which may be p%ovi ded by a cross-1linked polyner.
The matrix is preferably perneable to nhutrients and growmh factors required
for bone @icolagtadaeatsuck tret thechiometeriaededemiesaisveslinayhdalingésisd, i nki ng fi bres,

e.g. fibripn | agen r..of liquid filmns of sodium alginate chitosan,

or ot her Hgﬁniaé%ﬁ%aé’ﬁ%aoeﬂéy %etrﬁgemﬁ{%%g%neclposgg i m?est“b!eaa.éger%%ﬁvﬁlyﬁm sal ts,

pol yacr yl inonédidggrauapkerbiomatarialenaeive veddy esc & Guitle sommregbrerbis®éras a gel ,

fabricate al gi pat es rosslinked usin | | established

met hods kﬂaorg%d% g&étﬁ%@gag@ﬂ {°3569?%3PH8&3 .S“Ffﬁ.ﬂrtt‘g’é'Pg bﬁﬂ?ﬁeﬁ@mnﬂgﬂéri al's for

mat ri x f oso@idabrenowval afdbe bivnateriabbeiay ahioptivrel rdiyuirement after successful

bi odegrad%bﬁé%glfn?sorbabl e polyners which may be chosen fromthe group of:
Ibrin,

col | agen, hi t osan, pol ycaprol act one,
pol y(DL-1acti de-co-caprol actone), poly(LIactide-

co- capr ol a¢ = 00- 0ol i |.val ycol i de l vl acti de

pol yhydr o%gééﬁ %gﬁ%g['ggé’,}b%c%"ft gag?d{/or[r@g)é'xlgh%?el'(’)\fd,go%efjgg'bﬁn BB fLJ1e50%1 e pol yner s
whi ch nay cbllageh spengds: Aithydreget iswsubbtance fdrued sheacetayaiic palet, ose

but yr at e, i nat,e/ - Q l. | £ ane,... pal yur et hane olyacrylonitrile,
sul f onat e&m E)ogl d%guk%{%ar%@!,a%roﬁﬁgﬁﬁgé%lg%&r?g&qﬁiﬁ%ﬁﬂicﬁﬁ?‘?8, ree-chmensional

pol ynet hy bpen-fadlineydtmictire et puiapsenaletuler efofatéodr digersolutions forform aigel

mat eri al - eator | I ' ' its, bioconpatibility and

f avour abl ?%?@%@?béaﬁﬁgéﬁgg%bb%ﬁaﬁ%ﬂé?ﬁa%ﬁ%t%%hn@{?pzoﬁclp PBO(U s Pat.
No. 5, 019c®8%-linflagiaka, S.; Takigawa, T.; lchihara, S. & Nakanura, T.
Mechani cal properties of the bi oabsorbabl e pol ygl ycolic acid-col | agen nerve

gui de tube Polynmer Engineering & Science 2006, 46, 1461-1467). Cinically
accept abl Alteroriivaiebiossitarigissmay be miativelyaigil sirurturas,reag.rfomneatfebrasealidvel | known
in the arf & . 1 I Lbrip.scaffolds (e.g. fibrin
gl ue) pr ob}ad%a%nSJacr’ ?Jé‘rdrl]%n?%éﬁ%{o?ﬁ;@ﬁ%?@ﬁeﬁlg SE@%\%MH%H al (Invitro

bi oconpatibility and bioactivity of m croencapsul ated heparan sul phate

Bi omat eri g8 p; ?ha@%@ e g@s I t rei reference,

descri bes pr oﬁonge ﬁ%gifal sgﬁjjo e i“&éet%%?&@@ ‘@ﬂ%ﬂ%ﬁsglbgé)g%’r'%q%ab tone
cross-linked polymer. The matrix is preferably permeable to nutrients and growth
factors required for bone growth.

Matrix structures may be formed by by crosslinking fibres, e.g. fibrin or collagen, or of
liquid films of sodium alginate, chitosan, or other polysaccharides with suitable
crosslinkers, e.g. calcium salts, polyacrylic acid, heparin. Alternatively scaffolds may
be formed as a gel, fabricated by collagen or alginates, crosslinked using well
established methods known to those skilled in the art.

Suitable polymer materials for matrix formation include, but are not limited by,
biodegradable/bioresorbable polymers which may be chosen from the group of:
collagen, fibrin, chitosan, polycaprolactone, poly(DL-lactide-co-caprolactone), poly(L-
lactide-co-caprolactone-co-glycolide), polyglycolide, polylactide,
polyhydroxyalcanoates, co-polymers thereof, or non-biodegradable polymers which
may be chosen from the group of: cellulose acetate; cellulose butyrate, alginate,*
agarose, polysulfone, polyurethane, polyacrylonitrile, sulfonated polysulfone,

polyamide, polyacrylonitrile, polymethylmethacrylate, co-polymers thereof.



m crocapsul es. A further exanple of a biomaterial is a polyner that

i ncor por ates hydroxyapatite or hyaluronic acid. The bionmaterial can be
suppl emrenwecowiashedaddi ti onal cells. For exanpl e, one camrCTseeab/onése7

bi omaterial (or co-synthesise it) with undifferentiated bone precursor
cells, e.g. stemcells such as nesenchymal stemcells, nore preferably
human nesenchymal stemcells. The sub?ect to be treated nay be any ani nal

or human.collBgersidly &eitménﬁg rﬁé@hslrfabwtrmaﬁamﬁan oWRigio s BiRbARIbiRyMan. The
subj ect may be a non-human nmamml (e UI neaqhg\g rat, nouse or
r

ot her ro@@ﬁtfa\(qurﬁéql%mﬁgr%eﬁ wppft@aqcsmft%ﬁm?@ltam ungtionyiisr Prtodent i a), cat,

dog, pi 9.5 EERY; TIN., Sc%kiggwahpr&ﬂrhaF@TS @q{l@d&wﬁfré n‘iﬁtl\ﬁéohaﬁ%l is nore
preferably human. The subject may be mal'e or fenale. The subject may be a

pati ent. Wmﬁﬂﬁ*qa‘:quﬂaﬁ b'ﬁPbW%PﬂwY@Péﬁ'gecoﬂﬁﬁﬁfvﬁ%gwﬁﬁé“ Areral ~ of

hepar an %Hgfn%b %le?ﬁbrfcb%o@mq%ﬁ%éf )0ICkRicHy dbcBp@blefdolisgé al rmodel J
Mol Hi st (2007) 38:425-4 her eby i'ncor porated by reference in its

enti retySpPﬁQﬁr%ﬂOBﬁPWP@%ﬁﬁ%mX@ P@W'Hﬂ@b"@d@mﬂ: (-9 Hrgpeifegrapr esent a
hi ghly dipyerseRnesdigroup of proteoglycans and are conposed of heparan

sul fate gl ycosam nogl ycan side chains covalently attached to a protein
backbone. The core protein can exist in three forns: a secreted form known

as per| eGatin @aﬁ&ﬂ@(@%ﬂ’bﬁh%é)@r&ﬂi&éﬂé\ﬁa‘?ﬁat%m’c@ﬂﬁla{@?i@m as gl ypican, and
a transmenbrane for nown as syndecan. They are ubi quitous constituents of

manmal i an cel |l surfaces and nost extracellular matrices. "Heparan Sul phate"

(" Hepar anushd-fah @t alqin V|t§bbocbﬁ1pamlnty ahdj BioB¥tivith 8F mferidapsllgiefol gi  appar at us
as pol ysacchari des consistin em regeat s of Dgl ucuronic acid (4 cA)

o N e deprap yiPha s ARl R SR s ATaS b o mSEH e BEEIEPY tos my be

SUbsequeméfebén&Ed:lé’sbﬁlﬁst proRn§&d ioeslisel defivrpyp of B deACsdlydaprdiansme sul fation of
G cNAc, C5 epi s@Jl sation of G cAto iduronic acid (1doA), O sul phation at

C2 of | dOACIRRAPEESA, O sul phation at C6 of N-sul phogl ucosamni ne (G cNS) and
occasi onal @ul phatl on at G of G cNS. N-deacetylation/Nsul phation, 2-0,

EI— g e agg'([j )‘/Af félgtgger,@@ ge% ﬁlpfgﬁq!gigérag@ﬂs apo )}jmea}’tthaq lggor;t)cprgtess%?lg}gxlygpatl ét clnron Of HS

hyaluronic acid.

The biomaterial can be supplemented with additional cells. For example, one can
"seed" the biomaterial (or co-synthesise it) with undifferentiated bone precursor cells,
e.g. stem cells such as mesenchymal stem cells, more preferably human

mesenchymal stem cells.

The subject to be treated may be any animal or human. The subject is preferably
mammalian, more preferably human. The subject may be a non-human mammal
(e.g. rabbit, guinea pig, rat, mouse or other rodent (including cells from any animal in
the order Rodentia), cat, dog, pig, sheep, goat, cattle, horse, non-human primate),
but is more preferably human. The subject may be male or female. The subject may

be a patient.
Woodruff et al (Sustained release and osteogenic potential of heparan sulfate-doped
fibrin glue scaffolds within a rat cranial model J Mol Hist (2007) 38:425- 433) is hereby

incorporated by reference in its entirety:

Heparan Sulphaie




(HSNDST), HS 2-0- sul fotransferase (HS2ST), HS 6-0- sul fotransferase
(HS6ST) and HS 3-0-sul fotransferase, respectively. At each of the

nodi fi catworroskmspestl only a fraction of the potential sulpSTIS&Rem/ 080327
nodi fied, resulting in considerabl e sequence diversity. This structural
conplexity of HS has made it difficult to determine its sequence and to
understand the rel ati onshi p bet ween H® structure and function. Hepar an

sul fate SHé@arsﬁamfﬁe En%'flé‘dgﬁfca@sf (%P@é)ﬂ@bl@sé‘nt@éIﬁléﬁl@@ﬂ/e%egﬂdé@wugrbfC acid or

Li duroni c acid and %ﬁd[g ucosam ne, linked via ( 4) gl ycosi dic bonds.
The gl ucoRRIFCECATS T AR CRIMRBER]Y, ?d?e@ar%‘rswﬁawlyogﬁé@'r@ahw%ﬁﬁePh@nar oni ¢

aci d and émleatéggmeure@awelh%aemr@ PRALOY prdteinl daRtexft infthResBREd:fi city of
a particul ar G for a particular binding partner is created by the

speci fi c paeerated fgm Werles%t@ﬁorraﬁacwwmf@e@iaém?smﬁmp@@ﬁed to the

gl ucosam kYL Jiftcat 8Rd & tRfbiembParedBinh RSdwr 8s E»ﬁ-%&émmh@?laaé an sulfate
contains less NN and O sul fate groups and nore N-acety groups The heparan

sul fate siRigvitonacarstifeats ¢f mampmatancallsyrisees ard post %‘fraF‘H l2g gradrigssot ei n
through a tetrasaccharide |inkage (-glucuronosyl- b-(1(r) 3)-galactosyl-

b-(1(r) 3):gal act osy! 4 -1-0-(S Bot h
nepar ah SioPAI SRR (ARPHEbT B B Homdy niaber guhes et B GpSl

modi fi catapwatwaé payéécuhéﬁd&tcehysmr@ dfughdeen tdpebts J?'DJJ};IQ&H@@IE agftivity.
Conpl exi t beenconsi dered to sur pass that of nucleic acids

has
(Li ndahl écﬁh and ggetylyD-oijcgpamiBrd s, ThedppeentgolysAsi e derImRY Pagava,

2000, Curgubsbiughtly Riddifietl in Biselies d&te&l&)dea\éa ?:la?bi&mnsumndﬂ&ﬁ@@gms ari ses
at e sequen es o0 sugar

fromthe nt hesj s _ of n n-random
resi dues WRERHSHPRIWRI S %%'@HSP%%%? ?I %/%&%ﬂﬁfat@n 8t Cacs AR des
Kfnt aut n: ml;mN oas@abhathed cmldfwwmdgﬂuco’éamlrier(@@fs) amrt}ceé%m oof .
acetylg amn osani ne creates a focu r ot her

modi f i cat?@ﬁ?ﬁ'oi’ ﬁﬁﬁa8?9@%%?%?&3‘?@#&?”'@??}@&grq (:6;90@6‘ o8| duroni ¢ acid
ag(cji_ a_ conglighatipabt ﬁS@r@he@&é&JWﬂh@%@eﬂﬁc attiopas MY N%e@éetyldslélﬂgl c acids. In
addi ti on, t he i ted sequences,
t he hexurﬁ&%@"ﬁ%@?ﬂﬂ%%%f# %gj'é‘P@\g f?é?s@ (?‘(ﬁ%g_ﬂ'gj'g fv’rﬁt he hi ghly
Is_ul f at edhé\Hfsublﬂaéred? (P&SN)&ndU—i&3©—5ul&miaﬁ§férasdwe@ﬁédtﬁelmRc@imrbﬂlﬂﬁas This

imts the nunher pot en cchar rlants n _any given
chai . bui mAGHERRR spsnair A regrotaiRS BRRLld SulitaEies AT redtheihy
Nsul f at edcaheitierass sejuedtd €icdrsiyy. a‘tﬂjls:mﬂmturélmoh’fwmy SﬂHBhnaa"s nhatletihdiffigalt ur e
chain thef EE‘ie{f‘ermlne its sequence and to understand the relationship between HS structure

and function.

Heparan sulfate side chains consist of alternately arranged D-glucuronic acid or L-
iduronic acid and D-glucosamine, linked via (1 -> 4) glycosidic bonds. The
glucosamine is often N-acetylated or N-sulfated and both the uronic acid and the
glucosamine may be additionally O-sulfated. The specificity of a particular HSPG for
a particular binding partner is created by the specific pattern of carboxyl, acetyl and
sulfate groups attached to the glucosamine and the uronic acid. In contrast to
heparin, heparan sulfate contains less N- and O-sulfate groups and more N-acetyl
groups. The heparan sulfate side chains are linked to a serine residue of the core
protein through a tetrasaccharide linkage (-glucuronosy!-p-(1— 3)-galactosyl-p-(1—

3)-galactosyl-B-(1— 4)-xylosyl-B-1-O-(Serine)) region.

Both heparan sulfate chains and core protein may undergo a series of modifications

that may ultimately influence their biological activity. Complexity of HS has been



regions of high sulfation separated by domains of |ow sulfation (Brickman
et al. (1998), J. Biol. Chem 273(8), 4350-4359, which is herein

i ncor por awecotosorfierence in its entirety). It is hypotiresisSseaotonesti7t he

hi ghly variabl e heparan sulfate chains play key roles in the nodul ati on of
the action of a large number of extracellular |igands, including regulation
and presentation of growth and adhesin factors to the cell, via a

conpl i catc@ﬁs.e@ﬂ@talta@wpgss bt SHRRId Afds (LihdafCétinel 9@80U m/a@ﬁé,ﬁezﬁaeed back
| oops, sq controlli intracel lular signalin nd there

di  f er ent248¢ 90$P9ﬂha§%%ﬂﬁ iitagpwa, 240, Qk’éanP@ S V@nB{OHSQgW%eYﬂP&H”%I fate

gl ycos ammgﬁa&&r&.s@@yromhggmhéﬁgu ryorﬂ%ebﬂnbﬁighlg/éhméa §ecgieneés of 1989)
Gar |l and Publishing, Inc, New York & London 04 and hepar an

sul fate GUIBFESHADYNIFE 2Fe sonarated by yppulfaled 'Tegt?l'?ﬁ &f g'%‘@hé”@%r ce may differ

in biol ngbﬁ&llnlﬁ’?w Mbdt ate IEBONMink NTHY i'nﬁllzém@efhvé?Esm'ﬁI of NLE&ylgItyePihe! ogy 8,
463, two se heparan sul fate ﬁ(pﬂsam nogl ycans obtai ned from

ra
neur oepi ti® .satfogiléqorsgmmmr%ﬁtgﬁ)@&wé%qt&»erem@q' i@n% INNNG=GF- 1 or FGF- 2,

dependi NGpRfeBatioN 8NyIGaRb@E Heid t§|omdrﬁtr édid ah@a c@@m Paltbdh &fo-a heparan
sul fate (HS) to interact with either -2 is described in WO

96/ 23003 SUliRtignE ANraiuEosamieor slurenie aa'ﬁfrl I @&fiwe'h withir} (g MeprdifiedsIMapabl e of

i nt er act isy@ateti! M-acEytaied &q@@iﬁé&snﬂ'@ r%xﬁfdhatermguuu&s e dis agblueirBhyeni ¢ day
from about 11 to about 13 abl e of |nteract|ng W th FGF-2

i s obt ai NEIIreAsIP '@T’B‘B?‘MﬁPEﬂtﬁ‘éV ?‘ﬁf@'fﬁddﬁ@ﬂf‘s ghe &-28Rler Peronateas st at ed above

HS st r uctgpédorhifiates Ity liRdMpk eXinRE ol Gdte @i ausa&mﬂ@é\vérﬂfantd petagt mt he
variation in HS structure is considered to a an |ngortant P in

cont r i butAT§iGRaNGIN e naf the ap a“&@@f@?%'\@ﬁt @été'lfic Hcﬁfrdrr‘rﬁﬁ g cel |
growt h anrgdifsliet @ekialt®, 6edifecth hdjgestd ehDRo tHA1en mbrmmunér@blrﬂﬁan@a&él ty is
considered to s r ass_t hat of ngﬁjl ?J@C am% al t h HS structure may
be char acB@PPSE syffaion Sepreate 30"&? fation ” BaNftes havi ng
specific (%@B)umlmuec;semfmwmmussmwm it Rerail iR66Pbratdd By rReershandar d
sequenci ng, techng&ue equi valent to those available for nucleic acid

sequenci A ENWEY)| abl e for det erni ni ng HS sequence structure. In the
absence of sinple nethods for determning a definitive HS sequence

SEELTA T i I NN R RS AR T T,
t echni queseduldteaef tHicadtide omcar@é nambendfiexahtcainlapfigahidsgiacibdingde anal ysi s,
tetras acggéaurlétldo% aanr(]iaprgsseln?étlo #’gro H agglagﬁgSISIr{ faV\ForsgrI tthc(ej %cta rvlré1 an ation. These

complicated combination of autocrine, juxtacrine and paracrine feedback loops, so

controlling intracellular signaling and thereby the differentiation of stem cells. For

example, even though heparan sulfate glycosaminoglycans may be genetically

described (Alberts et al. (1989) Garland Publishing, Inc, New York & London, pp. 804

and 805), heparan sulfate glycosaminoglycan species isolated from a single source

may differ in biological activity. As shown in Brickman et al, 1998, Glycobiology 8,

463, two separate pools of heparan sulfate glycosaminoglycans obtained from

neuroepithelial cells could specifically activate either FGF-1 or FGF-2, depending on

mitogenic status. Similarly, the capability of a heparan sulfate (HS) to interact with

either FGF-1 or FGF-2 is described in WO 96/23003. According to this patent

applicatioh, a respective HS capable of interacting with FGF-1 is obtainable from

murine cells at embryonic day from about 11 to about 13, whereas a HS capable of

interacting ' with FGF-2 is obtainable at'embryonic day from about 8 to about 10

As stated above HS structure is highly complex and variable between HS. Indeed,

the variation in HS structure is considered to play an important part in contributing



anal ytical techniques are well known to and used by those of skill in the
art. Two techni ques for production of di- and tetra- saccharides fromHS
i ncl ude nwonroum3extid di gestion and | yase digestion. A desErSiGReGomnoaf one
way of performing these digestion techniques is provided bel ow, purely by
way of exanple, such description not |imting the scope of the present
invention. Nitrous acid digestion Ni t*ous acid based depol yneri sati on of

heparan sgphvahe direass a&tﬂnty Bﬁem Hﬁ{broﬁl\%ﬂlﬁ@gé“ gr@mrpénc; drceRg bahydr at e

chain into its individual disaccharjd nBonents when taken to conpletion.
For exanﬁ'féeremﬂatt'%usTh&cﬁtwcwéa} ce@p\@%%arcea sregie pypase Bigbofmuctsic 0. 5 M H2sO4

and 0.5 McRBa(ENe?itRo ﬂS%‘hﬁereQﬂa Bgcﬁé)réctéﬁséﬂé‘saé&%lﬁincé@ﬁép@gungt he
Ba(NQ2) 2 i s conbi ne th the H2SO4 and vortexed before being centrifuged

Wi
to renmovdisasenaside; ypits Havips specifis ang Wlique fatornspafierns atiivgprapgal thiRled to GAG

sanpl es RsdisRRIRE 88y udncidg tEihnRiue ldéBvaAtio tRsdeexrflatie fnacierifag | ncubat ed
for 15 mn at 25C with occasional mxing. After incubation, 1 M NaZCCB was

added t o SEAEERSZE@VRlRbit oRgetPMipipa fiP BedugBse strygigrenin e apsercapiNaBHA i n
0.1 M NaGhivbis risiiga fopadiBnimgTl riafite HosolshY Srtedé o6 hoeBA8Caleor 20

mn. The mXxture is en cool ed and aci di aci al a etic acid

added to p@ﬂtm@yfd@@t@%ﬁ@m%stfl@t%ﬂl@haﬁ%erﬁﬁithrs@"?%WPH@?P Rdhg ?%l# ¥&d with 10
M NaOH anfinitae ot/ ahaNRatkestf@ssd ThEsd MeR@e ofle Yok BGombina@bn sEdARBaddeE un on

a Bio-CGel P-2 columm to garate di - and tetrasaccharides to verify the

degree offr@bgialfiEsRArhalidRRRAINN IS EELCAIdPA ErRE Weipht deterauralions chai ns

at gl ucurmpaiybe tédhh@l@@%reW@Iﬁkx&ﬁ\fdt@%n@fusbbbﬁﬁhd%é&ﬁsﬁmmm%rt( 11 11 and I'l1)
each display relatively specific activity by depolynerising certain heparan

sul phat e sequences at particular sulfation recognition sites. Heparinase |

cl eaves H&d:tlaathuevd foRpMIGuétREi P aB aabl @étga shecHaRdedrbm . HI ckidé aadsist 0
di sruption (51 Qe sul tpfhated domai ari ase 11, depol mr?rlses HS with
ges Yas§

Che! NA i diasetbn 2iiiyas Sassi A st Bhon A e whLO ST BORUE IS chn | nto

i ndi vi dualigestibp ferhaidug® Rairovde eI, pLasI@ bl wagTof eRdrmpl¥, Slchaéesrigtiont he NA/ NS
"shoul der™" where varying sulfation patterns are

f ound. Fmgagq?eeffé’zﬁ’?loﬁ&eo‘?rg%ﬁﬁ'é(ﬂ'% backbone of the heparan pol yner is

a uroni c acid connected to the am no sugar glucosam ne. "NS" neans the
Nitrous acid digestion
Nitrous acid based depolymerisation of heparan sulphate leads to the eventual
degradation of the carbohydrate chain into its individual disaccharide components

when taken to completion.

For example, nitrous acid may be prepared by chilling 250 ul of 0.5 M H,SO, and 0.5
M Ba(NO,), separately on ice for 15 min. After cooling, the Ba(NO,),is combined

with the H,SO,4 and vortexed before being centrifuged to remove the barium sulphate
precipitate. 125 pl of HNO, was added to GAG samples resuspended in 20 pl of

H-20, and vortexed before being incubated for 15 min at 25°C with occasional mixing.
After incubation, 1 M Na,CO; was added to the sample to bring it to pH 6. Next, 100
ul of 0.25 M NaBH, in 0.1 M NaOH is added to the sample and the mixture heated to
50°C for 20 min. The mixture is then cooled to 25°C and acidified glacial acetic acid
added to bring the sample to pH 3. The mixture is then neutralised with 10 M NaOH
and the volume decreased by freeze drying. Final samples are run on a Bio-Gel P-2

column to separate di- and tetrasaccharides to verify the degree of degradation.

Lyase digestion



am no sugar is carrying a sulfate on the am no group enabling sul fation of
ot her groups at C2, C6 and C3. "NA" indicates that the amno group is not
sul phat edwendiwvsnmins acetyl at ed. For exanpl e, for depolPgmSGzemionen7i n t he
NA regi ons using Heparinase Il both enzyme and |yophilised HS sanples are
prepared in a buffer containing 20 mM Tris- HCL, 0.1 ng/m BSA and 4 nM
CaCl2 at pH 7.5. Purely by way of exélgrpl e, Heparinase Ill may be added at 5

nJ per 1mp9iﬁm§§|lﬁéléla\}elaf‘sueé\fi&ﬂ.r@tatém&ﬁoﬂrd@ﬁukag@@fmeeseﬁe%pl ng the reaction
by heating to 700C and tetrasaccharides may be eluted by

colum ¢ ﬁﬁ'ﬂ%@r%ﬁ@esK'n”taﬁé”Breé%HPp‘an%lﬁ?‘fe&hsﬁer%'cﬁéb‘éWM sulfate is

heparan gubdigheriging EsHain heéﬁa@s&‘ H&@s@@@@&eé%ﬁpéﬂ&ﬂérﬁﬁéﬁdﬁs of an HSPG
whi ch have been found to have affinity for 2. HS-2 has a nol ecul ar

vei ght ofewgpitier sites: diigparinagekcleavgsthushaingwithiNSgedanaserade W8l ecul ar mass
of 400 DanhgR' Tﬂlsﬁé&d‘sﬂ%rdlﬁ@ptloﬁ%ﬂie%u‘?p@ie@&ﬁ?ﬁ'ém@%%&%%ﬂr' des. The

di sacchari de conposition HS-2 is set forth in Brickman et al.
(d ycobi SPB@W%SQSQ"W"‘“?&“%EA degmingy fesulfigg g) the\gepatie’ ohRei n i ncor por at ed

by refer %Q%h%ld}a’tete%aﬁ'ﬂﬁw{d |ﬁ@|¥|du§)éuidﬂﬁfé@ro%'ﬁ1a‘ihﬂ flaéparidas®n phinarig” 1s neant the
heparan sul fa is describ by Brickman et al 18 Bi ol . Chem

273(8), &Bgueningds NANS(‘sheulder q?@?q'mﬁeef d%ﬁ%ﬁ'%t“&ef%mwgﬁp Oéﬁbr yoni ¢

neur oepf bhgdry Bre RIUAH NGB! The RFERINgalisRBPANGRBAkBEHY STaRd h&igiranim nor e
preferably murine enmbryonic neur er})]l thelium and is Fr ef erably capabl e of

i nt er act PRAYMA {52 F@ﬂ'ozac'%%ﬁ‘feﬂt?ﬁ&? e gmpine SH%&EJ%‘?S@H at §o2MeeBdS nabl e

from hepanb mﬁmrm%s%tm1h@%m% bﬁau@tenaahfg/mﬁord@fxbtﬂ& as descri bed
by Bri ckman hat is used in the experi q:]chr?qe)Ctl on of

the pr es@Fﬂ“pép'ﬁS% ig9f G% TR Indicgtes fa e AP Grunys 18ksUlp een found
to be verym@iat abétyRfedouse, human, rat, chicken, Xenopus and drosophila
cells. Inline w t h these results a universal rrechani sm anongst any hi gher
organi sm (for exanple insects or vertebrates such as mammal s, birds,

reptil tes FoF ﬁia\rﬁﬂﬂb ﬂoSd@;?UMrﬁéF&bﬁéreﬂ the N& reaiﬁug usuag}qépam@ds@nus;uihf ate 2 and anK
respective nepar a proteo can that IS a actlng Wt

Fa 5 andneras ang haphlis e TS REmBES 5 PrRared b 2 e G BPa LoV arG or

mai Nt enamg, (af1I mgﬁﬁnssm bﬁd ﬁmmcxao;lz(atﬂ—lw SrPMrdlyﬁb)eWQpﬁi)@&&ﬁﬂbl n the present

Izn;/ﬁgt | ?E-feplalqgas% llllnn%]aystgjecadde%%?%anqu %gr 1&} gf I-I? g mcugateg a?g% P% %n sulfate

before stopping the reaction by heating to 70°C for 5 min.
Di- and tetrasaccharides may be eluted by column chromatography.

In the present invention the heparan sulfate is heparan sulfate 2 (HS-2). HS-2
denominates the sugar chains of an HSPG, which have been found to have affinity
for FGF-2. HS-2 has a molecular weight of approximately 25 kDa and thus, assuming
an average molecular mass of 400 Da per disaccharide, consists of about 60
disaccharides. The disaccharide composition of HS-2 is set forth in Brickman et al.
(Glycobiology Vo. 8 No. 5 pp. 463-471, 1998), which is herein incorporated by

reference in its entirety.

By "heparan sulfate 2" or "HS-2" is meant the heparan sulfate that is described by
Brickman et al. (1998), J. Biol. Chem. 273(8), 4350-4359) and that is derived (and
obtainable) from embryonic neuroepithefium, preferably mammalian embryonic
neuroepithelium more preferably murine embryonic neuroepithelium, and is

preferably capable of interacting with FGF-2. Accordingly, this heparan sulfate 2 is



yet to be isolated froma specific species. The isolation and determ nation
of the functionality of the isol ated heparan sulfate or heparan sulfate

pr ot eogl ywerroiog3emhl within the know edge of the personPoft/Serdiormaedp7 skil |
in the art and can be carried out as described by Brickman et al. (1998),
J. Biol. Chem 273(8), 4350-4359, for exanple. HS-2 can be obtained from
enbryoni c day 10 (EL0) nouse neuroep|1(4hel i um The nol ecul ar wei ght of HS-2

i's shown gophikd iHrémhebatdrbireg cevrerdf%wmefcensrﬁaéme?@rﬁc Hayh@las ng pronase
treatment to renobve any assocja eﬁgrotel n co nen al kali _and

hepari nagﬂescmhed?yc%mkﬁenf(awﬁ)aﬁ he k-2 et is used '%W%@P?@Pgtab%qt'ﬁ%%er cent age

of linkaggs u%géﬁt'édp}h?atﬁ)ﬂ id H&%H‘?rr&n %b@oﬁ“b%se' i‘t)HésPBEéT'N@and fegar ti nase or
hepar anase. The results are shown in Figure . The di sacchari de

conposi t V6 RAFETHQNMPYRE, HIHMAEE. it chisken. AEnaP R @&@rloéwhﬂg cgfolming Figure 11.

The tetraagapey ﬂe@@ltscmﬁi%asbn .qecr%fn.swﬁamanéé@bhpmgner &bbﬁl@Ms(fd'r\‘éerngleQGSt i on
I's shown in Figure 12. The |sacchar| e conposition of HS-2 foll ow ng

t r eat mentiNSFCESPT YeReRIBLRSSUSH agdvRPMals| ?/'ﬁjsseéepit@sé’ﬁﬁﬁw i$ goptpyRlatedigreThe

sul fati OWrﬁ;Baé@%%raﬂ dufate0s aﬁ@ﬁnﬁ#e%é&ﬁlbéhb an SR préteddlgidnthdtds ar e shown
in Figure 14. dol ogy for determnin ercenta&‘e of |inkages

sensi t i veapaplg Gﬁt‘f‘é‘?:i@?tlﬂgé""f"? B eand tﬂ?tt'ﬁag'?tt‘l’lé'?oni‘%wobﬁc fate profitgfationt i nase or

hepar anasgd/diniditegartel o siing @éltsl ViR (th iePRE leﬁcdrﬁ;@éié%edlirgmétplr@énﬁr e
described el sewhere in this application, In th ‘{Egemfl Cétl on reference to

HS- 2 i nclitfedomdnquding ﬁ‘&i‘ 'f‘%nﬁﬁ%%f?gﬁo?fpteoa%@a%n

neur sepi tyepgy bé|§blﬂledﬁfcﬁﬁ grs@@bﬂcﬁ&ééfe% Tiefs8166¢ 8nd GetUﬁm%af@Vof&hé i ncl ude HS
havi ng substanti al | téeSI m | ar structure and/or fLH]pctlon t%CHS- Eﬁet forth in

Bri ckran fepctignality af taesqiaied Peearep sulfate Rpherarypsuligsppiepglycanigaveliys of
subst ant Ivaihursﬂhmkhameugebetﬂé%e?fs@xfoflafduﬁéwannlmthalanraaw dandelstgriddolavi ng: (i)

han. ¢ ho AN IGHIonH G199 R OB T AR e b B e g

treat mentgxamp, or (ii) a percentage of |inkages susceptible to | ow pH
nitrous acid, heparitinase or heparanase treatnment that is no nore than
10% nore preferably 5% greater or less than the percentage shown in

Fi gure 1(H$-0rcahe obedinasROAGmigydnicadyTBN(E10amdles neuroepithelium. The
molecular weight of HS-2 is shown in Figure 9 following a variety of treatments
including pronase treatment to remove any associated protein component, mild alkali
and heparinase. HS-2 can be further characterised by analysis of the percentage of
linkages sensitive to treatment with either low pH HNO,, hepartinase or heparanase.
The results are shown in Figure 10. The disaccharide composition of HS-2 following
nitrous acid digestion is shown in Figure 11. The tetrasaccharide composition of HS-
2 following nitrous acid digestion is shown in Figure 12. The disaccharide
composition of HS-2 following treatment with a mixture of heparin lyases is shown in
Figure 13. The sulfation characteristics of the disaccharides shown in Figure 13 are
shown in Figure 14. Methodology for determining the percentage of linkages
sensitive to susceptible treatment with either low pH HNO,, heparitinase or
heparanase; nitrous acid digestion and heparin lyase digestion are described

elsewhere in this application.

In this specification reference to HS-2 includes HS obtained from embryonic day 10
(E10) mammalian neuroepithetiunt; preferably mouse. Reference to HS-2'may-alsor -
include HS having substantially similar structure and/or function to HS-2 set forth in
Brickman et al. in Glycobiology Vol. 8 No. 5 pp. 463-471, 1998. HS of substantial
similarity to HS-2 of Brickman et al may include HS having:



(iii) a nitrous acid digestion disaccharide conposition wherein each

di sacchari de corresponding to those shown in Figure 11 is present and the
per cent ag&Ocompseidii on of each di saccharide is no nore PORUSG2ARG000807
preferably 15% 10% 5% 3% 2% or 1% greater or |less than the percentage
conposition shown in Figure 11; and/or_(iv) a nitrous acid digestion
tetrasacchari de conposition wherein ekth tetrasaccharide corresponding to

those showngjn Fhghigculed vicighmRSRAHE tadif1 3B emBRY SrefRtANE5 %O gRa%E ok on of each
tetrasaccharide is no nore than 20% nore preferably no nore than 15% 10%

t 7 2 y
500 3% 2% or 1o4esgihaiibe mplequiar weighi shew Nfdgwe  fah e GoREeRMANG shown in
Figure 12; and/ ofretvient dpgri n | yase di sacchari de conposition wherein each
di sacchari de _correspondi ng to those shown in Figure 13 is present and the
per cent age E@npodiPelshtage Aipirags suscariblp de lowsphi Hitieye @cidnBePasiogsenor e

preferably 15% 3PRefiraride t&aRASRhAls hemdrd thaR 100 nkAE pRITERBK FIPNMPOSI ti on
shown in Figure 13. The invention includes the conbination of the aspects

and preferred fediegtsor isshanibg reiceafoesheys higHreal Glorfienation is clearly

i nper m ssi bl e or cexUPRARGihY tra¥PheHthndldre section headi ngs used herein are
for organizational purposes on_IQé and are not to_be const ruq%d as limting
t he subj ect (Wat t 8Mittsis Acidligestian giseechazidg campesiiiorwberedteafe present

invention will ngigabhatibié Usirésponding iy thaay sRdwerarglie, 11k bleserf #idence to the
acconpanyi ng figures. Further aspects and e diments will be parent t ss

enmbodi e
skilled in the HEtPerogntagfoeQiRaFtion pbRaFLAIPRRDRETR i§ nodReredhan 2ieor por at ed
herein by referenpees BiethblPasey, i1p%, B% B% ! %6 oF1 gl igRsatérdr askisiran sieand
experinments illustrati ngcéwgpﬁri nci pl es of thl% i nvention will now be
1

di scussed with rBFIEFRIRE Hon s MY iYW ¥s in which: Figure 1.

Fi brin gl ue(igcaf hoftebubalid digéstion tetti3tedHaYiBe chinpbdifisiowReramceddh- 2 were mi xed

and pol yneri zed '%n t he rrel

after production e(”@?"."cc'htﬁ)gd"sf‘érf‘%)s{pé%ﬁdi%%?gf ng‘gé%é@dﬁs%é%gagééé%ﬁggﬂqrﬁeﬁg gﬁs
of approxi nat el ytHe gortdrilagh esmiditioant eacH tatrakaueasridyf is hommore@an 2¢%ch coul d
then be easily i %lrgglte?g'ably no more than 15%, 10%, 5%, 3%, 2% or 1%, greater or

less than the percentage composition shown in Figure 12; and/or

(v) a heparin lyase disaccharide composition wherein each disaccharide

corresponding to those shown in Figure 13 is present and the percentage

composition of each disaccharide is no more than 20%, more preferably

15%, 10% or 5%, greater or less than the percentage composition shown

in Figure 13.

The invention includes the combination of the aspects and preferred features
described except where such a combination is clearly impermissible or expressly

avoided.

The section headings used herein are for organizational purposes only and are not to

be construed as limiting the subject matter described.

Aspects and embodiments of the present invention will now be illustrated, by way of
example, with reference to the accompanying figures. Further aspects and
embodiments will be apparenttd:thiose:skilled«in the art. All documents‘mentioried:in-

this text are incorporated herein by reference.



directly into the 5 mmdefect sites (C). Figure 2. In vitro analysis of

rel ease kinetics of Al exa-468-hepain fromfibrin scaffolds revealed a sharp
initial baoxpioaBomver 50% total heparin rel eased in thePCirss2o0/onosiol | oned
by a sustained release of up to 100% over 4 days. A = Thronbin 500
=Thrombin 4. Figure 3. Quantified nCT, of defect sites at 1 and 3 nonths for
enpty defect sites, fibrin glue al one'@nd HS treated sites. MM Cs

eval uat i oBrief Dédigiptiohdf thé Figikes®f mi neralized bone, in MmB, detected wi thin
the defect sites. Asterisk (*) denotes a significant difference between HS

treated sites and all other defect sites at 3 nonths. Figure 4.

Repr esent ghby@mehetpdexpesmarts llius FathgIRE biikdiplas 8t thsiisveliomammvpey! i n and
eosi n (A—(iICI , nohi stoghem cal staihing for type | collagen (DF),

and | Lal I
ost eocal ¢ “(Sﬁ‘?‘?}"’“é eT58ER BRBFHPTPPRYING{IOUFRSIN 84X def ect site after 3

nonths. Figure 5. Quantification of staining as a percentage of total

tissue formati after 3 .det erm ned usi ng Bi oquant _i mage anal ysi s

sof t war e. 'E'ﬂgfeeﬂ}éﬁ’{'”(é”? S?Pg‘)?g{ @Eﬂ%ﬂ“gr‘gmrf)mg%f'brm%ﬁ@ REA F5-B dElR BYeAs- 2

treated sdridgsolyanelizallin lehreboftee$ mi Mddiied sGrinddA) Al efstef affep! | agen sponge.
n exam ned usi ng SEM (Jeol

Sponges wer puttered-coated wt ol d and t

JSM 5310 FW)‘?UQE “éé)- The sfed t%”ﬁgfcég‘?'g 8&?9“8‘?‘9 hed EVFGFPIOQEPéaPPrOFE‘EEEHY n

rel eases 5 maiincMrh@geanda eig@ssyvol Hiin @Hhwhidk Radldhawise Ehsighapieartl v

| abel ed v%j_th Al FX® 88 a q itﬁ r&_lﬁease fromthe collagen sponges was

quanti fi edreGly PIUBe rFB'P“r‘{}?R'}é ©DW%h: Figure 8. HS delivered froma coll agen

sponge does not pronote an inflammtory response. Coll agen sponges were

treated w.th 1 ng HS and incubated for_24 h al | .ow 100% rel ease of HS

into thevﬁrfgﬂfeaég'i P angyg;of s ‘W%ed'icaOE%'&ﬁ%r“ SRl Trog1 Tt ed and added

EEIt gAmus&amﬂueﬁe@ﬁgle(mmm nhi;hg?sbtﬁr@rof%@ehS%’Eﬁﬁ?medaﬁHfﬁé@?é@rigtl@ﬁ'@b’@ﬂ usi ng
: ogenou . 0 n sti at e crophages

were use %@%%fﬁt%ﬁg? a'ﬁl?gg‘?'?%%? ?@Hpﬁgé%ﬁvgg4ga§?'$rﬁﬁm'”éHEference (p <

0. 05). FieTheorBbin4. sunmary of the estimated M of extracel lular-HS2 from

E10 neuroepithelium The source of HS was subjected to separation on a 1X

120 cm Sepharose CL-6B columm after a variety of treatnents. The size of
puri fi ed Rigute 3.éhgintified uCT of defect sites at 1 and 3 months for empty defect sites,

fibrin glue alone and HS treated sites. MIMICs evaluation of the total volume of
mineralized bone, in mm?®, detected within the defect sites. Asterisk (*) denotes a

significant difference between HS treated sites and all other defect sites at 3 months.

Figure 4. Representative photographs of tissue section analysis of haemotoxylin and
eosin (A-C), and immunohistochemical staining for type | collagen (D-F), osteocalcin

(G-1) and osteopontin (J-L) within each defect site after 3 months.

Figure 5. Quantification of staining as a percentage of total tissue formation after 3
months determined using Bioquant image analysis software. Asterisk (*) denotes a

significant difference between HS-2 treated sites and all other sites.

Figure 6. Morphology of collagen sponge. Sponges were sputtered-coated with gold
and then examined using SEM (Jeol JSM 5310 LV) at an accelerating voltage of 10
kV.

Figure 7. Heparin releases from collagen sponges within 24h. Heparin was
fluorescently labeled with Alexa-488 and its release from the collagen sponges was

quantified by fluorometry over 24h.



HS was determ ned both before and after mld alkali treatnent to determ ne
the presence of nore than one chain per protein core. In addition, the
appr oxi mewe 2diog3eaice bet ween hepari nase-sensitive di sac®ORUSIGAED/00E337
determ ned by isolating the non-resolved, |arge oligosaccharides froma

Bi 0- Gel P-10 columm and rerunning the%1on a Sepharose CL-6B colum. Figure

10. Proportion of the linkages in HS-! susceptible to | ow pH HNO2,

heparitinase and hepari nase. Radi ol abel ed heparan sul phate 2 was treated
with | ow_pH HNO2, heparinase, or heparitinase and fractioned on a Bi o-Cel

P-10 col Figpref, ESyigliverad 9B »eollagen sBenge qaesdhpiomale AR inflRP@atPik ages was

det er m negbkpoRsd VEHIIBEEPERINGeSWRRY irdBRBd Hith Y 66\nGHIBER Rcibhitb$fdr 2@ Hagr cent age
of total radioactivity in_that peak e nupber of disaccharide

, . and nis_ th ]
repeat uAllew 1PR%mieast pliyds ite g hade @Eﬁo‘é?’@tfﬂ“ﬁéd”%}a toqed EUMESn posi ti on
(Tumbul | camedidephnPsdRb onfRBusdRAW 28Y. 7ethacréB4hes b DR ETNIFLa 1dViels” OUS

aci d-derived di sacchari de conpositian_ of he;?ar an sulfate from I1:_10
neur oepi MFES ReSaYRAYPIHE EbEs FABenoURLES (80019 mBor LB (BY nalsuhstimyiated ¢l eavage

Wi th | ownpidrdiNages Weraeseasi @atoMeASlelisQl pih@idatel bevigrieRt diffsrehoe of the
GAGs and the sanples then run on a 1 X 120 cm Bi o-Cel P-2 columm. The

resul ting HPDacchari des were fracti onated by SAX-HPLC. Areas under the
peaks were integrated to give theldfsaccharfde conposition and

Tot  asacEigiedbd SPTHIRPLsIRed MG st REb A C
Tetras tacg@a:rdegmgendm iwm%ogfdérquag glaaj@ae@tw?ﬁpa]faﬁ@? Iﬁh@t £X mrcmdor iginally
separat e on a bl O- - olum, ,and were e ur r reso n
S L C S opharose LT Sl gL KR O R ed By Al oI i g
r adi oact iH8 Wis HeteAAIRBd PR ePIE aB8 AR8Y M@ alkhli fréatiaat foddedrmiigdiheacti vity in
all peaks conbi ned. Tetrasacchari de peak nunbers.in_ the |eft colum

Empesi d

cor r espoREFSEH°% A an PR ARSI 978 gty eTRArRMale was
det er m nggtdncePed paritdscl psitivé Hishbeiatides aadde®rminel bpéstkstingener at ed by

dual 35S/ 3H radi o] abel ed sanples (from Dr . Gqr Jayson, University of
Manchest 819 n%HeSBIx(ea,ﬁgrggg %af'aﬁﬂg?ea?(ffa}aﬁ?gﬁ?ﬂ%% Ce%ﬁm%qdcfﬁg{n”ﬂggu%/e 13.
Di sacchattighe of @$sphiatdseCLEGB beipmnan sul fate from EL10 neur oepi t hel i um
foll owi ng heparin |yase treatnent. Heparan sulfate 2 was conpletely
depol yneri zed

Figure 10. Proportion of the linkages in HS-2 susceptible to low pH HNO,,

heparitinase and heparinase. Radiolabelled heparan sulphate 2 was treated with
low pH HNO,, heparinase, or heparitinase and fractioned on a Bio-Gel P-10
column. The percentage of the total treatment-sensitive linkages was determined
in two separate experiments by A,/n where A, is the percentage of total
radioactivity in that peak, and n is the number of disaccharide repeat units in the
oligosaccharides as determined by the elution position (Turnbull and Gallagher,
1990; Kato et al. 1994).

Figure 11. Nitrous acid-derived disaccharide composition of heparan sulfate from
E10 neuroepithelia. Radiolabelled HS-2 was depolymerized by deaminitive
cleavage with low pH HNO,. Disaccharides were isolated after HNO, treatment of
the GAGs and the samples then run on a 1 X 120 cm Bio-Gel P-2 column. The
resulting disaccharides were fractionated by SAX-HPLC. Areas under the peaks
were integrated to give the disaccharide’ composition and subsequently, the -

percentage composition in each sample.



with a mxture of heparan |yases. The resulting unsaturated disaccharides
were isolated on a P-2 columm and fractionated by strong ani on exchange
col utm chwormatoagoaphy. The area under each resul tant cuPCE/SGae0ne3eyr at ed
to cal cul ate the percentage of each disaccharide in each sanple. Nunbers
represent the average of two runs (for_the primary GAG sanpl es) and three
runs (for the 2.3D derived sanples). er 97% di sacchari des were recovered
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forth in ddparaies onRAYIGRYPIEsHhirhipbh® Webeihew fiiier vshoed tResAX-HeLdet ai | s of
t he best de contenp} ated by the |nventagguzﬁ]‘or carrying out the invention,
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details. Th resent |nvention concerns the therapeutic role of the

neur oepi tﬂ’?@%rﬁﬂet%fé? Wba‘q(zfe&? cURsPapR ot FHS—aIESfr?’BrS%@PEGQ—H%t ation of
bone r epgdégreé:’bﬁmfau@{ \?)Oa@%téfrﬁiﬁeé BY B&ab@rli%ﬁrdp‘] wﬁa@gftmt@@domléﬁwmh db]gne

ti ssue, bone cells o n r,ecursor cells as been jnvestigated for use
in augnmerf FGE“%’@"%%WJ‘PE%@PF‘,ra*ﬁ@gﬁﬁ%%ﬁﬁ%pl?%&@m Sbrgqrgorb@ﬁyggrr"ned with an
hepar an suhipéraieoti@ahsHegtehraRon @it &9NE seIUMBRMdet BeRital tsHditRhs. |t concerns
the use of HS-2 which is derived fromenbryoni c neuroepithelial cells,

bei ng neural precursor cells which normally develop into the neural tube

bef ore giFigoge 13.MWsdcehimaedonigdshioH odAspaan stitile abmtE WsnsiroePitBelfunindi ng thaL
to. 1l rove the

a non-bon neural tissue derived, hepara ul phat e i ctiv

P ooonar Bl hBbertn DR tRN PR e bAG CREBRIE RO vl vo 1S
surprisi nﬂithl @aaitgra @f&eﬁ@uﬁﬁwa&bggﬁ% Psiuiting %M%th@é&dsd‘@dﬁridé’sl@lv@ﬁbr yoni cOI

neur oepi t. m derive epar an ,su te-2 were experinentally assessed,
T | Sater B b ity B0 oot Ry NG Shon B Ib st o ot o

bo nfef r lege&mdsrataioﬁrap'hy. The birdal wler :si?dtﬂesaltarm b_angia a!asdﬁé%@@hed tbﬁaﬁ:ula(hl’i?ed

scaffol ds, are shown to have a uniformdistr ion o epar an sul f ate,

whi ch is *P&ESH%’)P‘"}Q&°§8§QB&§@%°H3%‘5%V;ﬂaéglsaWBkstﬁ‘Bﬂ%%Fepdﬁé)e&& fol | owed by a
pr ol ongedaverage of two runs (for the primary GAG samples) and three runs (for the 2.3D

derived samples). Over 97% disaccharides were recovered from each sample.

Figure 14. Sulfation characteristics of disaccharides from the HS-2 pools shown in

Figure 13.
Detailed Description of the Invention

The details of one or more embodiments of the invention are set forth in the
accompanying description below including specific details of the best mode
contemplated by the inventors for carrying out the invention, by way of example. It
will be apparent to one skilled in the art that the present invention may be practiced

without limitation to these specific details.

The present invention concerns the therapeutic role of the neuroepithelium-derived

heparan sulfate-2 (HS-2) for the augmentation of bone repair.

Previously heparan sulphate derived from bone (e.g. bone tissue, bone cells or bone
precursor cells) has been investigated for use in augmentation of bone repair. The

present invention is concerned with an heparan sulphate derived from non-bone



delivery lasting several days. Inportantly, the rel eased HS-2 contri butes
to i nproved wound healing over a 3 nonth period as determ ned by m croCT
(nCT) scawoizng/o3bd4st ol ogy, hi stonorphonetry and PCR f or PoSISeegmmp@s1mar ker s.
In all cases, only mnimal healing was observed after 1 and 3 nonths in the
absence of HS-2. In contrast, marked healing was observed by 3 nonths
follow ng HS-2 treatnent, vmth nearlygfull cl osure of the defect site. PCR

anal ysi s s3hresd Insbé}ﬂéﬁlérc ﬁ%nééﬂﬁé GERIEL of HSch‘@hl@ﬁ li!ﬁdé??(/@ﬂ @S Gbrgbnit he
ost eogeni ¢ markers x2, al kal i ne phos se and steogontl nin the HS-2

gr oup corﬂ?&?@ﬁ‘twl'ﬁhcﬂén??'ﬁg §eurwe@ﬁ%wé§ﬁﬁw ich derpalndeyelop o ffh- bone

derived Hauri lubetheftdIfREIR néyt@\(m%&rén@%ﬁé aaaheuﬁaaﬁgsme trAle ARdiAG Ogous bone
graft andmgirowth fact or- based therapi es. |l e 1 denonstrates the bone

regener atth@@ rApRAIS, neyabissye §Pﬂ‘@idé‘elﬂ’659é‘ rﬂphq@ 5 achvaledmPERVEdN thin a

fibrin gligersaichdrBohdmisatpe th hiftode Gbild Fédiingiid Béhd Atvieas vari al  def ect
nodel over a time course of 3 nonths. The in vitro distribution and the

rel ease GMRESING- fromthe fibrin glue scaffold is described together with
the in vivo effects of HS-2 on the process of bone regeneration as

determ ned by m croCT (nCT) scanning, hist OL gl cal exam natlg‘%_ and
osteogenls,caﬁ@ﬂs%"r"@@ﬁgg f'%%?@aﬁe@jé’ﬁﬁﬂﬁ eRPRRNIcHEUIRSRItiiuR-¢SiVEdgen sponge

matrix t epSlapaspnb- Zwe-l@@xp@(lﬁiéﬂ{aﬂy d@%ééé@&ﬁstryﬁh aaéle,aéfé R{bNGF, @it
inflammatory response to HS-2 rel eased froma clinical nggr oved col | agen

sponge. Eﬁﬁ?ﬂ'(@y'f%WP@I@SMHPF%%QW%W@%?F‘W 'Blalfé'tlg%léfzﬁdﬁ Nek e prepared
using a Germwercial kit (TISSEEL kit; Baxter AG. The nmould for the
cylindrical fibrin glue scaffold was a sterile, nodified 1m syringe (Fig.
1A & B) that enabl ed easy application directly into the defect site once

thedscaf L%-Qllcfmfédl%@b?dmi EMO}N?Q? g%@@hlmriﬁdlﬁflbutidn}bfhﬁp@:’ah rghlfwté,i) ng thedoI .
need to r],eanotesao ) was adde
[0 25" m GTCh Sy FPleEras Wi DBICBLAIPHG a5 i R ueE SEaprIRTed)
appr oxi mfeflety sty demt@ys aﬁ@oﬂaﬁtm thlértéféasétf HS zmarﬁd?dugas tbhprole®
di fferent cog%ﬁn rations, of 51 ng gThr 0 &q. Tgﬁ_gnb n. 500) were
i nvest i gdY3dingalng o¥er &5 BRpthResad Ay AeteRaing ?@;‘tm'ﬁﬁo MG e3R8, i ments. The
fibrin 9|rﬁ&olsgﬁﬁlﬁe@d)rd6rpﬁbﬁ@tr¢dnd\9w MB&ﬁe@@en@c @arkerLin sitdsex, iy t he heparan
ngI_ f2at € dn?tkfn}/aﬂlgal%% \/\VAESl obsaeﬁve%%ftfe!’ |1 anc'il % moneihs mr}ﬁe aggeen%te of 'HtS TO I ncorporate
contrast, marked healing was observed by 3 months following HS-2 treatment, with
nearly full closure of the defect site. PCR analysis showed significant increases in the
gene expression of the osteogenic markers Runx2, alkaline phosphatase and

osteopontin in the HS-2 group compared with controls.

The successful delivery of the non-bone derived HS-2 in a hydrogel provides a novel

alternative to autologous bone graft and growth factor-based therapies.

Example 1 demonstrates the bone regenerative capability of a single dose of HS-2
encapsulated within a fibrin glue scaffold implanted into a critical sized rat calvarial
defect model over a time course of 3 months. The in vitro distribution and the
release of HS-2 from the fibrin glue scaffold is described together with the in vivo
effects of HS-2 on the process of bone regeneration as determined by microCT

(WCT) scanning, histological examination and osteogenic PCR screens.

Example 2 demonstrates the use of a collagen sponge matrix to release HS-2. The
Example describes release kinetics and inflammatory response to HS-2 released

from a clinically approved collagen sponge.



into the scaffold, 5 ng HS-2 was added to the thronbin conmponent. This was
t horoughly m xed and then pipetted into the sterile nodified syringe body
bef or e adsOnregiovdse24fii bri nogen conponent whil st m xi ng. TRETSGI9000317

pol ymeri zation of the glue, encapsulating the HS-2, took approximtely 1 h.
The scaffolds were then examned in vitro for a) HS-2 rel ease, to observe
the rel ease kinetics of HS-2 fromthé%ibrin gl ue, and b) confocal

m croscopy, to observe the distribution of HS-2 throughout the fibrin glue
scaffold,_and c) in vivo inplantation and nCT eval uati on of bone

m ner al i Z2@Aednd hi stol ogi cal exanination. For the purpose of this study,
all in vitro experinents were undertaken using Heparin (Sigm) as a control
substitute for HS-2. Heparin is structurally simlar to HS, being a

hyper sul fge8ald\fabrigaion and is believed to distribute and release in the

same way F%rtrﬁlae §ca?ﬁ)ﬁj‘sf\9érg préﬁaré‘cﬁurbukg?a eamilercigio (r@yee {io BhRer Atyor escent

| abel Al exa uor-488, enabling its distribution to be Iocallsed and vi ewed

usi ng coﬁﬁ"’@dﬁ‘l’l‘“ﬁﬁfrﬂ@% %'Wr'caéﬂ'éf"l glye peaffold wag astarile: imrdlifies 1y YIRS escent

pl ate regflighga &) thbﬂeﬁélb\é?i éfagplsp tda{.b@@@bdﬂfuao el fasRitkoR&d tes Fi brin glue
scaffol ds contai ni ng Al exa I uor-4 abel | ed heparin were placed into

1 m of geatfeldhadao m%ls%tse ephpRcingetedily Py elimipatyg higdepAd R at 370C,

pr ot ect ecsnwo@meﬂcahbldsmgaﬁ) EBFinBEEhH G 111) WS agddd to'PB NeF thiomBiR0/ nf  of
FWhvasr enoved for sanpling and rep Iaced with fresh PBS. The h@g)(ﬁ@l n rel eased

was quantsefutiag HFP%LHﬁ"ﬂ%%PP'IYG‘SF'&dc%%@B‘@ di%h eRAOKIMAtY SR diamelss dia at 485

nm by comMgiekeRB o2 inim Figt ADHaTHE ditef@ cbhedttraASSs braR@kibin ChkdBbin Bhe
currul ative rel ease was then graphed. Confocal, M croscop egie parin was

f 1 uor escérd \remhip Ry warwveﬁtwtssw ¥irad oRBBZe I8 OSE BLUIHC pr obes)

using a rEp&fRed aMeeRbringhie S&afred c(e%‘ﬂéd werd lﬂsredte@d ééﬁﬁ’érpﬁétﬁk feMmhé nto the
scaffold. To vi S§a|l eg t he di strlb of he r af f ol dse\lﬁé VI ewed
o fhe |

usi ng coreREN UiRiEded¥ey A5 N r?ls(t,‘? Ropgsi - 3PANFRERY@
M Cr oscometp théﬂs&mldd&smgnssqrwas éiﬂ@ﬁ'ToWthl%ﬁim@B@mM&{eﬁht amswagict ed fr om 100

R T OAE IR I M T A - NS TN

femal e Wa‘dHﬁh@ thé@fibrif{o3@R céRPofent whitstemiNmgOTheé ERsuiRPscadridationot the
glue, encapsulating the HS-2, took approximately 1 h. The scaffolds were then
examined in vitro for a) HS-2 release, to observe the release kinetics of HS-2 from
the fibrin glue, and b) confocal microscopy, to observe the distribution of HS-2
throughout the fibrin glue scaffold, and c¢) in vivo implantation and uCT evaluation of
bone mineralization and histological examination. For the purpose of this study, all in
vitro experiments were undertaken using Heparin (Sigma) as a control substitute for
HS-2. Heparin is structurally similar to HS, being a hypersulfated variant, and is
believed to distribute and release in the same way within a scaffold. It can be easily
conjugated to the fluorescent label Alexa Fluor-488, enabling its distribution to be
localised and viewed using confocal microscopy, and its release quantified using

fluorescent plate reading. All in vivo work utilized HS-2.

Release Kinetics

Fibrin glue scaffolds containing 5 ug Alexa Fluor-488-labelled heparin were placed
into 1 ml of pre-warmed phosphate buffered saline (PBS) and incubated at 37°C,
protected:fromrlight, fora ¥ day period: At:each-time point; 100 pfof PBS was'
removed for sampling and replaced with fresh PBS. The heparin released was

quantified from the fluorescence intensity of the release media at 485 nm by



Institutional Animal Care and Use Committee (1 ACUC), Singapore. They were
randomy divided into 3 groups: (a) defects left enpty, (b) defects

cont ai ni nyof2ntwa3m4gl ue scaffold al one, and (c) defects ®omS&26190903f17 bri n
gl ue scaffold encapsulating 5 ng HS-2. Prior to surgery, the rats were
given intra-peritoneal anesthesia of 75 ng/kg Ketam ne & 1 ng/ kg
Medet oni di ne, the heads were shaved &Jd sal i ne- soaked gauze applied across
t he eyes.coldpdRsorAfiEih standar et Buot-B88-Répdiin@ule. THE caRulbdld midke
disinfected with Betadlne( m, the skin over the parietal bone dissected in
the sagi ta8ithen @i9ehethd t he peri osteum renoved fromthe both sides of the
parietal bone. A5 nmdianeter trephine was used to create two circular

t hr ough- and- through critical sized bony defects (25) which were irrigated
with sal GRS MIGRRRFEPYI ood cl ots; proper hempstasis was achi eved with

gentl e prnegpsHh WasTU@refsb&EtlyrboﬁjL@Qteﬂ%f,@éﬁsﬂﬁér 43@@2188%@@@@9& preBesli rect |y
into the defect sites utilizing the novel syringe system Then the skin was

cl osed wiYskhIs peted @PB&*@F@%Q&S@B”@/ (ZyRrics i} inp@r@orayan e gteﬁcﬁ 940, Johnson

and JohnsenjisuaiR£thaistabion st BepdHf) sEHf6RIR wawr&mm&@&mﬁ&smé& nmg/ m  of
antisedan), antibiotics and terre%em c pain killer p! aced

i ndi vi duaﬁcﬁﬂ}““ﬂ%m&‘é@%@Pw(%ﬂS% by Hd“‘?r\tﬁt'@@”eﬁﬁ?icr%%%e\}e-@y%mgméﬁoa?ll vely for

any undugje ?ﬂ'\V&()ﬁ@tmﬁTsf\ﬁ‘@rE%onMdb’téH FAARO0 BeriZPN SRR stepelle RF@ANI NgAL 1 and
3 nonths after surgery, the rats were anesthetized intra- perltoneally as

previ ously descri bed, before undergoing nCT scanning to obtain a

quanti tatgw&eryeasure of the | evels of regenerat ed bone (SKYSCAN-1 076 in
vivo mcro conputerized tonography scanner, Belg ) %I ng was perforned
with 68 rﬁhesfeawo\ﬁttsivhnvoéwd/ihe gregten of tverd mB‘H"WW?@W @?fﬁ s fhieaver agi ng 4
data i nt QaneRl ) 2o$éma|blwus&ambego WeJoegrR PRsTe et Wtﬂ%?@_rcﬁ/allf&% it ation

angle with a rotation step of at 35 mm resaol ution he data were

vol umet r ilegitytionaldrimat 9@@@&9’ lﬂl%él 9‘@{"@5’@@ (K ePinaaesies f PR YEEn sof t war e
from SKY$&ddnay dﬂaﬂ@axﬂ@@gr@uwl@ de'Fédt@Féft\@ﬁﬁﬁy (Ppdefe&s @Br&blhlﬂ@tﬂbﬂnf or

anal ysis using M m software (Materialize, Belg usi ng

i n-built qiqﬁﬁqaﬁ@)'ﬁ@lonsr aﬁﬁiméﬂeéqgfﬁ seatpining fibN glue sraffald ?@@P{%W g9 Hber est
(RO) of webect size of 5 nmdianeter was sel ected for analysis. This RO
corresponds to the original defect |ocation. The degree of bone
regeneration occurring within the defect

Prior to surgery, the rats were given intra-peritoneal anesthesia of 75 mg/kg
Ketamine & 1 mg/kg Medetomidine, the heads were shaved and saline-soaked
gauze applied across the eyes. Under aseptic technique, the skin over the calvaria
was disinfected with Betadine™, the skin over the parietal bone dissected in the
sagittal plane and the periosteum removed from the both sides of the parietal bone. A
5 mm diameter trephine was used to create two circular through-and-through, critical-
sized bony defects (25) which were irrigated with saline to remove blood clots; proper
hemostasis was achieved with gentle pressure. The fibrin glue scaffolds +/- HS-2
were applied directly into the defect sites utilizing the novel syringe system. Then the
skin was closed with 5-0 absorbable coated vicryl sutures (polyglactin 910, Johnson
and Johnson). The animals were then given reverse anesthetics (5 mg/mi of
antisedan), antibiotics and temegesic pain killers. They were placed individually in
cages with food and water, and observed postoperatively for any undue adverse

effects.

Micro computed tomography (uCT) scanning



was presented as a volunme in mMmB of reconstructed data obtained in mcro CT
anal ysis. The threshold was adjusted enpirically to visualize the defect
site and wbeorwaze4al i zation (-284 to 1420 for all recon®CrscRimng)317 Def ect
reconstruction was attained by subtracting the scanned mneralization data.
Hi st ol ogy and hi st ornorphonetry Aninmals were sacrificed at 3 nonths in a
CO2 chamber. After euthanasia, tissue€?were dissected fromthe cal vari al

bone and nbhe¢adeBesdntisd é@r%@ﬁ@fér}@ﬂlﬁ’é‘rd‘t@ﬁle@ é’fe@{h@w{ed iftrapeR®NERINEsf | xed in 10%

neutral buffered forpalin for ays de-calcified in 12. 5% EDTA (Si gma
Al drich) BﬁV@Ué‘Vﬂ&FCfgaeaewgfe “ﬂﬁ’&f%é’repw% seaninadeabiain ¢ ayanifeivet ed i n

et hanol lmeasmmwu%lw&@mgénéra@ama SkvedaN- @@Qn vilbesige Scientific),
and paraffin errbed ed ca EG 116 Sections (5 mm were taken using a

mi cr ot omeCYTRYELZSRNPDP ’f?P y‘i’?%’"?ﬁ iUy (@agiag yasmerarmedwith 8 My ene and

r ehydr at escaw Wikiths en iapt nﬂﬁlﬁﬁ@nB{S@H BIRGl sk RidhABRIgIn 438%%@%@?2@ Ajned with
haemat oxy In_an eosin é ng%ﬂ B {mgnt ed with nmount ant

Bi ocheni c WHESERN ’Efg’ uga ;199 Fjetiprsangle with, 8 detalion Fiep iohe: 8m)use

no tnocl on?bt it b@whﬂﬁmaum a5tk Waéeolhnﬁﬁlcbmg@ao.fﬁ&fé;@)usmg agbna%%am (tbvtll 220

ost eopontin nd gsteocalcin eam a

di | ut Pon ééﬁ’d’ RSy S %ﬁ%’& IgY\Aé&él\lraéﬂg %8?%88‘@%{: i'esrfﬁ%f§éh¢rg6 (Vector).
The anti gmns-mmdl feﬁaial}é@usiﬁg wmn@@vlammwmww@taﬁﬁuzerBagrdm)@smgcor di ng

to the man rer' VEGTAST' Al tr Labs: : Anmpuse
| gG nega Iutg}@ﬂuu 7 S % ﬁéq @1 A\r@g n’of lnterest (ROI) of defect
Labor at or éies bf Firsi olamemimtsre}emmpamélwmuslﬁa)n@or%sgahtmb tsteo ||

b M SN TEVE T R Y NN R
manual | y ﬁaamsamtedlad atvatungke fnaiin® of kegonsthetedniaitd BbtdRkach midré €Twas first
of The af SFLiE: e TRETIILPER auielRe <RI fove e tigiaed sl 280 Beper cent age
of the enmlneealidetlcﬁc(t-zaafli tbﬁAZGlfm&IIpésdrtstruetlo&é)iID@féWﬁed@hétﬁJd’m@d wlg manual |y
posi t1ve S PRRETARF ecvt e EgRUAoR 1o nter oot (at i ned ¢ hr ough
conparisons with negative controls). The thresholds were nenorized and
appl i ed tplls?o\/og andlhlsqomorp Oh?rétrglhe data set, for each stain.

Animals were sacrificed at 3 months in a CO, chamber. After euthanasia, tissues

were dissected from the calvarial bone and the defect site sectioned for histology.

Tissues were fixed in 10% neutral buffered formalin for 2 days, and de-calcified in

12.5% EDTA (Sigma Aldrich) pH 7.0 for 3 weeks. The samples were serially

dehydrated in ethanol in a tissue processor (Shandon Citadel 1000, Thermo

Scientific), and paraffin embedded (Leica EG 1160). Sections (5 um) were taken

using a microtome (Leica RM 2135). The slides were deparaffinized with xylene and

rehydrated with serial concentrations of ethanol, before being stained with

haematoxylin and eosin (Sigma) and mounted with DPX mountant (Fluka

Biochemica). Immunohistological staining was also used employing mouse

monoclonal antibodies against type | collagen (Sigma) at 1:500 dilution, osteopontin

(Santa Cruz) 1:50 dilution, and osteocalcin (Abcam) at 1:150 dilution. Secondary

antibodies were rat absorbed anti mouse IgG (Vector). The antigens were localized

using an immunoperoxidase procedure according to the manufacturer’'s guidelines

(VECTASTAIN® ABC:kit, Vector Labs): A'mouse IgG1 negative-confrol was: alse

included (Caltag Laboratories).



RNA isol ation and RQ PCR Foll owi ng sacrifice of the animals, the defect
sites were surgically collected and i medi ately frozen using |liquid

ni t rogen.wohe10shz4act ed ti ssue was then ground to powdelPCsGv0s000B12 nort ar
and pestle. Total RNA was extracted using Trizol reagent (Invitrogen Corp.,
USA) and subsequent clean up using an_RNeasy Mni Kit (Q AGEN, Singapore)
according to the manufacturer's inst 2dctions. The quality of the isolated

RNA was  ps3@ns@HoiRErgfhs BEASHIRPRMNESbsuAN OsRNtbihddredo gllarfiffdpBEqUant

RNA/ DNA Spect r ophot onet er ( Arer sham Bj osci ences, Pi scat avvaé, NJ,. USA) and
stored aPelsuiage sianing for eelagen dostensalcarrnpsieenentip wibinane Befscirieor t ot al

RNA was B%W,%Q'e@iBﬁlBﬁﬁfér@ﬁQvéé%é\ﬂJdll?a%m ABuRRecfeth 81e/ TR dayireSuper scri pt
1l RT (Invitrogen Corp. ’tifg%%yﬁdtgllzm oW ng} spectrophonetric quantitation of

t he comge@ﬁmit@g@wﬁsﬂ% rRseq)a P inep dhroRergentage et RISHVR S NIsi ng

RQ PCR Riricabh ¥f thd 2orasieRforelVfotems wiisR]uahiifRd 4rdl dxptddlskgata twi ce using the
ABI Prism FAST 7500(r) sequence detection system (PerkinEl nmer Life

Sci ences PeMgNiags kipe quire detpat siie; Ts peritiveattain was@piained Rismanualy sec
f ol I owed H¥sHHibisy fHeahagés SRfdideclng e sddfe % pick §E6nly RepotitiveRBtaamd 18S

prinmers and probes were _destg%ned using Prinmer Express software (v 2.1, PE
Appl i ed BTtB‘%‘iigl?'%FﬁsﬁhePé%tﬁ@rOfm ?S‘??t @i?'“@éﬁi)r?‘l%th%? isopzwWhh peeativebed
el sewher goftrofd). THY-RrdiholdBlwepé al@soriéel andubsitaine @vas sifde ARiAhoagiamand ( PE
Applied Biosystens, Foster City, CA USA). The Runx2 LNA probe was

re- desi gRtld ¥ &aFMmEBIMor at e LNA bases and | abel ed with BHQ 1 (Proli go,

Si ngapore). The ribosonmal subunit gene 18S (VI C TAMRA) was used as the
endogenous . control . ta wasanafyzed usipgtrre AB Sequence

Det ect or §é¥4 irafpden a’K%pr'?C’gations were performed three tines in triplicate.

Tar get QEBROVANGEESHILS bf thalanRsalé,2he ABICH) Jite8 Er&BIIGIcER Edlledte8cnbel ative to

18S expression | evel sStatistical analysis A two-way Al A with differences
consi der ¥BMedigialy frezgniusing liapid "9%%96’0{1;%? B@Fﬁ,cée‘il\ott’ﬁ%?é‘?ﬁ%@ OHad P t o

det er m ngowdérTofrh GatRta rbridrendpeste. TRIMPRINA Whe exted dtechldiog THidl Fdagehhe HS- 2

and non-l—}S—,?treted ffold follﬁvyedb the Banferrqni, post-test.
St andar d ('BYrBgeHEP- anqSubsRAenho'sat UgHSIpa @AY MIRRht the 95%
conf i den¢@IAGENISIRdapold) actriimgas ahe/dhsufatturdPs Ihdtated. Thégualitgbitee scaf f ol ds

isolated RNA was assessed by gel electrophoresis and quantitated on a Genequant
RNA/DNA Spectrophotometer (Amersham Biosciences, Piscataway, NJ, USA) and
stored at -80°C tili further use. For conversion to cDNA, 500 ng of total RNA was
reverse-transcribed using random hexamers catalysed by Superscript Il RT
(Invitrogen Corp., USA). Following spectrophometric quantitation of the cDNA,
expression levels of the target genes were determined using RQ-PCR. Briefly, 120
ng of cDNA was amplified in triplicate twice using the ABI Prism FAST 7500®
sequence detection system (PerkinElmer Life Sciences, Wellesley, MA, USA) using
the default cycle: 95°C x 20 sec followed by 40 cycles of 95°C x 3 sec, 60°C x 30
sec. Runx2, OP and 18S primers and probes were designed using Primer Express
software (v 2.1, PE Applied Biosystems, Foster City, CA, USA), and have been
described elsewhere (27). ALP primer probes were purchased as an Assay-on-
demand (PE Applied Biosystems, Foster City, CA, USA). The Runx2 LNA probe was
re-designed to incorporate LNA bases and labeled with BHQ-1 (Proligo, Singapore).
The ribosomal subunit gene 18S (VIC/TAMRA) was used as the endogenous control.
Data was analyzed using-tfie’ ABY Seguence Detectorsoftware. Ampfifications were:

2(-AACt

performed three times in triplicate. Target gene expression values ( )) and were

calculated relative to 18S expression levels



To exam ne the distribution of heparin through the fibrin scaffold and to
assess its tinme-based rel ease, a conbination of confocal m croscopy and

fl uor escewo 28paBvT40scopy was perfornmed. Confocal m croseoppGdenymneily at ed an
even distribution of heparin (HS-2 substitute) throughout the body of the
fibrin scaffold. Sequential scans of 10 mmslices were taken and showed no
significant change in heparin distri %ion between each slice t hr oughout

t he whol e body of the scaffold (data not shown). Figure 2 shows the rel ease
ki netics of ,h_eglari n fromthe scaffold, using both Thronmbin 4 and Thronbin
500 conpoHfrisal afysiSe| ease from both scaffol ds fol | owed the same pattern;

a fast i twcvap ANBVAIHdif¥RhceDibrisklepatbsigificamt Bt hB@5k édifiddnde T ol | owed
by a sustai ned rel ea ver the course.of 4 d , at which tine, 100% of the
hepari n_ HABNBLAFSUSPR & BRISTUing SiOpRPRTHIerancRs Defiesh MBFTAFAtPNIBIE udi e

af ter i nithé BIS-2 Bh@h6n-PISOY Behtbd ScaFRldsTeNdweart hyothe Bahfer@hi Jdwt-esspi N 500 was t oo
rapid, s%grq%ng to air bubbl efsi (ilnd uneven encapsul a i§goof n%_ge heparin
conponentSENgRrg igr bagwpss welypedys 3l graplRand fepresaNGNE 9 L fIEPHE The ef f ect
of HS-2 aftepgnenting in vivo bone healing was assessed by nCT and

hi st omor phonetry. M croCT scanni ng detected significant increases in
m neralization for those defect sites treated with HS-2 at both 1 nonth and

3 nont hs.in bitgwrelistF PSP foatled Fibweiuaistafoldeconst ruct i ons of defect sites

at 1 and nont. hs for .emt fects, fiprin.qgl ue algne and HS-2 | oaded

i bri e oS telst Tl of Biirt thrboRgiineByd ane Sassmass fal |-l osur e

of the SIem&;;basﬁdtrblemsé]%rcﬁirribz?iiob@mfeonfadse&lnqufgﬁédpt%@tnﬂm%reswﬁtneraf ﬁaif S

-usng- \IlVHs software* 0 Asignfi cant one, present in the HS-2
HaMegn Gt TS

treated SPEELOSSPPRWASREHYMEInGAPREANTIEISERM A% ®¥8Nand fibrin gl ue

a:cone dffﬁﬁbﬁbﬁ? hﬁlpelsr&.(GIS)z stﬁfkistiﬁjt?ﬁhlfohgﬁdﬂit tl@b;jlﬁdcﬁ/rcﬁmw&bf rinegeaffélaund f
afteronly, 1 nonth. reat ment s nonstrate ignificant increases from
month 1 S5 WE0R RPAR IO SR LEr kg S0 enoves bR SN ESATHeRREE e | sol at ed
and sect ihepedn gatriputien bétabeh egircalick throag gt frenmiia pbdynofahe sesfid  ( H&E)
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4 and Thrombin 500 components. The release from both scaffolds followed the same
pattern; a fast initial burst with over 50% release within the first 4 h, followed by a
sustained release over the course of 4 days, at which time 100% of the heparin had
been released. Only thrombin 4 was used for in vivo studies after initial trials proved
the polymerization rate of Thrombin 500 was too rapid, so prone to air bubbles and

uneven encapsulation of the heparin component.

In vivo analysis of HS-2 loaded fibrin glue scaffolds

The effect of HS-2 on augmenting in vivo bone healing was assessed by puCT and
histomorphometry. MicroCT scanning detected significant increases in

mineralization for those defect sites treated with HS-2 at both 1 month and 3 months.
Figure 3 depicts representative reconstructions of defect sites at 1 and 3 months for
empty defects, fibrin glue alone and HS-2 loaded fibrin glue scaffolds. At 3 months
the HS-2 treated sites had full closure of the defect with mineralized bone. The
quantitatiorof this: mineralization using MIMICs software! showed:significantly: higher -
bone present in the HS-2 treated sites at 3 months compared with empty defect sites

and fibrin glue alone defect sites (p<0.05). No significant differences were found after



contiguous islands wthin the defect area (Fig. 4B). The enpty defects
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bony fromve 20fi30244A). In the HS-2 treated sanpl es, newPgTSGRO®DN0317
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mucosal in both the empty and fibrin defect sites, with signal detected predominantly in the
bone edges of the defect site (Fig. 4G, H). In the HS-2 treated defect sites,
osteocalcin staining was uniform throughout both the bone edges and the repaired
defect site (Fig. 4J). Osteopontin was very low in the empty defect samples (Fig. 4J)
but was present throughout the fibrin-treated defects (Fig. 4K). The distribution of
osteopontin throughout the HS-2 treated defects appeared to be mostly localised to
the bone edges (Fig. 4L). When we quantified the staining within the defect sites
using Biogquant analyses, these observations were reinforced with HS-2 treated
defects determined to have significantly higher levels of collagen type 1, osteocalcin,

and osteopontin at 3 months (Fig. 5).

RQ PCR

To further assess bone formation, a panel of mMRNA transcripts (Runx2, ALP and OP)
were assessed by RQ PCR. Figure 5 reveals significant upregulation of Runx2,
atkalines phiosplatase and osteopontin in-HS-2 treated grotips:compared with: fisriry
glue alone. Notably, Runx2 underwent a 6-fold upregulation, alkaline phosphatase a
3-fold upregulation and osteopontin a 2-fold upregulation in HS-2 treated samples

compared to controls.



I ncisions and reflection of the periosteum The ability to inplant a

bi oactive scaffold with osteoi nductive properties within a critical sized
def ect, iwWOancBbacti ve one, especially if the therapyPoEgaslemn/onése7
requirenent to include live cells in the scaffold. It has been shown that
the | ocal or system c application of nunber of growh factors such as
FG-2 and BMP2 (2, 14) can aid bone re‘%ai r. Disadvantages of such
application include their rapid clearance rates and susceptibility to

pr ot eoly C de datjon (28 Additionally there is, concern over their
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3 nont hs.bicactivity at the site of trssue damage (12). Heparan-like mimetics (carboxymethy-

Ibezylamide-sulfonated dextrans) have been reported to induce the repair of rat skull

defects (15), and single 5 pg doses of HS have been shown to augment fracture

repair in a rat fracture model (14). This study sought to investigate the effects of the

non-bone cell derived HS-2 on bone regeneration within a critical sized rat cranial

defect using fibrin glue as a release reservoir. We utilised uCT scanning to determine
bone mineralization within the defect sites and reinforced this with histological and

histomorphometrical examination of the defect sites.

MicroCT analysis showed significant bone regeneration within defects treated with
HS-2 compared to empty defects and fibrin glue alone, with full closure of some sites
after 3 months. This corresponds with studies by Jackson (14) and Blanquaert (15),
each-ofwhom demonstrated-increased bone regeneratior:thirough addition of:béne- -
derived HS and HS-like molecules as observed by radiomorphometry and
histomorphometry. Our histology showed clear differences in tissue formation among

the various treatment sites. Sparse fibrous connective tissue was found to traverse



Newl y forned bone can be observed surrounding all edges of the defect site
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t he fi briwiogbuwa3sadsone defect sites, which seened only t@CtscRaioRNIEar se
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phase markers: the reintroduction of.Runx2 restores rmal_ ce cycling,
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proved been shown to be essential for both skeletal patterning during embryogenesis and
the progression of osteoblast differentiation (29-33). Calvarial cells harvested from
Runx2-deficient mice have increased rates of cell proliferation, DNA synthesis and
G1/S phase markers; the reintroduction of Runx2 restores normal cell cycling,

emphasizing the importance of Runx2 for cell cycle regulation (34).

Fibrin glue is a physiologically relevant matrix whose principle component, fibrin, has
fundamental roles in the process of blood clotting and wound healing. It is also a
potentially suitable biological vehicle for cell transplantation, as it has proven
biocompatibility, biodegradability and binding capacity to cells (35). Fibrin stabilizing
factor XIll, contained in fibrin glue, favours migration of undifferentiated

mesenchymal cells on the highly cross linked structure of the glue and it enhances
proliferation of these cells (36, 37). The fibrin glue scaffolds in this study were
comprised:-from & low: concentration-of thrombin;:th romibirt4:(as opposed to-thrormbin-
500) as the workability and incorporation of HS-2 into the polymerizing glue proved
difficult using high concentrations; increasing the thrombin concentration has been

shown to affect fiber thickness, porosity and homogeneity of the fibrin (38). Heparin



difficult using high concentrations; increasing the thronmbin concentration
has been shown to affect fiber thickness, porosity and honbgeneity of the
fibrin (38p.20tpBe24iin(t he HS-2 control) was rel eased rapiPdirgGeonotonesifirst 4
h fromthe fibrin glue, with over 50%total heparin released in the first 4
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at an accedgenatating. vol t age of 10 kV. Fluorescent |abeling of heparin For
non- bi ol ogical in vitro assays, heparin, a hypersulfated nenber of the HS
gl ycosam nogl ycan famly, was conjugated with Al exa Fluor 488 (A488,

Mol ecul ar ERampés2 UK) using a nmethod published previously by our group
(39). Briefly, 3 ng of heparin (H 3149) was solubilized in 300 M of 0.1 M
solution of 4- norpholinoethanesul fonic acid (MES, M3671) buffer (pH 4.5)
and conbi Neteriglg dndbdethiodsf a 10%

1- et hyl - 3- (3-di net hyl am nopropryl ) carbodii m de hydrochl oride (EDC, Fluka
03449) solution in 0.1 MMES buffer. Follow ng, a 1% A488 solution (50 m)
in0.1M IQE&BQ&MS‘oeffoM/as added to the heparin/EDC solution. The nixture was
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Life SCIences Corp, USA) and measured 7 x 21 x5 mm. For all assays, sponges

were cut evenly into six pieces measuring 7 x 7 x 5 mm and kept sterile. The
morphology of the sponges was evaluated using Scanning Electron Microscopy
(SEM). Briefly, collagen sponges were sputtered-coated with gold and then examined
using SEM (Jeol JSM 5310 LV) at an accelerating voltage of 10 kV.

Fluorescent labeling of heparin

For non-biological in vitro assays, heparin, a hypersulfated member of the HS
glycosaminoglycan family, was conjugated with Alexa Fluor 488 (A488, Molecular
Probes, UK) using a method published previously by our group (39). Briefly, 3 mg of
heparin (H-3149) was solubilized in 300 pl of 0.1 M solution of 4-
morpholinoethanesulfonic acid (MES, M3671) buffer (pH 4.5) and combined with 50
pl of a 10% 1-ethyl-3-(3-dimethylaminopropryl)carbodiimide hydrochloride (EDC,
Fluka 03449) solution in 0.1 M MES buffer. Following, a 1% A488 solution (50 pl) in
0.1 M MES buffer was added to the heparin/EDC solution. The mixture was protected
from light and incubated overnight at room temperature. The fluorescently conjugated
heparinwas-elutéd onvamAmersham PB10- desalting coltmnn:- TFhexlaleling efficiency:
was approximately 1.3 mol A488/mol heparin.

Release Profile



Rel ease Profil eCol |l agen sponges were passively adsorbed wth 500, 250, 125,
50, 10 and 0 ng of A488-heparin (50 m), protected fromlight, and pl aced
in 1 nm oVORB®/®02437C for 24 h. At 1, 2, 3, 4, 5, 6, an@CZAG200900@B1m of
conditioned PBS was col |l ected for sanpling and replaced with fresh PBS.
Addi tionally, sponges were visualized,by fluorescent m croscopy at each
time point using an A ynpus SZX12 ste? om croscope. The concentration of
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t r eat nent cunedativewaleasgi ehAdgd-eebarisiwes répirteal 494 Bérckhtagé BRoBdiagci ence, USA)
as per the rranttlr_Jfacturer' S instructions. Cells stinmulated with 10 ng/m

| i popol ys%o@c?ﬁ% Ef“c?@' (LPS, Fluka, Gernmany) were used as a positive control,
while cells grown in basal nmedia wi thout stinulation provided nmeasurenent

of backgrgund.TNE-a | evel s, Statistical Analysis Al assays were perforned
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using TNF-a ELISA kit (BD Bioscience, USA) as per the manufacturer’s instructions.

Cells stimulated with 10 ng/ml lipopolysaccharide (LPS, Fluka, Germany) were used

as a positive control, while cells grown in basal media without stimulation provided

measurement of background TNF-a levels.

Statistical Analysis
All assays were performed in triplicate, with three independent trials. Results are
reported as mean + standard error. Significance (p < 0.05) was determined by

analysis of variance (ANOVA) followed by Tukey-Kramer post hoc analysis.

To examine the morphology of the collagen sponges, SEM was performed. As shown
in Figure 6, the sponges have a high porosity (average pore size 20 um diameter)
that contributes to their ability to support nutrient infiltration, the passive adsorption of
molecules, and cell colonization. For non-functional assays, we used heparin to
mimic HS-2. In order to detect passively adsorbed heparin upon release, we
fluorescently conjugated the GAG with an Alexa488 probe for both visualization and
quantificatién by fluorometry: As expectedi-we:found-passivelyadserbed heparin:
released with an initial burst phase from the collagen sponges, with more than 50%

releasing within the first hour and 100% released by 24 h regardless of initial coating



released with an initial burst phase fromthe coll agen sponges, with nore
than 50% rel easing wthin the first hour and 100% rel eased by 24 h

regar dl eswoabio/asddital coati ngconcentration (Fig 7). Thi $Crss2e199003@vi denced
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Slmllarly, Example 1 identifies that HS-2, released from fibrin glue with an initial burst

phase (50% within the first 4 h), reaching 100% release by 4 days, significantly
healed a rat critical size cranial defect compared to that induced by non-treated fibrin

glue composites.

Similar {o other studies (39), we found that sponges treated both with and without
HS-2 only induced background levels of TNF-q indicating their potential use as a
biocompatible delivery system of HS-2.

Various substrates including hydrogels (40-42), bone cement (43), collagen (44), and
titanium (45), as well as other materials have been derivatized with heparin, a
hypersulfated form of HS, in order to provide bioactive and sustained release of such
heparin binding growth factors (HBGFs) as VEGFs, FGFs, and BMP-2. These
studies demonstrate the potent ability of heparin to protect HBGFs and promote a
more effective and-efficient release of these: factors from: the biomaterial carrier: -
However, using heparin has limitations due to its lack of specificity, its anti-
thrombogenic activity, and its plethora of unwanted side effects, with

thrombocytopenia and osteoporosis being the most notable (46).
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antithronbogenic activity, and its plethora of unwanted side effects, with
t hr onbocywopenvaormmd ost eoporosi s bei ng the nost not abl @CiA6rooPhI&S1EXaNpl e
describes the delivery of HS-2 froma clinically approved 3-D col | agen
scaffold . The results of this study :gtearly support a rationale for
exploiting the use of HS-2 for therapeutic purposes. The quick rel ease of
HS-2 maintains bioactivity wi thout inducing an inflammatory response.
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Cdin Appﬁ'q@l' %@t“ﬁiq?@%ﬂgﬁm%%’(%ﬁg%%rf:s. Claims: 1. HS-2 for use in a
nmet hod of nedical treatnent. 2. HS-2 for use in a nmethod of treating bone
fracture._ 3. harmaceuti cal conposition conprising HS-2. 4. The

phar maceLf‘ricaiﬁ‘gﬁﬁ%@g?@?%wpg?ntﬂg? S'fsocip”l%'énpr?sbdo tteﬁalaangfdi"%}eat ment, the
met hod conprising treatnment of bone fracture. 5. A bioconpatible inplant or
pr ost hesi

of claim™= \(/:moe r:iﬁ‘ipreﬁ!ég{ %g@%ig r81i alﬁipﬁggﬁggﬁi%tqegmpgﬁ%} grglstﬁgéis % prosthesis
coated with HS-2.

7. The implant or prosthesis of claim 5 wherein the implant or prosthesis is

impregnated with HS-2.

8. Use of HS-2 in the manufacture of a medicament for the treatment of bone
fracture.
9. A method of treating a bone fracture in a subject, the method comprising

administration of a therapeutically effective amount of HS-2 to the subject.

10. The method of claim 9 wherein the method comprises administering HS-2 to

the tissue surrounding the fracture.

11. The method of claim 9 or 10 wherein administration of HS-2 comprises

injection of HS-2 to the tissue surrounding the fracture.

12. The method of any one of claims 9 to 11 wherein the HS-2 is formulated as a
pharmaceuticakcompositiorr comprising-HS-2-and:a-pharmacsuticalhy acceptable:

carrier, adjuvant or diluent.
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conprising surgically inplanting a bioconpatible inplant or prosthesis,

whi ch inmplant gr prosthesis rises a hiomterial and HS-2, info tissue
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claim 13 2perein the inplant or prosthesis is coated with HS- 2. 15. The

met hod of claim 13 wherein the inplant or prosthesis is inpregnated with

HS-2. 16. A nethod of form ng a bioconpatible inplant or prosthesis, the
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16. A method of forming a biocompatible implant or prosthesis, the method

comprising the step of coating or impregnating a biomaterial with HS-2.



