A HEPARAN SULPHATE WHICH BINDS BMP2

Fieid of the Invention
The present invention relates to glycosamineglycans capable of binding to BMP2,
including their isolation and identification, and the use of the isolated

glycosaminoglycans in the growth and/or development of tissue.

Background to the Invention

Glyéosaminoglyoans (GAGs) are complex carbohydrate macromolecules
responsible for performing and.regulating a vast number of essential cellular
functions.

GAGs have been implicated in the modulation or mediation of many signalling
systems in concert with the many hundreds of known heparin-binding growth and
adhesive factors. It is contemplated that the association of growth factors with GAGs

hodulates their various activities with a diverse range of actions, such as lengthening
their half-lives by protecting them from proteolytic degradation, modulating
localisation of these cyfokines at the cell surface, mediating molecular interactions
and stabilising ligand-receptor complexes.

There are an ever increasing numbey of identified heparin-binding growth faciors,
adding to the hundreds already known, most of which were purified by heparin
affinity chromatography. They include the large fibroblast growth factor (FGF) family,
the PDGFs, the pleiotropins through to the TGF-8 superfamily of cytokines. This
latter family of factors encompasses the osteo-inductive bone marphogenstic protein

(BMP) subfamily, so named for their ablility to induce ectopic bone formation.

The nature and effect of the interaction of GAGs and growth factors remains unclear.
Although the interaction between FGF2 and particular saccharide sequences found
within heparin has been shown to be of high affinity, it remains generally unclear
whether the association hetween other growth factors and heparans invalves a.high
affinity or specific-binding: Interactiorrbetween an amino acid sequence er
conformational epitope on the protein growth factor and a saccharide sequence
embedded in the GAG, or whether the association is mediated by lower affinity, non-
specific interactions between the GAG and protein growth factor.
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If interactions between GAGs and proteins resident in, or secreted into, the
extracellular matrix are specific, the binding partners need to be identified in order o
unravel the interactions and understand how these interactions may be used or
modulated to provide new treatments.

A major question that arises is, therefore, wl;ether there are saccharide sequences
embedded in the chains of GAG molecules that match primary amino acid
sequence/3-dimensional tertiary conformation within the polypeptide backbone of
growth faclors so controlling their association, and thus bioactivity, with absolute, or
at least relative, specificity.

Bone morphogenetic protein 2 (also called bone morphogenic protein 2, BMP2 or
BMP-2) is @ member of the TGF-£ superfamily strongly implicated in the
development of bone and cartilage. 1t is an osteogenic protein, i.e. is a potent
inducer of osteoblast differentiation (Marie et al. (2002) Regulation of human cranial
osteoblast phenotype by FGF-2, FGFR-2 and BMP-2 signaling”. Histol. Histopathol.
17 (3): 877-85). Implantation of collagen sponges impregnated with BMP2 has been
shown to induce new bone formation {Geiger M, Li RH, Friess W (November 2003).
Collagen sponges for bone regeneration with rhBMP-2. Adv. Drug Deliv. Rev. 55
(12). 1613-29.). Recombinant human BMP2 is available for orthopaedic use in USA
(e.g. INFUSE® Bone Graft, Medtronic Inc, USA).

Summary of the Invention

The present invention concerns a heparan sulphate preparation, heparan sulphate
HS/BMP2. HS/BMP2 has been found to enhance the generation, repair and
regeneration of connective tissue.

In one aspect of the present invention heparan sulphate HS/BMP2 is provided.
HS/BMP2 may be provided in isolated form or in substantially purified form. This
may comprise providing a composition in which the heparan sulphate component is.
at least 80% HS/BMP2,-more preferably one of at least 85%, 90%; 95%, 96%, 97%:-
98%, 99% or 100%. |
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In preferred embodimeants, HS/BMP2 is capable of binding a peptide or polypeptide
having, or consisting of, the amino acid sequence of SEQ ID NO:1 or 6. In some

.embodiments this peptide is SEQ ID NO:1 or 8, in other embodiments it is a BMP2

protein. In some embodiments HS/BMP2 binds to a peptide having or consisting of
the amino acid sequence of SEQ 1D NO:1 or 6 with a Kp of less than 1004M, more
preferably less than one of 50uM, 40uM, 30uM, 20uM, or 10uM.

In some preferred embodiments HS/BMP2 is N-sulfated. This may comprise N-
sulfation of N-acetyl-D-glucosamine (GlcNAG) residues in the heparan sulphate
oligosaccharide chain. Preferably at least 80% of N-acetyl-D-glucosamine (GleNAG)
residues in the HS/BMP2 are N-sulfated. In some embodiments this may be one of
at least 85%, 90%, 95%, 96%, 97%, 98%, 99% or 100%.

In some preferred embodiments HS/BMP2 is 6-O-sulfated (O-sulphation at C8 of N-
sulphoglucosamine (GIcNS) residues). Preferably at least 80% of N-
suiphoglucosamine (GIcNS) residues in the HS/BMP2 are 6-O-sulfated. In some
embodiments this may be one of at least 85%, 90%, 95%, 96%, 97%, 98%, 99% or
100%.

HS/BMP2 may be obtained, identified, isolated or enriched according to the
inventors’ methodology described herein, which may comprise the following steps:

{i providing a solid support having polypeptide molecules adhered fo the
support, wherein the polypeptide comprises a heparin-binding domain
having the amino acid sequence of SEQ 1D NO:1 or 6;

(i) contacting the polypeptide molecules with a mixture comprising
glycosaminoglycans such that polypeptide-glycosaminoglycan complexes
are aliowed to form;

(ify  partitioning polypeptide-glycosaminoglycan complexes from the
remainder of the mixture;

(iv)  dissociating glycosaminoglycans from the polypeptide-glycosaminoglycan
complexes;

V) collecting. the dissociated glycosaminoglycans.

In the inventors® methodology the mixture may comprise glycosaminoglycans
obtained from commercially available sources. One suitable source is an heparan

sulphate fraction, e.g. a commercially available heparan suiphate. One suitable
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4
heparan sulphate fraction can be obtained during isolation of heparin from pig
intestinal mucosa (e.g. Celsus Laborataries Inc. ~ sometimes called “Celsus HS").
Other suitable sources of heparan sulphate include heparan sulphate from any
mammal (human or non-human), particularly from the kidney, lung or intestinal
mucosa. In some embodiments the heparan sulphate is from pig (porcine) or cow
(bovine) intestinal mucosa, kidney or lung. Another suitable source is csteoblast
extracellular matrix material, or a heparan sulphate fraction obtained from osteoblast
extracellular matrix material.

In another aspect of the present invention a composition comprising HS/BMP2
according to any one of the aspects above and BMP2 protein is provided.

[n one aspect of the present invention a pharmaceutical composition or medicament
is provided comprising HS/BMP2 in accordance with the aspects described above.
The pharmaceutical composition or medicament may further comprise a

pharmaceutically acceptable carrier, adjuvaﬁt or diluent.

In some embodiments the pharmaceutical composition is for use in a method of
treatment, the method comprising the repair and/or regeneration of a broken bone. In
some embodiments the pharmaceuticai composition or medicament may further
comprise BMP2 protein. In some embodimems the pharmaceutical composition or

medicament may further comprise mesenchymal stem cells.

in another aspect of the present invention HS/BMP2 is provided for use in a method
of medical treatment. The method of medical treatment may comprise a method of
wound healing /n vivo, the repair and/or regeneration of connective tissue, the repair
and/or regeneration of bone and/or the repair and/or regeneration of bone in a
mammal or a human.

In a related aspect of the present invention the use of HS/BMP2 in the manufacture
of a medicament for use in a methad of medical treatment is provided. [n some
embodiments the. method of medical treatment comprises the repair and/or
regeneration of & broken-beneinra mammal or a human.

In a further aspect of the present invention a biocompatible implant or prosthesis
comprising a biomaterial and HS/BMP2 is provided. In some embodiments the
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implant or prosthesis is coated with HS/BMP2. In some embodiments the implant or
prosthesis is impregnated with HS/BMP2. The implant or prosthesis may be further
coated or impregnated with BMP2 protein and/or with mesenchymal stem cells.

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/BMP2. In some embodiments the method further
comprises coating or impregnating the biomaterial with one or both of BMP2 protein
and mesenchymal stem cells.

in another aspect of the present invention a method of treating a bone fracture in a
patient is provided, the method comprising administration of a therapeutically
effective amount of HS/BMP2 to the patient. In some embodiments the method
comprises administering HS/BMP2 to the tissue surrounding the fracture.‘ In some
embodiments the method comprises injection of HS/BMPZ {o the tissue surrounding
the fracture. In such methods the HS/BMP2 may be formulated as a pharmacsutical
composition or medicament comprising HS/BMP2 and a pharmaceutically acceptable

carrier, adjuvant or diluent.

In some embodiments the method may further comprise administering BMP2 protein
to the patient, In such methods the HS/BMPZ and BMP2 protein may be formulated
asa pharmacéuﬁcal composition comprising MS/BMP2 and BMP2 protein and a
pharmaceutically acceptable carrier, adjuvan% or diluent.

In some embodiments the method may further comprise administering mesenchymal
stem cells to the patient. In such methods at least two of HS/BMP2, BMP2 protein
and mesenchymal stem cells may be formuiated in a pharmaceutical composition
comprising at least two of the HS/BMP2, BMP2 protein and mesenchymal stem cells
and a pharmaceutically acceptable cartier, adjuvant or diluent.

Preferably, the HS/BMP2, BMP2 protein and mesenchymal stem cells are
respectively pravided in.therapeutically éﬁeoﬁve amounts. In some embodiments the
method of treating bone fracture furthercomprises the steprofformulating
therapeuticaily effective amounts of HS/E?MPZ and/or BMP2 protein and/or
mesenchymal stem cells as a pharmaoebﬁcai composition comprising the HS/BMP2,

and/or BMP2 protein and/or mesenchymal stem cells and a pharmaceutically
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acceptable carrier, adjuvant or diluent, wherein the pharmaceutical composition is

administered fo the patient.

In ancther aspect of the present invention a method of treating a bone fracture in a
patient is provided, the method comprising surgically implanting & biocompatible
implant or prosthesis, which implant or prosthesis comprises a biomaterial and

H3/BMP2, into tissue of the patient at or sur:rounding the site of fracture.

In some embodiments the implant or prosthesis is coated with HS/BMP2. In some
embodiments the implant or prosthesis is impregnated with HS/BMP2. In some
embodiments the implant or prosthesis is further impregnated with one or both of

BMP2 protein and mesenchymal stem cells.

In a further aspect of ihe present invention culture media is provided, the culture
media comprising HS/BMP2.

In another aspect of the present invention the use of HS/BMP2 in cell culiure in vifro
is provided. In a related aspect of the present invention the use of HS/BMPZ in the
growth of connective tissue in vitro is provided. In another related aspect of the
present invention a method for growing connective tissue in vitro is provided, the
method comprising culturing mesenchymal stem ceils in contact with exogenously
added HS/BMP2.

In yet a further aspect of the present invention a method of promoting osteogenesis
is provided, the method comprising administering HS/BMP2 to bone precursor cells
or bone stem cells. The method may involve contacting the bone precursor cells or
bone stem celis with HS/BMP2 in vitro or in vivo. In some embodiments the bone
precursor cells or bone stem celis are contacted with BMP2 protein simultaneously
with HS/BMP2. In preferred embodiments the bone precursor or bone stem cells are

mesenchymal stem cells.

In yet a further aspect of.the. present invention a method for the repair, replacement.
orregeneration-of bore-tissus:irra-hurman or animal patientin: nesdiofsuch Weatment
is provided, the method comprising:

(i) culturing mesenchymal stem cells in vifro in contact with HS/BMP2 for a

period of time sufficient fo‘,r said cells to form bone fissue:
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(i) collecting said bone tissue;
ity  implanting said bone tissue info ’the body of the patient at a site of injury
or disease to repair, replace or regenerate bone tissue in the patient.

In some embodiments the method further comprises contacting the mesenchymat
stem cells in culture with exogenous BMP2 protein.

in another aspect of the present invention bone tissue obtained by in vifro culture of
mesenchymal stem cells in the presence of HS/BMP2 is provided. In some
embodiments the bone tissue is obtained by in vitro culture of mesenchymal stem
cells in the presence of HS/BMP2 and BMP2 protein.

In a further aspect of the present invention a method of culturing mesenchymal stem
cells is provided, the method comprising culturing mesenchymal stem cells in contact
with HS/BMP2.

In yet a further aspect of the present invention a kit of paris is provided, the kit
comprising a predetermined amount of HS/BMP2 and a predetermined amount of
BMP2. The kit may comprise a first container containing the predetermined amount
of HS/BMP2 and a second container containing the predetermined amount of BMP2.
The kit may further comprise a predetermined amount of mesenchymal stem celis.
The kit may be provided for use in a method of medical treatment. The method of
medical treatment may comprise a rhethod of wound healing in vivo, the repair and/or
regeneration of connective tissue, the repair and/or regeneration of bone and/or the
repair and/or regeneration of bone in a mammal or a human. The kit may be
provided together with instructions for the administration of the HS/BMP2, BMP2
protein and/or mesenchymal stem cells separately, sequentially or simuitaneously in
order to provide the medical treatment.

In a further aspect of the present invention products are provided, the products
containing therapeutically effective amounts of:

(i) HS/BMP2; and one or both of

(i - BMP2proteiny-

(i)  Mesenchymal stem cells,
for simultaneous, separate or sequential use in a method of medical treatment. The
method of medical treatment may comprise a method of wound healing in vivo, the
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repair and/or regeneration of connective fissue, the repair and/or regeneration of
bone and/or the repair and/or regeneration of bone in a mammal or a human. The
products may optionally be formulated as @ combined preparation for
coadministration.

Further aspects of the present invention are set out below.

In one aspect of the present invention a GAG is provided having high binding affinity
for BMP2. More preferably the GAG is a heparan sulphate (HS). Inone
embodiments the HS was isolated from a GAG mixture obtained from the
extracellular matrix of osteoblasts by following the methodology described herein in
which a polypeptide comprising the heparin-binding domain of BMP2 (SEQ ID NO:1)
was attached to a solid support and GAG-polypeptide complexes were allowed to
form. Dissociation of the GAG component from the GAG-polypeptide complexes led
to isolation of a unique HS herein called "HS/BMP2’ (sometimes called "HS-3" or
"HS3").

in another embodiment the same methodology was used o isolate HS/BMP2 from a
commercially available heparan sulphate (Celsus HS3) obtained during isolation of
heparin from pig intestinal mucosa and available from Celsus Laborafories Inc,
Cincinnatti, USA (e.g. INW-08-045, Heparan Sulphate I, Celsus Lab Inc, HO-03102,
HO-10595, 10 x 100mg).

It is the inventors belief that HS/BMP2 can be obtained from HS fractions obtained
from a plurality of sources, including mammalian (human and non-human) tissue and
for extracellular matrix,

Accordingly, in one aspect of the present invention HS/BMP2 is provided. HS/BMP2
may be provided in isolated or purified form. [n another aspect culture media
comprising HS/BMP2 is provided.

In yet another aspect of the present invention a pharmaceutical composition.or
medicament comprising:HSIBMP2'is providgd, optionally in"combination withra
pharmaceutically acceptable carrier, adjuvant or diluent. In some embodiments
pharmaceutical compositions or medicaments may further comprise BMP2 protein.
Pharmaceutical compositions or medicaments comprising HS/BMP2 are provided for
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use in the prevention or treatment of injury or disease. The use of HS/BMPZ in the
manufacture of a medicament for the prevention or freatment of injury or disease is
also provided.

In a further aspect of the present invention, a method of preventing or treating injury
or disease in a patient in need of treatment thereof is provided, the method
comprising administering an effective amount of H3/BMP2 fo the patient. The
administered HS/BMP2 may be formulated in a suitable pharmaceutical composition
or medicament and may further comprise a pharmaceutically acceptable carrier,
adjuvant or diluent. Optionally, the pharmaceutical composition or medicament may
also comprise BMPZ protein.

In another aspect of the present invention a method of promoting or inhibiting
osteogenesis (the formation of bone cells and/or bone tissue) is provided comgrising

administering HS/BMP2 to bone precursor cells or bone stem cells,

in another aspect of the present invention a method of promoting or inhibiting the
formation of cartilage tissue (chondrogenesis) is provided, comprising administering
HE/BMP2 to cartilage precursor cells or cartilage stem cells,

The methods of stimulating or inhibiting osteogenesis or formation of cartilage fissue
may be conducted in vifro by contacting bone or cartilage precursor or stem cells with
HS/BMPZ2, optionally in the presence of exogenously added BMP2 protein. The
precursor cells or stem cells may be mesenchymal stem cells. Where tissue
formation is promoted, the tissue formed may be collected and used for implantation

into a human or animal patient.

Accordingly, in one aspect of the present invention, connective tissue is provided
wherein the connective tissue is obtained by in vitro culture of mesenchymal stem
cells In the presence of HS/BMP2 (i.e. exogenous HS/BMP2), and optionally in the
presence of BMP2 (i.e. exocgenous BMPZ2). The connective tissue may be bone,

cartilage, muscle, fat, ligament or tendon.

The prevention or treatment of disease using HS/BMP2 may involve the repair,
regeneration or replacement of tissue, particularly connective tissue such as'bone,

cartilage, muscle, fat, igament or tendon.
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In patients having a deterioration of one of these tissues, administration of HS/BMP2
to the site of deterioration may be used to stimulate the growth, proliferation and/or
differentiation of tissue at that site. For example, stimulation of mesenchymal stem
cells present at, or near to, the site of administration may lead, preferably when
BMP2 is also present at the site, to the proliferation and differentiation of the
mesenchymal stem cells info the appropriate connective tissue, thereby providing for

replacement/iregeneration of the damaged tigsue and treatment of the injury.

Alternatively, connective tissue obtained from in vitro culture of mesenchymal stem
cells in contact with HS/BMP2 may be collected and implanted at the site of injury or
disease to replace damaged or deteriorated tissue, The damaged or deteriorated

tissue may optionally first be excised from the site of injury or disease.

In another aspect, a pharmaceutical composition may be provided containing stem
cells, preferably mesenchymal stem cells, and HS/BMP2. Administration, e.g.
injection, of the composition at the site of injury, disease or deterioration provides for
the regeneration of fissue at the site.

Accordingly, HS/BMPZ is useful in wound healing in vivo, including tissue repair,
regeneration and/or replacement (e.g. healing of scar tissue or a broken bone)
effecied by direct application of HS/BMP2, optionally in combination with BMP2
and/or stem cells, to the patient requiring treatment. HS/BMP2 is also useful in the in
vifro generation of tissue suitable for implantation into a patient in need of tissue
repair, regeneration and/or replacement.

The following numbered paragraphs (paras.) contain statements of broad
cambinations of the inventive technical features herein disclosed:-

1. A method of isolating glycosaminoglycans capable of binding to a protein
having a heparin-binding domain, the method comprising:
(i} providing a solid support having polypeptide.molecules adhered to the.
support, wherein the polypeptide comprises-a-hepariv-bindirg-domairi;-~
(i) contacting the polypeptide molecules with a mixture comprising
glycosaminoglycans such that polypeptide-glycosaminoglycan complexes
are allowed to form;
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partitioning polypeptide-glycosaminoglycan complexes from the
remainder of the mixture;
dissociating glycosaminoglycans from the polypeptide-glycosaminoglycan
complexes;

collecting the dissociated glycosaminoglycans.

A method of identifying glycosaminoglycans capable of stimulating or

inhibiting the growth and/or differentiation of celis and/or tissues, the method

(ii)
(iv)
v)
2.
comprising:
(i)

(i)

(vii)

3.

providing a solid support having polypeptide molecules adhered fo the
support, wherein the polypeptide comprises a heparin-binding domain;
contacting the polypeptide molecules with a mixture comprising
glycosaminoglycans such that polypeptide-glycosaminoglycan complexes
are allowed fo form;

partitioning polypeptide-glycosaminoglycan complexes from the
remainder of the mixiure;

dissociating glycosaminoglycans from the polypeptide-glycosamincglycan
complexes;

collecting the dissociated glycosaminoglycans;

adding the collected glycosaminoglycans to cells or tissues in which a
protein containing the amino acid sequence of the heparin-binding domain
is present;

measuring one or more of: proliferation of the celis, differentiation of the
cells, expression of one or more protein/glycoprotein/glycolipid markers
markers.

The method of paragraph 1 or 2 wherein the mixture comprising

glycosaminoglycans contains extracellular matrix material.

4.

The method of paragraph 3 wherein the exiracellular matrix material is

derived from connective tissue or connective tissue cells,

5z

The method-of any-eneof p‘aragrapjhé 1t & wherein the misture eonprising

glycosaminoglycans contains one or more pf a dextran sulphate, a chondroitin
sulphate, a heparan sulphate.
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8. The method of any one of paragraphs 1 to 5 wherein the mixture comprising
glycosaminoglycans has been enriched for one of dextran sulphate, chondroitin
sulphate, heparan suiphaie.

7. The method of any one of paragraphs 1 to 6 wherein the method further
comprises subjecting the collected glycosaminoglycans to further analysis in order to

determine structural characteristics of the GAG.

8. The method of any one of paragraphs 1 to 7 wherein the glycosaminoglycan-
polypeptide complexes are contacted with a lyase.

9. The method of any one of paragraphs 1 to 8 wherein the polypeptide is, or
comprises, one of SEQ ID NO.s: 1 or 2.

10. Heparan sulphate HS/BMP2,
11. Culture media comprising HS/BMP2. .
12. A pharmaceutical composition or medicament comprising HS/BMP2.

13. The pharmaceutical composition or medicament of paragraph 12 further
comprising a pharmaceutically acceptable carrier, adjuvant or diluent.

" 14, The pharmaceutical composition or medicament of paragraph 12 or 13 further

comprising BMPZ protein.

15. A pharmaceutical compositions or medicament according to any one of

paragraphs 12 to 14 for use in the pievention or freatment of injury or disease.

16.  Use of HS/BMP2 in the manlfacture of a medicament for the prevention or
treatment of injury or disease.

7 - The pharmaceutical composition or useof paragraph-t&or 16 wherein thg
prevention or treatment is chosen from: repair, regeneration or replacement of
connective tissue and wound healing.
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18. A method of preventing or treating injury or disease in a patient in need of
treatment thereof, the method comprising administering an effective amount of
HS/BMP2 to the patient.

19.  The method of paragraph 18 wherein the administered HS/BMP2 is

formulated as a pharmaceutical composition or medicament.

20.  The method of paragraph 19 wherein the pharmaceutical composition or
medicament further comprises BMP2 protein.

21, A method of promoting or inhibiting osteogenesis comprising administering
HS/BMP2 to bone precursor cells or bone stem cells.

22.  The method of paragraph 21 wherein the bone precursor cells or bone stem
cells are contacted with HS/BMP2 in vitro.

23.  The method of paragraph 21 wherein the bone precursor cells or bone stem
cells are contacted with HS/BMP2 in vivo.

24.  The method of any one of paragraphs 21 to 23 wherein the bone precursor
cells or bone stem cells are contacted with BMP2 simultaneously with HS/BMP2.

25. A method of promoting or inhibiting the formation of cartilage tissue
comprising administering HS/BMP2 to cartilage precursor cells or cartilage stem
cells,

26.  The method of paragraph 25 wherein the cartilage precursor cells or cartilage
stem cells are contacted with HS/BMP2 in vitro.

27.  The method of paragfaph 25 wherein the cartilage precursor cells or cartilage
stem cells are contacted with HS/BMP2 in vivo.

28+ - The-method'oany-oneg of paragraphs 2510 27 whereidthetcartitdge
precursor cells or cartilage stem cslls are contacted with BMP2 simultaneously with
HS/BMP2.
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29. A method for the repair, replacement or regeneration of connective tissue in a
human or animal patient in need of such treatment, the method comprising:
(i) culturing mesenchymal stem cellg in vitro in contact with HS/BMPZ for a
period of time sufficient for said cells to form connective tissue;
(i) collecting said connective tissue;
(ity  implanting said connective tissue into the body of the patient at a site of

injury or disease to repair, replace or regenerate connective tissue in the
patient.

30.  The method of paragraph 29 further comprising contacting the mesenchymal
cells in culiure with exogenous BMP2,

31. Connective tissue obtained by in vitro culture of mesenchymal stem cells in
the presence of HS/BMP2.

32. Connective tissue as paragraphed in paragraph 31, wherein the
mesenchymal cells are cultured in the presence of exogenous BMP2, and aptionally
in the presence of BMP2.

33. A pharmaceutical composition comprising stem cells and HS/BMP2.

34.  The pharmaceutical composition of paragraph 32 wherein the stem cells are
mesenchymal stem cells.

35.  The pharmaceutical composition of paragraphs 33 or 34 wherein the
composition further comprises BMP2.

36, A pharmaceutical composition according to any of paragraphs 33 to 35 for
use in the treatment of injury or disease.

37. A method for the treatment of injury or disease in a patient in need of
treatment thereof camprising administering to the patient a pharmaceutical

-cormpasition comprising-stem cells' and HS/BMPZ:

38.  The method of paragraph 37 wherein the stem cells are mesenchymal stem
cells.
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38,  The method of paragraph 37 or 38 wherein the method further comprises
administering BMP2 fo the patient.

40.  Use of HS/BMPZ in the growth of connective tissue in vitro.

41, A method for growing connective tissue in vitro comprising culiuring
mesenchymal stem cells in contact with exogenously added HS/BMP2.

42, A biological implant comprising a solid or semi-solid matrix material
impregnated with HS/BMP2. '

43.  The biological implant of paragraph 42 further impregnated with BMP2,

44, The biclogical implant of paragraph 42 or 43 further irmpregnated with

mesenchymal stem cells,

45, Akit comprising a predetermined amount of a glycosaminoglycan having high
affinity for a protein having a heparin-binding domain and a predetermined amount of
said protein.

46.  The kit of paragraph 45 whersin the glycosaminoglycan is HS/BMP2 and the
protein is BMP2Z.

Description of Preferred Embodiments

HS/BMPZ

The present invention relates to HS8/BMP2, which is obiainable by methods of
enriching mixtures of compounds containing one or more GAGs thatbindto a
polypeptide corresponding to the heparin-binding domain of BMPZ. The enrichiment
process may be used fc isolate HS/BMP2.

The presentinventionealss relales {o mixtures of compoandsenriched-with
HS/BMPZ, and methods of using such mixiures.

HSBMPZ is believed to potentiate (e.9. agonize) the activity of BMP-2 and hence its
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ability to stimulate stem cell proliferation and bone formation.

In addition to being obtainable by the methodology described here, HS/BMP2 can
also be defined functionally and structurally.

Functionally, H3/BMP2 is capable of binding a peplide having, or consisting of, the
arnino acid sequence of SEQ D NO:1 or 6. LPreferab!y, HS/BMP2 binds the peptide
of SEQ 1D NO:1 or 6 with a Kj of less than 100uM, more preferably less than one of
50uM, 40uM, 30pM, 20uM, or 10uM.

Preferably, HS/BMP2 also binds BMP2 protein with a Ky of less than 100uM, more
preferably less than one of 50uM, 40uM, 30uM, 20uM, or 104M. Binding between
HS/BMP2 and BMP2 protein may be determined by the following assay method.

BMP2 is dissolved in Blocking Solution (0.2% gelatin in SAB) at a concentration of 3
pg/ml and a dilution series from 0-3ug/ml in Blocking Solution is established.
Dispensing of 200 i of each dilution of BMP2 into triplicate wells of Heparin/GAG
Binding Plates pre-coated with heparin; incubated for 2hrs at 37°C, washed carefully
three fimes with SAB and 20041 of 250ng/ml biotinylated anti-BMP2 added in
Blocking Solution. Incubation for one hour at 37°C, wash carefully three times with
SAB, 2004 of 220ng/ml ExtrAvidin-AP added in Blocking Solution, Incubation for
30mins at 37°C, careful washing three times with SAB and tap to remove residual
liquid, 200t of Development Reagent (SigmaFAST p-Nitrophenyl phosphate) added.
Incubate at room temperature for 40 minutes with absorbance reading at 405nm
within one hour.

In this assay, binding may be determined by measuring absorbance and may be
determined relative fo controls such as BMP2 protein in the absence of added
heparan sulphate, or BMP2 protein to which an heparan sulphate is added that does
not bind BMP2 protein.

The binding.of HS/BMP2 is preferably specific, in contrast to. non-specific binding 2nd
frr: fre: cortext that the HSIBNIP2: cari*be selected from étlerheparan-sulphates
and/or GAGs by a method involving selection of heparan sulphates exhibiting a high
affinity binding interaction with the peptide of SEQ 1D NO:1 or 6 or with BMP2
protein.
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HS/BMP2 according to the present invention preferably enhances BMP2 induced
Alkaline Phoshatase (ALP) activity in cells of the mouse myoblast cell line C2C12 to
a greater extent than the enhancement obtained by addition of corresponding
amounts of BMP2 protein or Heparin alone, Preferably it also enhances BMP2-
induced ALP activity in C2C12 cells fo a greater extent than that induced by
combined addition of corresponding amounts of BMP2 protein and heparin, or of
BMP2 protein and a heparan sulphate that dges not bind BMP2 protein with high
affinity (for example refer to Figure 46).

Enhancement of ALP activity can be measured by performing the following ALP
Assay. C2C12 cells are plated at 20,000 cells/cm? in a 24-well plate in DMEM (e.g.
Sigma-Aldrich Inc., St. Louis, MQ) containing 10% FCS {e.g. Lonza Group Lid.,
Switzerland) and antibiofics (1% Penicillin and 1% Streptomycin) (e.g. Sigma-Aldrich
Inc., St. Louis, MO} at 37 °C/5% COa,. After 24 hours, the culture media is switched to
5% FCS low serum media containing different combinations of 100 ng/mL BMP2
(e.g. R&D Systems, Minneapolis, MN), 3 mg/mL. Celsus HS and varying
concentrations of BMP2-specific (+ve HS) and non-specific (—ve HS) Celsus HS
preparations. Cell lysis is carried out after 3 days using RIPA buffer containing 1%
Triton X~100, 150mM NaCl, 10mM Tris pH 7.4, 2mM EDTA, 0.5% lgepal (NP40),
0.1% Sodium dodecyl sulphate {SDS) and 1% Protease Inhibitor Cocktail Set Il
(Calbiochem, Germany). The protein content of the cell lysate is determined by using
BCA protein assay kit (Pierce Chemical Co., Rockford, IL). ALP activity in the cell
lysates was then determined by incubating the cell lysates with p-
nitrophenylphosphate substrate (Invitrogen, Carlsbad, CA). The reading is
normalized to total protein amount and presented as relative amount to the group
containing BMP2 treatment alone.

Enhancement of ALP activity in C2C12 cells can also be followed by
immunohistochemical technigues, such as the following ALP staining protocal,
iustrated by Figure 47. ALP Staining, C2C12 cells are cultured as described in the
assay.methodology. immediately above. After 3 days of treatment, the cell layer is,
washedvnPES and stained using Leukooyte AlkalinePhosphatase Kit (e.g. Sigrvax
Aldrich Ine., St. Louis, MO) according to manufacturer's specification. The cell layer
is fixed in citrate buffered 60% acetone and stained in alkaline-dye mixture containing
Naphthol AS-MX Phosphatase Alkaline and diazonium salt. Nuclear staining is
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performed using Mayer's Hematoxylin solution.

These techniques can be used to [dentify HS/BMP2 as a heparan sulphate that
enhances a greater degree of BMP2 protein induced ALP activity in C2C12 cells
compared with non-specific heparan sulphates, e.g. heparan sulphates that do not
bind BMP-2 protein.

HS/BMP2 according fo the present invention alsc prolongs the effects of BMP2
signalling to levels that equal or exceed those of heparin, This can be assessed by
the following assay. C2C12 cells are exposed to (i) nothing, (i) BMP2 alone, (i)
BMP2 + Heparin or (iv) BMP2 + HS/BMP2 for 72 hours and the phosphorylation
levels of the BMP2-specific intracellular signaling molecule Smad1/5/8 are monitored
by immunoblotiing.

An important functional property of HS/BMP2 is s abilily to enhance the process of
bone repair, particularly in mammalian subjects. This may be tested in a bone repair
madel, such as that described in Examples 8 and 8, in which the speed and guality of
bone repair in control animals (e.g. animals not given HS or animals given an HS that
does not bind BMPZ protein or the peptide of SEQ 1D NO:1 or 8) and HS/BMP2
freated animals is compared. Speed and quality of bone repair may be assessed by
analysing generation of bone volume at the wound site over fime, e.g. by X-ray and
microCT imaging analysis of the wound. ’

Structurally, Nesulfation of N-acetyl-D-glucosamine {GlcNAg) residues in HS/BMPZ
has been found to be important as regards maintaining binding affinity for BMP2
protein. N-desulfation was shown o lead 1o a significant reduction in BMP2 protein
binding affinity {(Figure 40).

6-O-suifation {O-sulphation at C8) of N-sulphogiucosamine (GlcNE) residues was
also found to be of moderate significance as regards maintaining binding affinity for
BMPZ protein. 5-O-desulfation led to some reduction in BMP2 protein binding affinity
(Figure.49).

2-O-sulfation (O-suiphation at C2} of ldoA and/or D-glucwronic acid (GlcA) residues
was found not to affect BMP2 protein binding. As such, HS/BMP2 may optionally be
either 2-O-sulfated or 2-O-desulfated.
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The disaccharide compoesition of HS/BMP2 is shown in Figure 43, HS/BMP2
according to the present invention includes heparan sulphate that has a disaccharide
composition within % 10% (more preferably * one of 9%, 8%, 7%, 6%, 5%, 4%, 3%,
2%, or 1%) of the values shown for each disaccharide in Figure 43 in the column
titted “BMP2-Specific HS" and which exhibits high affinity binding to BMP2 protein or
the peptide of SEQ ID NO:1 or 6, as described in this specification.

The structural differences of HS/BMP2 compared with heparan sulphates that do not
bind BMP2 protein are also illustrated by conducting surface plasmon resonance
analysis. For example, the angle shift curve illustrated in Figure 44 can be used to
distinguish HS/BMP2 from other heparan sulphates.

The structural differences of HS/BMP2 compared with heparan sulphates that do not
bind BMP2 protein are further illustrated by conducting strong anion exchange high
pressure liguid chromatography (SAX-HPLC). Figure 40 illustrates the SAX-HPLC
spectrum of HS/BMP2, which may be compared with the SAX-HPLC spectra of
heparan sulphates that do not bind BMP2 protein (Figures 41 and 42).

To identify HS/BMP2 the inventors devised a method that involves enriching for
glycosaminoglycan molecules that exhibit binding to particular polypeptides having a
heparin-binding domain. Isclated GAG mixtures and/or molecules can then be
identified and tested for their ability to modulate the growth and differentiation of cells
and tissue expressing a protein containing the heparin-binding domain. This enables
the controlied analysis of the effect of particular GAG saccharide sequences on the
growth and differentiation of celis and tissue, both in vifro and in vivo. The inventors
applied this methodology to Bone Morphogenetic Protein 2 (BMP2) in order to isolate
and characterise GAGs having high binding to BMP2,

Accordingly, to identify HS/BMPZ the inventors provided a method of isolating
glycasaminoglycans capabie of binding to proteins having heparin/heparan-binding-
domains, thesmethiod comprising:
() providing a solid suppert having polypeptide molecules adhered fo the
support, wherein the polypeptide comprises a heparin-binding domain;
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contacting the polypeptide molecules with a mixture comprising
glycosaminoglycans such that polypeptide-glycosaminoglycan complexes
are allowed to form;
partitioning polypeptide-glycosaminoglycan complexes from the
remainder of the mixiure;
dissociating glycosaminoglycans from the polypeptide-glycosaminocglycan
complexes;

collecting the dissociated glycosaiminoglycans.

The inventors aiso provided isolated glycosaminoglycans identified by their ability to
modulate the growth or differentiation of cells or tissues. To do this, they provided a
method of identifying glycosaminoglycans capable of stimulating or inhibiting the
growth and/or differentiation of cells and/or fissues, the method comprising:

(i)

(i)

(vii)

providing a solid support having polypeptide molecules adhered to the
support, wherein the polypeptide comprises a heparin-binding domain;
contacting the polypeptide molecules with a mixture comprising
glycosaminoglycans such that polypeptide-glycosaminoglycan complexes
are allowed fo form;

partitioning polypeptide-glycosaminoglycan complexes from the
remainder of the mixture;

dissociating glycosamineglycans from the polypeptide-glycosaminoglycan
complexes;

collecting the dissociated glycosaminoglycans;

adding the collected glycosaminoglycans to cells or tissues in which a
protein containing the amino acid sequence of the heparin-binding domain
is present;

measuring one or more of: proliferation of the cells, differentiation of the

cells, expression of one or more protein markers.

The inventors used these methods fo identify a GAG capable of binding to BMP2
(which they called HS/BMP2 or HS3 or HS-3), wherein the polypeptide used in the
inventors’ methodology comprised the heparin-binding domain of SEQ 1D NO:1 ot 6,
derived from theramino acid sequencerof BMP2:-

In the inventors’ methodology, the mixture comprising GAGs may contain synthetic

glycosaminoglycans. However, GAGs obtained from cells or tissues are preferred.
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For example, the mixture may contain extracellular matrix wherein the extraceliular
matrix material is obtained by scraping live tissue in sifu (i.e. directly from the tissue
in the body of the human or animal from which it is obtained) or by scraping tissue
{live or dead) that has been extracted from the bady of the human or animal.
Alternatively, the extraceliular matrix material may be obfained from cells grown in
culture. The extracellular matrix material may be obtained from connective tissue or
connective tissue cells, e.g. bone, cartilage, muscle, fat, ligament or tendon. For

isolation of HS/BMP2 one suitable source of extracellular matrix material are

‘osteoblasts, such as mouse MC3T3 cells.

The GAG component may be exfracted from a lissue or cell sample or extract by a

series of routine separation steps (e.g. anion exchange chromatography), well known
o those of skill in the art.

GAG mixtures may contain a mixture of different types of glycosaminoglycan, which
may include dextran sulphates, chondroitin sulphates and heparan sulphates.
Preferably, the GAG mixiure contacted with the solid support is enriched for heparan
sulphate. A heparan sulphate-enriched GAG fraction may be cbtained by parforming
column chromatography on the GAG mixture, e.g. weak, medium or strong anion
exchange chromafography, as well as strong high pressure liquid chromatography
{SAX-HPLC), with selection of the appropriate fraction.

The collected GAGs may be subjected to further analysis in order to identify the
GAG, e.g. determine GAG composition or sequence, or determine structural
characteristics of the GAG. GAG sfructure is typically highly complex, and, taking
account of currently available analytical techniques, exact determinations of GAG

sequence structure are not possible in most cases.

However, the collected GAG molecules may be subjected to partial or complete
saccharide digestion {e.g. chemically by nitrous acid or enzymatically with lyases
such as heparinase I} to yield saccharide fragments that are both characteristic and
diagnaestic. of the GAG. In particular, digestion to yield disaccharides (or
tetrasaecharides)may be used to measure the percentage of each disaccharide”
obtained which will provide a characteristic disaccharide “fingerprint” of the GAG.

The pattern of sulphation of the GAG can also be determined and used to determine
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GAG structure. For example, for heparan sulphate the pattern of sulphation at amino
sugars and at the C2, C3 and C6 positions may be used to characterise the heparan
sulphate.

Disaccharide analysis, tetrasaccharide analysis and analysis of sulphation can be
used in conjunction with other analytical technigues such as HPLC, mass
spectrometry and NMR which can each provide unique spectra for the GAG. In

combination, these techniques may provide a definitive structural characterisation of
the GAG.

A high affinity binding interaction between the GAG and heparin-binding domain
indicates that the GAG will contain a specific saccharide sequence that contributes fo
the high affinity binding interaction. A further step may comprise determination of the
complete or partial saccharide sequence of the GAG, or the key portion of the GAG,
involved in the binding interaction.

GAG-polypeptide complexes may be subjecied to treatment with an agent that lyses
glycosaminoglycan chains, e.g. a lyase. Lyase treatment may cleave portions of the
bound GAG thét are not taking part in the binding interaction with the polypeptide.
Portions of the GAG that are taking part in the binding interaction with the

- polypeptide may be protected from lyase action. After removal of the lyase, e.g.

following a washing step, the GAG molecule that remains bound to the polypeptide
represents the specific binding partner (*GAG ligand”) of the polypeptide. Owing to
the lower complexity of shorter GAG molecules, following dissociation and collection
of the GAG ligand, a higher degree of structural characterisation of the GAG ligand
can be expected. For example, the combination of any of the saccharide sequence
(i.e. the primary (linear) sequence of monosaccharides contained in the GAG ligand),
sulphation pattern, disaccharide and/or tetrasaccharide digestion analysis, NMR
specira, mass spectrometry spectra and HPLC spectra may provide a high level of
structural characterisation of the GAG ligand.

As used herein, the terms "enriching’, 'enrichment, 'enriched', efc. describes a
process {or-state) whereby the relative compositionafa-mikture is (or has been)
altered in such a way that the fraction of that mixiure given by one or more of those

entities is increased, while the fraction of that mixture given by one or more different
entities is decreased.
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GAGs isolated by enrichment may be pure, i.e. contain substantially only one type of
GAG, or may continue fo be a mixture of different types of GAG, the mixture having a
higher proportion of particular GAGs that bind to the heparin-binding domain relative

1o the starting mixture.

The GAGs identified preferably exhibit a functional effect when contacted with cells
or tissue in which a protein containing the heparin-binding domain is expressed or
contained. The functional effect may be a modulating or potentiating effect.

The functional effect may be to promote (stimulate} or inhibit the proliferation of the
cells of a certain type or the differentiation of one cell type into another, or the
expression of one or mare protein markers. For example, the GAGs may promote
cell proliferation, i.e. an increase in cell number, or promote differentiation of stem
cells info specialised cell types (e.g. mesenchymal stem cells in connective fissue),
promote or inhibit the expression of protein markers indicative of the multipotency or
differentiation state of the cells (e.g. markers such as alkaline phosphatase activity,
detection of RUNX2, osterix, collagen 1, I, IV, VI, X, osteopontin, Osteccalcin, BSPII,
S0X9, Aggrecan, ALBP, CCAAT/enhancer binding protein-o (C/EBPa), adipocyte
lipid binding protein (ALBP), alkaline phosphatase (ALP), bone sialoprotein 2,
(BSPI, Collagen2at (Coll2a) and SOX3).

As used herein, the term ‘'modulating effect’ is understood to mean the effect that a
first entity has on a second entity wherein the second entity's normal function in
another process or processes is modified by the presence of the first entity. The

modulating effect may be either agonistic or antagonistic.

The modulating effect may be a potentiating effect. The term 'potentiating effect’ is
understood to mean the effect of increasing potency. In a preferred embodiment of
the present invention, the term "potentiating effect’ refers to the effect that a first entity
has on a second entity, which effect increases the potency of that second entity in
another process or processes. In a further preferred embodiment of the present ,
invrention, the potentiating effect is understood o' mean the effect of isolated GAGs*
on a heparin-binding factor, wherein the said effect increases the potency of said
heparin-binding factor.
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The potentiating effect may be an increase in bicavailability of the heparin-binding
factor. In a preferred embodiment of the present invention, the potentiating effect is
an increase in bioavailability of BMPZ. One method of measuring an increase in
bicavailability of the heparin-binding factor is through determining an increase in local

concentration of the heparin-binding factor.

The potentiating effect may be to protect the heparin-binding factor from degradation.
I an especially preferred embodiment of the present invention, the potentiating
effect is to protect BMP-2 from degradation. One method of determining a decrease
in the degradation of the heparin-binding factor is through measuring an increase in
the half-iife of the heparin-binding factor.

The potentiating effect may be to sequester heparin-binding factors away from

cetlular recepiors or may be to stabilise the ligand-recentor interaction.

The potentiating effect (e.g. modulation of growth or differentiation) may be
determined by use of appropriate assays. For example, the effect that an HS has on
the stabllity of BMP-2 may be determined by ELISA. The effect that an HS has on
the activity of BMP-2 may be determined by measuring the activation/expression of
ore or more of SMAD 1, 5 or 8, or measuring the expression of one or more
osteogenic marker genes such as Runx2, alkaline phosphatase, Osterx, Osteocalcin
and BSP1, or measuring the levels of mineralization using staining such as Alizarin
Red and von Kossa.

As used herein, the process of 'contacting’ involves the bringing into close physical
proximity of two or more discrete entities. The process of ‘confacting’ Involves the
bringing into close proximity of twe or more discrete entities for a time, and under
conditions, sufficient to allow a portion of those two or more discrele entities fo
interact on a molecular level. Preferably, as used herein, the process of 'contacting’
involvas the bringing into close proximity of the mixture of compounds possessing
one or more GAGs and the polypeptide corresponding to the heparin-binding domain

of a heparin-binding factor. Examples of ‘contacting’ processes include mixing, .-

Aissolving, swelling, washing. In preferred embodimentscontact’ of the GAG ~ ~

mixture and polypeptide is sufficient for complexes, which may be covalent but are
preferably non-covalent, to form between GAGs and polypeptides that exhibit high
affinity for each other,
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The polypeptide may comprise the full length or near full length primary amino acid
sequence of a selected protein having a heparin-binding domain. Due fo folding that
may occur in longer polypeptides leading fo possible masking of the heparin-binding
domain from the GAG mixture, it is preferred for the polypeptide to be short,
Preferably, the polypeptide will have an amino acid sequence that includes the
heparin-binding domain and optionally including one or more amino acids at one or
each of the N- and C- terminals of the peplides. These additional amino acids may
enable the addition of linker or attachment molecules fo the polypeptide that are
required to attach the polypeptide to the solid support.

in preferred embodiments of the inveniors’ methodology, in addition to the number of
amino acids in the heparin-binding domain the polypeptide contains 1-20, more
preferably 1-10, siill more preferably 1-5 additional amino scids. In some
embodiments the amino acid sequence of the heparin-binding domain accounts for at
least 80% of the amino acids of the polypeplide, more preferably at least 90%, still
more preferably at least 95%,

in order to adhere polypeptides fo the surface of a solid support the polypeptides are
preferably modified to include a molecular tag, and the surface of the solid support is
modified to incorporate a corresponding molecular probe having high affinity for the
molecular tag, {.e. the molecular tag and probe form a binding pair. The tag andfor
prabe may be chosen from any one oft an antibody, a cell receptor, a ligand, biotin,
any fragment or derivative of these structures, any combination of the foregoing, or
any other structure with which a probe can be designed or configured {o bind or
otherwise associate with specificity. A preferred binding pair suitable for use as tag
and probe is biotin and avidin.

The polypeplide is derived from the protein of interest, which in the present case is
BMP2. By “derived from” is meant that the polypeptide is chosen, selected or
prepared because it contains the amine acid sequence of a heparin-binding domain
that is.present in the protein of interest. The amino acid sequencs of the heparin:
Bindingrdomain may be maodified from thafayp‘éariﬁ‘g frthe protein of interest, exgrio:
investigate the effect of changes in the heparin-binding domain sequence on GAG
binding.
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In this specification the protein is BMP2. The amine acid sequence of the preferred
heparin-binding domain from BMP2 is QAKHKQRKRLKSSCKRHP (SEQ ID NO:1),
which is found at amino acids 283-300 of SEQ ID NO:2 (Figure 35) or
QAKHKQRKRLKSSCKRH (SEQ ID NG:6) which is found at amino acids 283-299 of
SEQ ID NO:2.

It is understood by those skilled in the art that small variations in the amino acid
sequence of a particular polypeptide may allow the inherent functionality of that
portion to be maintained. [t is also understood that the substitution of certain amino
acid residues within a peptide with other amino acid residues that are isosteric and/or
isoelectronic may either maintain or improve certain properties of the unsubstituted
peptide. These variations are also encompassed within the scope of the present
invention. For example, the amino acid alanine may sometimes be substituted for the
amino acid glycine (and vice versa) whilst maintaining one or more of the properties
of the peptide. The term ‘isosteric’ refers to a spatial similarity between two entities.
Two examples of moieties that are isosteric at moderately elevated temperatures are
the iso-propyl and tert-butyl groups. The term 'isoelectronic’ refers to an electronic
similarity between two entities, an example being the case where two entities
possess a functionality of the same, or similar, pKa.

The polypeptide corresponding fo the heparin-binding domain may be synthetic or
recombinant. '

The solid support may be any substrate having a surface tc which molecules may be
attached, directly or indirecily, through either covalent or nen-covalent bonds. The
solid support may include any substrate material that is capable of providing physical
support for the probes that are attached to the surface. It may be a matrix support.
The material is generally capable of enduring conditions related fo the attachment of
the probes to the surface al;':d any subsequent {reatment, handling, or processing
encountered during the per’%ormance of an assay. The materials may be naturally
occurring, synthetic, or a madification of a naturally occurring matertal. The solid
suppart may be a plastics material (including polymers such as, e.g., poly(vinyl .
ehidgridesf;i-cyelo-olefin copolymers, polyacrylamidei-polyacrylate, polyethylene, ™
polypropylene, poly{(4-methylbutene), polystyrene, polymethacrylate, poly(ethylene
terephthalate), polytetraflucroethylene (PTFE or Teflon®), nylon, poly(vinyt butyrate)),
etc., either used by themselves or in conjunction with other materials. Additional rigid
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materials may be considered, such as glass, which includes silica and further
includes, for example, glass that is available as Bioglass. Other materials that may
be employed include porous materials, such as, for example, controlied pore glass
beads. Any other materials known inn the art that are capable of having one or more
functional groups, such as any of an amino, carboxyl, thiol, or hydroxy! functional ‘

group, for example, incorporated on its surface, are also contemplated.

Preferred solid supports include columns having a polypeptide immobilized on a
surface of the column. The surface may be a wall of the column, and/or may be
provided by beads packed info the central space of the column.

The poiypeptide may be immobilised on the solid support. Examples of methods of
immaobilisation include: adsorption, covalent binding, entrapment and membrane
confinement. in a preferred embodiment of the present invention the interaction
between the polypeptide and the matrix is substantially permanent. [n a further
preferred embodiment of the present invention, the interaction between the peptide
and the matrix is suitably inert to ion-exchange chromatography. In a preferred
arrangement, the polypeptide is attached to the surface of the solid support. His
understood that a person skilled in the art would have a large array of options fo
choose from to chemically and/or physically attach two entities to each other. These
options are all encompassed within the scope of the present invention. in a preferred
arrangement, the polypeptide is adsorbed to a solid support through the interaction of
biotin with streptavidin. In a representative example of this arrangement, a molecule
of biotin is bonded covalently to the polypeptide, whereupon the biotin-polypeptide
conjugate binds to strepiavidin, which in turn has been covalently bonded to a solid
support. In another arrangement, a spacer or linker moiety may be used to connect

the molecule of biotin with the polypeptide, and/or the streptavidin with the matrix.

By contacting the GAG mixture with the solid support GAG-polypeptide complexes
are allowed o form. These are partitioned from the remainder of the mixture by
removing the remainder of the mixiure from the solid support, e.g. by washing the
solid support o elute non-bound materials, Where a column is used as the solid..
supportnor-binding componénts of the GAG mixturercan be eluted from the columrr

leaving the GAG-polypeptide complexes bound to the column.



10

15

20

25

30

35

28
It is understood that certain oligosaccharides may interact in a non-specific manner
with the polypeptide. In certain embodiments, oligosaccharide which interacts with
the polypeptide in a non-specific manner may be included in, or excluded from the
mixture of compounds enriched with one or more GAGs that modulate the effectof a
heparin-binding factor. An example of a non-specific interaction is the temporary
confinement within a pocket of a suitably sized and/or shaped molecule. Further it is
understood that these oligosaccharides may elute more slowly than those
oligosaccharides that display no interaction with the peptide at all. Furthermore it is
understood that the compounds that bind non-specifically may not require the input of
the same external stimulus to make them elute as for those compounds that bind in a
specific manner (for example through an ionic interaction). The inventors'’
methodology is capable of separating a mixture of oligosaccharides into those
components of that mixture that: bind in a specific manner to the polypeptide; those
that bind in & non-specific manner to the polypeptide; and those that do not bind to
the polypeptide. These designations are defined operationally for each GAG-peptide
pair.

By varying the conditions (e.g. salt conceniration) present at the surface of the solid
support where binding of the GAG and polypeptide occurs those GAGs having the
highest affinity and/or specificity for the heparin-binding domain can be selected.

GAGs may accordingly be obtained that have a high binding affinity for a protein of
interest and/or the heparin-binding domain of the protein of interest. The binding
affinity (Ky) may be chosen from one of: less than 10uM, less than 1uM, less than
100nM, less than 10nM, less than 1nM, less than 100pM.

GAGs obtained by the methods described may be useful in a range of applications,
in vitro and/or /n vivo. The GAGs may be provided for use in stimulation or inhibition
of cell or tissue growth and/or profiferation and/or differentiation either in cell or tissue

cuiture in vitro, or in cells or tissue in vivo.
The . GAGs may be provided as a formulation for such purposes. For example, .
ouliarermedia may be provided comprising a GAGYobtained by the method descrbed;

l.e. comprising HS/BMP2,

Cells or tissues obtained from in vitro cell or tissue culture in the presence of
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HS/BMP2Z may be collected and implanted into a human or animal patient in need of
treatment. A method of implantation of cells and/or tissues may therefore be
provided, the method comprising the steps of:

{a) culturing cells and/or tissues in vitro In contact with HS/BMP2;

(b} collecting the cells and/or tissues;

(c) implanting the cells and/or tissues irto a human or animal subject in

need of freatment,

The celis may be cultured in part (a) in contact with HS/BMP2 for a period of time
sufficient to allow growth, proliferation or differentiation of the cells or tissues. For
example, the period of time may be chosen from: at least 5 days, at least 10 days, at
least 20 days, at least 30 days or at least 40 days.

In another ambodiment the HS/BMPZ may be formulated for use in a method of
medical ireatment, including the prevention or freatment of injury or disease. A
pharmaceutical composition or medicament may be provided comprising HS/BMP2
and a pharmaceutically acceptable diluent, carrer or adiuvant. Such pharmaceutical
composifions or medicaments may be provided for the prevention or freatment of
injury or disease, The use of HS/BMPZ in the manufaciure of a medicament for the
prevention or treatment of injury or disease is aiso provided. Optionally,
pharmaceutical compositions and medicamenis according to the present invention
may also contain the protein of interest (i.e. BMPZ2) having the heparin-binding
domain to which the GAG binds. In further embodiments the pharmaceutical
compositions and medicaments may further comprise stem cells, e.g. mesenchymal
stem cells.

Treatment of injury or disease may comprise the repair, regeneration or replacement
of cells or Hissue, such as connective tissue {e.g. bone, cartilage, muscle, fat, tendon
or ligament). For the repair of tissue, the pharmaceutical composition or medicament
comprising HS/BMPZ may be administered directly to the site of injury or disease in
order to stimulate the growth, profiferation and/or differentiation of new tissue fo
effect a repair of the Injury or to cure or alleviate {e.g. provide relief {o the symptoms
of) the disease condition. The repair or regeneration of the tissue may be improved

Bircembining stem cells in the pharmaceutical compésition or medicament. wr o

For the replacement of tissue, HS/BMP2 may be contacted with cells and/or tissue

during in vitre culture of the cells and/or tissue in order to generate cslls and/or tissue
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for implantation at the site of injury or disease in the patient. Implantation of cells or
fissue can be used to effect a repair of the in}ured or diseased fissue in the patient by
replacement of the injured or diseased tissue. This may involve excision of

- injured/diseased tissue and implantation of new tissue prepared by culture of cells

and/or tissue in contact with HS/BMPF2.

Pharmaceutical compositions and medicaments according to the present invention
may therefore comprise one of:
{(a) HS/BMPZ;
(b) HS/BMP2 in combination with stem cells;
(c) HS/BMP2 in combination with a protein containing the heparin-binding
domain bound by HS/BMP2 (i.e. SEQ ID NO:1 or 6);
(d) HS/BMP2 in combination with stem cells and a protsin containing the heparin-
binding domain bound by HS/BMP2 (i.e. SEQ ID NO:1 or 6);
(e) Tissues or cells obtained from culture of cells or tissues in contact with
HS/BMP2.

HS/BMP2 may be used in the repair or regeneration of bodily tissue, especially bone
regeneration, neural regeneration, skeletal tissue construction, the repair of cardio-
vascular injuries and the expansion and self-renewal of embryonic and adult stem
cells. Accordingly, H3/BMP2 may be used to prevent or treat a wide range of
diseases and injuries, including osteoarthritis, cartilage replacement, broken bones of
any kind (e.g. spinal disc fusion treatments, long bone breaks, cranial defects),
critical or nen-union bone defect regeneration.

The use of HS/BMP2 in the repair, regeneration or replacement of tissue may involve
use in wound healing, e.g. acceleration of wound healing, healing of scar or bone
tissuie and tissue grafting.

In another aspect, the present invention provides a biological scaffold comprising
HS/BMPZ. In some embodiments, the biological scaffolds of the present invention
may be used in orthopaedic, vascular, prosthetic,.skin and corneal applications. .The
Bidtogical scaffolds provided by the present fiivention-include extended-release drtig
delivery devices, tissue valves, tissue valve leaflets, drug-eluting stents, vascular
grafts, wound healing or skin grafts and orthopaedic prostheses such as bone,
ligament, tendon, cartilage and muscle. In a preferred embodiment of the present
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invention, the biclogical scaffold is a catheter wherein the inner (and/or outer) sutface
comprises one or more GAG conpounds (including HS/BMP2) attached to the
catheter.

In another aspedct, the present invention provides one or more GAGs (including
HS/BMP2) isolated by the method described for use as an adjuvant, The adjuvant

may be an immune adjuvant.

In another aspect, the present invention provides pharmaceutically acceptable
formulations comprising a mixture of compounds comprising one or more GAGs, said
mixture being enriched with respect to HS/BMP2. In another aspect, the invention

provides pharmaceutically acceptable formulations comprising:

(i) a mixture of compounds comprising one or more GAGs, said mixture
being enriched with respect to HS/BMPZ; and
(i) BMP-2,

for separate, simultaneous or sequential administration. In a preferred embodiment
the formulation comprises the mixture of compouinds comprising one or more GAGs,
said mixture being enriched with respect to HS/BMP2 and BMP-2 in intimate

admixture, and is administered simultanecusly to a patient in need of frealment.

In another aspect of the present invention a kit is provided for use in the repair, or
regeneration of tissue, said kit comprising (i} a predetermined amount of HS/BMP2,
and (i} a predetermined amount of BMPZ.

The compounds of the enriched mixtures of the present invention can be
administered {o a subject as a pharmaceutically acceptable salt thereof. For
example, base salts of the compounds of the enriched mixtures of the present
invention include, but are riot fimited to, those formed with pharmaceutically
acceptable cations, such as sodium, potassium, lithium, calcium, magnesium,
ammonium and alkylammonium. The present invention includes within its scope

cationic salts, for example the sodium or potassium salts.

lewiifBerappreciated that the compounds ofittieenriclied mixtures of the preserif: -
invention which bear a carboxylic acid group may be delivered in the form of an
administrable prodrug, wherein the acid moiety is esterified (to have the form -
CO2R"). The term "pro-drug” specifically relates to the conversion of the ~OR'’ group
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to a —OH group, or carboxylate anion therefrom, in vivo. Accordingly, the prodrugs of
the present invention may act to enhance drug adsorption and/or drug delivery into
cells. The in vivo conversion of the prodrug may be facilitated either by cellular
enzymes such as lipases and esterases or by chemical cleavage such as in vivo
ester hydrolysis.

Medicaments and pharmaceutical compositions according to aspects of the present
invention may be formulated for administration by a number of routes, including but
not limited to, injection at the site of disease or injury. The medicaments and
compositions may be formulated in fluid or solid form. Fluid formulations may be

formulated for administration by injection to a selected region of the human or animal
body.

Administration is preferably in a "therapeutically effective amount”, this being
sufficient to show benefit to the individual. The actual amount administered, and rate
and time-course of administration, will depend on the nature and severity of the injury
or disease being freated. Prescription of freatment, e.g. decisions on dosage elc, is
within the responsibility of general practitioners and other medical doctors, and
ypically takes account of the disorder fo be treated, the condition of the individual
patient, the site of delivery, the method of administration and other factors known to
practitioners. BExamples of the techniques and protocols mentioned above can be
found in Remington’s Pharmaceutical Sciences, 20th Edition, 2000, pub. Lippincott,
Williams & Wilkins.

In this specification a patient to be treated may be any animal or human. The patient

may be a non-human mammal, buf is more preferably a human patient. The patient
may be male or female.

Methods according io the present invention may be performed in vifro or in vivo, as
indicated. The term “in vifro” is intended fo encompass procedures with cells in
cullure whereas the term “in vivo” is intended to encompass procedures with intact
multi-cellular organisms.

Stem cells

Cells contacted with HS/BMP2 include stem cells.
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The stem cells cultured and described herein may be stem cells of any kind, They
may be totipotent or multipotent (pluripotent). They may be embryonic or adult stem
cells from any tissue and may be hematopoietic stem cells, neural stem cells or
mesenchymal stem cells. Preferably they are adult stem cells. More preferably they
are aduit mesenchymal stem cells, e.g. capaple of differentiation into connective
tissue and/or bone cells such as chondrocytes, osteoblasts, myocytes and
adipocytes. The stem cells may be obtained from any animal or human, e.g. non-
human animals, 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 or other non-human vertebrate organism; and/or non-human

mammalian animals; and/or human. Optionally they are non-human.

In this specification, by stem cell is meant any cell type that has the ability to divide
(i.e. self-renew) and remain totipotent or multipotent (pluripotent) and give rise {o
spegcialized cells if so desired,

Stem cells cultured in the present invention may be obtained or derived from existing
cultures or directly from any adult, embryonic or fetal tissue, including blood, bone

marrow, skin, epithelia or umbilical cord (a tissue that is normally discarded).

The muttipotency of stem cells may be determined by use of suitable assays. Such
assays may comprise detecling one or more markers of pluripotency, e.g. alkaline
phosphatase activity, detection of RUNX2, osterix, collagen |, Il, 1V, VII, X,
osteopontin, Osteocalcin, BSPII, SOX9, Aggrecan, ALBP, CCAAT/enhancer binding
protein-a (C/EBP«), adipocyte lipid binding protein (ALBP), aikaline phosphatase
(ALP), bone sialoproteln 2, (BSPIl), Collagen2a1 (ColiZa) and SOX9.

Mesenchymal stem cells or human bone marrow stromal stem cells are defined as
pluripotent (multipotent) progenitor cells with the ability to generate cartilage, bone,
muscle, lendon, ligament and fat. These primitive progenitors exist postnatally and
exhibit stem cell characteristics, namely low incidence and extensive renewal
poetential. These properties in combination with their developmental plasticity have -+
generated tremendous interest in the potential use of mesenchymal stem cells to
replace damaged tissues. In essence mesenchymal stem cells could be cultured to

expand their numbers then transplanted to the injured site or after seeding infon
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scaffolds to generate appropriate tissue constructs.

Thus, an alternative approach for skeletal, mﬂuscuiar, tendon and ligament repair is
the selection, expansion and modulation of the appropriate progenitor cells such as
osteoprogenitor cells in the case of bone in combination with a conductive or
inductive scaffolds to support and guide regeneration together with judicious
selection of specific tissue growth factors.

Human bone marrow mesenchymal stem cells can be isolated and detected using
selective markers, such as STRG-, from a CD34+ fraction indicating their potential
for marrow repopulation. These cell surface markers are only found on the cell

surface of mesenchymal stem cells and are an indication of the cells pluripotency.

Mesenchymal cells are easily obtainable from bone marrow by minimally invasive
technigues and can be expanded in culture and permitied to differentiate into the
desired lineage. Differentiation can be induced by the application of specific growth
factors. The transforming growth factor beta (TGF-beta} superfamily member
proteins such as the bone morphogenetic proteins (BMPs) are important factors of

chondrogenic and osteogenic differentiation of mesenchymal stem cells.

Suitable MSCs may be obtained or derived from bone marrow mononuclear celis
(BMMNCGs) collected from aspirates of bone marrow (e.g. Wexler et al. Adult bone
marrow is a rich source of human mesenchymal 'stem’ cells but umbdllical cord and
mobilized adult blood are not. HAEMOPOIESIS AND LEUCOCYTES British Journal
of Haematology 121(2):368-374, April 2003.) or Wharton's Jelly of the umbilical cord
(e.g. Ta et al. Long-term Expansion and Pluripotent Marker Array Analysis of
Wharton’s Jelly-Derived Mesenchymal Stem Cells. Stem Cells Dev. 2009 July 20
(Epub)).

Mesenchymal stem ceils may be obtained by differentiation of pluripotent stem cells,
such as human embryonic stem cells or induced pluripotent stem cells, by application
of suitable differentiating factors, as is well known in the art.

In vet a further aspect of the present invention, a pharmaceutical composition
comprising stem cells generated by any of the methods of the present invention, or
fragments or products thereof, is provided. The pharmaceutical composition useful in
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a method of medical treatment. Suitable pharmaceutical compositions may further
comprise a pharmaceutically acceptable carrier, adjuvant or difuent.

In another aspect of the present invention, sfem cells generated by any of the
methods of the present invention may be used in a method of medical ireatment,
preferably, a method of medical treatment is provided comprising administering to an
individual in need of treatment a therapeutically effective amount of said medicament
or pharmaceutical composition.

Stem cells obfained 'through culture methods“and technigues according fo this
invention may be used to differentiate into another cell type for use in a method of
medical freatment. Thus, the differentiated cell type may be derived from, and may
be considered as a product of, a stem cell obtained by the culture methods and
fechniques described which has subsequently been permitted to differentiate.
Pharmaceutical compositions may be provided comprising such differentiated cells,
optionally together with a pharmaceutically acceptable carrier, adjuvant or diluent,

Such pharmaceutical composition may be useful in a method of medical treatment.

Glveosaminglycans

As used herein, the terms 'glycosaminoglycan' and 'GAG' are used interchangeably
and are understood fo refer to the large collection of molecules comprising an
oligosaccharide, wherein one or more of those conjoined saccharides possess an
amino substituent, or a derivative thereof. Exampies of GAGs are chondroitin sulfate,
keratan sulfate, heparin, dermatan sulfate, hyaluronate and heparan suifate. Heparan

sulfates are preferred embodiments of the present invention.

As used herein, the term 'GAG' also extends to encompass those molecules that are
GAG conjugates. An example of a GAG conjugate is a proteoglycosaminogliycan

(PGAG, proteoglycan) wherein a peptidic component is covalently bound fo an
oligosaccharide component.

In'the present invention, it is understood that there are a large number of sources of =
GAG compounds including natural, synthetic or semi-synthetic. A preferred source of
GAGs is biological tissue. A preferred source of GAGs is a stem cell. An especially
preferred source of GAGs is a stem cell capable of differentiating into a cell that
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corresponds to a tissue that will be the subject of treatment. For example, GAGs can
be sourced from preosteoblasts for use in bone regeneration or skeletal tissue
construction. In an especially preferred embodiment of the present invention, GAGs
may be sourced from an immortalised cell line. In a further preferred embodiment of
the present invention, GAGs may be sourceq from an immortalised cell line which is
grown in a bioreactor. Another preferred source of GAGs is a synthetic source. In this
respect, GAGs may be obtained from the synthetic elaboration of commercially
available starting materials into more complicated chemical form through techniques
known, or conceivable, to one skilled in the art. An example of such a commercially
available starting material is glucosamine. Another preferred source of GAGs is a
semi-synthetic source. In this respect, synthetic elaboration of a natural starting
material, which possesses much of the complexity of the desired material, is
elaborated synthetically using technigues known, or conceivable, to one skilled in the
art, Examples of such a naiural starting material are chitin and dexiran, and
examples of the types of synthetic steps that may elaborate that starting material,
info a GAG mixture suitable for use in the present invention, are amide bond
hydrolysis, oxidation and sulfation. Another example of a semi-synthetic route to
GAGs of the desired structure comprises the synthetic interconversion of related

GAGs o obtain GAGs suitable for use in the present invention.

Heparan sulphate (HS)

In preferred aspects of the invention the glycosaminoglycan or proteoglycan is
preferably a heparan sulfate.

Heparan sulfate proteoglycans (HSPGs) represent a highly diverse subgroup of
proteoglycans and are composed of heparan sulfate glycosaminoglycan side chains
covalently attached to a protein backbone. The core protein exists in three major
forms: a secreted form known as perlecan, a form anchored in the plasma membrane
known as glypican, and a transmembrane form known as syndecan. They are
ubiquitous constituents of mammalian cell surfaces and most extraceliular matrices.
There are other proteins such as agrin, or the amyloid precursor protein, in which an
HS:chain may be attached to less‘commionly found cores.

“Heparan Sulphate” (“Heparan sulfate” or "HS") is initially synthesised in the Golgi
apparatus as polysaccharides consisting of tandem repeats of D-glucuronic acid
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(GlcA) and N-acetyl-D-glucosamine (GlcNAc). The nascent polysaccharides may be
subsequently modified in a series of steps: N;deacetylaﬁon!N-sulfaﬁon of GleNAgc,
C5 epimerisation of GlcA to iduronic acid (IdoA), O-suiphation at C2 of IdoA and
GlcA, O- sulphation at C6 of N-sulphoglucosamine {(GlcNS) and occasional O-
sulphation at C3 of GlcNS. N-deaceiylation/N-sulphation, 2-O-, 6-0- and 3-0-
sulphation of HS are mediated by the specific action of HS N-deacetylase/N-
sulfotransferase (HSNDST), HS 2-O- sulfotransferase (HS2S8T), HS 6-0-
sulfofransferase (HS6ST) and HS 3-O-sulfotransferase, respectively. At each of the
modification steps, only a fraction of the potential substrates are modified, resulting in
considerable sequence diversity. This structural complexity of HS has made it difficult
to determine 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 oﬁ:eﬁ N-acetylated or N-sulfated and both the uronic acid and the
glucosamine may be additionally C-sulfated. The specificily of a particular HSPG for
a particular binding partner is created by the specific pattern of carboxyl, acetyl and
suifate groups aftached to the glucosamine and the uronic acid. In conirast to
heparin, heparan sulfate contains less N- and O-sulfate groups and more N-acetyl
groups. The heparan sulfate side chains are linked fo a serine residue of the core
protein through a tetrasaccharide linkage {-glucuronosyl--(1— 3)-galactosyl--(1-+

3)-galactosyl-p-(1— 4)-xylosyl-p-1-0O-(Serine)) region,

Both heparan sulfate chains and core protein may undergo a series of modifications
that may ultimately influence their biclogical activity. Complexity of HS has been
considered to surpass that of nucleic acids {Lindahl et al, 1988, J. Biol. Chem. 273,
24979; Sugahara and Kitagawa, 2000, Curr. Opin. Struct. Biol. 10, 518). Variation in
HS species arises from the synthesis of non-random, highly sulfated sequences of
sugar residues which are separated by unsulfated regions of disaccharides
containing N- acetylated glucosamine. The initial conversion of N-acetylglucosamine
to N- sulfoglucosamine creates a focus for other modifications, including
epimerization of glucuronic acid to iduronic acid and a complex pattern of O-
sulfations on glucosamine or iduronic acids. In addition, within the non-modified, low

sulfated, N-acetylated sequences, the hexuronate residues remain as glucuronate,
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whereas in the highly sulfaied N-sulfated regions, the C-5 epimer iduronate
predominates. This limits the number of potential disaccharide variants possible in
any given chain but not the abundance of each. Most modifications occur in the N-
sulfated domains, or directly adjacent {o them, so that in the mature chain there are
regions of high sulfation separated by domains of low sulfation (Brickman et al.
(1998), J. Biol. Chem. 273(8), 4350-4359, which is herein incorporated by reference
in its entirety).

Itis hypothesized that the highly variable heparan sulfate chains play key roles in the
modulation of the action of a large number of extracellular ligands, including
regulation and presentation of growth and adhesion factors to the cell, via a
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
neurcepithelial cells could specifically activate either FGF-1 or FGF-2, depending on
mitogenic status. Similarly, the capability of a. heparan sulfate (HS) fo interact with
either FGF-1 or FGF-2 is described in WO 96/23003. According to this patent
application, 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
toward the different activity of each HS in promoting cell growth and directing cell
differentiation. The structural complexity is considered to surpass that of nucleic
acids and although HS structure may be characterised as a sequence of repeating
disaccharide units having specific and unique sulfation patterns at the present time
ne standard sequencing technique equivalent to those available for nucleic acid .
sequencing is available for determining'HS sequence structure. In the absence of
simple methods for determining a definitive HS sequence structure HS molecules are
positively identified and structurally characterised by skilled workers in the field by a

number of analylical techniques. These include one or a combination of disaccharide
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analysis, {etrasaccharide analysis, HPLC and molecular weight determination. These
analyfical technigues are well known to and used by those of skill in the art.

Two techniques for production of di- and tetra- saccharides from HS include nitrous
acld digestion and lyase digestion. A dascri;;tion of one way of performing these
digestion techniques is provided below, purely by way of example, such description
not limiting the scope of the present invention.

Nitrous acid digestion

Nitrous acid based depolymerisation of heparan sulphate leads io the eventual
degradation of the carbohydraie chain into if,s; individual disaccharide components
when taken tc completion.

For example, nitrous acid may be preparsd by chilling 250 pd of 0.5 M H,80,and 0.5
M Ba(NO,): separately on ice for 15 min. After cooling, the Ba{NOs)is combined
with the M0, and vortexed before being centrifuged o remove the barium suiphate
precipitate. 125 pw of HNO, was added to GAG samples resuspended in 20 pl of
MO, and vortexed before being Incubated for 15 min at 25°C with occasional mixing.
After incubation, 1 M NaCO, was added to the sample to bring it to pH 6. Next, 100
 of 0.25 M NaBH, in 0.1 M NaGCH is added to the sample and the mixture healed to
50°C for 20 min. The mixiure is then cooled to 25°C and acidified glacial acetic acid
added o bring the sample to pH 3. The mixiure 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 tefrasaccharides to verify the degree of degradation.

Lyase digestion

Heparinise lH cleaves sugar chains at glucuronidic linkages. The series of
Heparinase enzymes (I, I and [ll) each dispééy relatively specific activity by
depolymerising certain heparan sulphaie sequencaes af particular sulfation
recognition sites. Heparinase | cleaves HS chains with NS regions along the HS
chain. This leads to disruption of the sulphated domains. Heparinase |l
depolymerises HS with the NA domains, resulting in the separation of the
carbohydrate chain into individual sulphated domains. Heparinase | primarily
cleaves in the NA/NS “shoulder” domains of HS chains, where varying sulfation
patteins are found. Note: The repeating disaccharide backbone of the heparan
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polymer is a uronic acid connected to the am?no sugar glucosamine. “NS” means the
amino sugar is carrying a sulfate on the amino group enabling sulfation of other
groups at C2, C6 and C3. "NA” indicates that the amino group is not sulphated and

remains acetylated.

For example, for depelymerisation in the NA regions using Heparinase [l both
enzyme and iyophilised HS samples are prepared in a buffer containing 20 miM Tris-
HCL, 0.1 mg/mi BSA and 4 mM CaCl, at pH 7.5. Purely by way of example,
Heparinase [l may be added at 5 mU per 1pg of HS and incubated at 37°C for 16 h
before stopping the reaction by heating to 70°C for & min.

Di- and tetrasaccharides may be eluted by column chromatography.

Heparin-binding domains

Cardin and Weintraub (Molecular Modeling of Protein-Glycosaminoglycan
Interactions, Arteriosclerosis Vol. 9 No.1 Jan/Feb 1989 p.21-32), incorporated herein
in entirety by reference, describes consensus sequences for polypeptide heparin-
binding domains. The consensus sequence has either a stretch of di- or tri-basic
residues separated by two or three hydropathic residues terminated by one or more
basic residues. Two particular consensus sequences were identified: XBBXBX [SEQ
D NO:3] and XBEBBXXEX [SEQ ID NO:4] in which B is a basic residue (e.g. Lysine,
Arginine, Histidine) and X is a hydropathic residue (e.g. Alanine, Glycine, Tyrosine,
Serine). Heparin-binding domains are reported fo be abundant in amino acids Asn,
Ser, Ala, Gly, lle, Leu and Tyr and have a low occurrence of amino acids Cys, Glu,
Asp, Met, Phe and Trp.

These consensus sequences may be used to search protein or polypeptide amino
acid sequences in order fo identify candidate heparin-binding domain amino acid
sequences which may be synthesised and tested for GAG binding in accordance with
the present invention,

WO 2005/014619 A2 also digcloses numerous heparin-binding peptides. The
contents of WO 2005/014619 A2 are incorporated herein in entirety by reference.
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Bone Fraciure
In some aspects the present invention is concerned with the therapeutic use (human
and veterinary) of HS/BMP2 {o treat bone fracture. HS/BMPZ2 is reported here to
augment wound healing in bone. HS/BMP2 stimulates bone regeneration following
injury and confributes to improved wound healing in bone. HS/BMP2 provides
improvements in the speed of bone fracture repair enabling a reduction in the
recovery time from injury.

Bone fracture is a medical condition. In this application “fracture” includes damage or
injury to bone in which a bone is cracked, broken or chipped. A break refers fo
discontinuity in the bone. A fracture may be caused by physical impact, or

mechanical stress or by medical conditions such as osteoporosis or ostecarthritis.

Orthopaedic 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 aleng a singie line, tending fo divide the bone in
two. Multi-fragmentary fractures spilt the bone info 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) ocours naturally and is initiated
following injury. Bleeding normally leads to clotting and atfraction 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
mature “lamellar” bone. The complete bone healing process takes considerable
fime, typically many months.

Bones in which fractures occur anﬁ!‘ which may benefit from treatment using =~
HS/BMP2 include all bone types, ;laarticu!arfy all mammalian bones including, but not
limited fo, long bones (e.g. femur, humerus, phalanges), short bones (e.q. carpals,
tarsals), flat bones (e.g. cranium, ribs, scapula, sternum, pelvic girdle), irregular
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bones (e.g. vertebrae), sesamoid bones (e.g. patelia).

Bones in which fractures occur and which may benefit from treatment using
HS/BMP2 include skeletal bone (i.e. any bone of the skeleton), bones of the cranio-
facial region, bones of the axial skeleton (e.g. vertebrae, ribs), appendicular bone

(e.g. of the limbs), bone of the pelvic skeleton (e.g. pelvis).

Bones in which fractures occur and which may benefit from treatment using
HS/BMP2 also include those of the head (skull) and neck, including those of the face
such as the jaw, nose and cheek. In this respedt, in some preferred embodiments
HS/BMP2 may be used to assist in repair or regeneration of bone during dental or
facial or cranial surgery, which may include reconstruction of bones (as distinct from
teeth) of the face and/or mouth, e.g. including the jawbone.

Bone fracture also includes pathological porosity, such as that exhibited by subjects
with osteoporosis. '

Although not limiting to the present invention, the primary actions of HS/BMP2 may
be on cells within, adjacent to, or caused to migrate into the wound site and may be
on the bone stem cells, the preosteoblasts or the osteoblasts, or on any of the
ancillary or vasculogenic cells found or caused {o migrate into or within the wound
bed.

HS/BMP2 and pharmacsutical compositions and medicaments comprising H3/BMP2
are provided for use in a method of treatment of bone fracture in a mammalian
subject.

Treatment may comprise wound healing in bone, The freatment may involve repair,
regeneration and growth of bone. HS/ BM?Z facilitates fracture repair by facilitating
new bone growth, HS/BMP2 acis to imprzbve 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 ¢steoporosis or osteoarthritis.

Administration of HS/BMP2 is preferably 10 the tissue surrounding the fracture. This
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may include administration directly to bone tissue in which the fracture has occurred.
Administration may be to connective tigsue surrounding the bone or fracture or to
vasculature (e.g. blood vessels) near to and supplying the bone. Administration may
be directly to the site of injury and may be to a callus formed by initial healing of the
wound.

Medicaments and pharmaceutical compositions according to the present invention
may be foermulated for administration by a number of routes. Most preferably
HS/BMP2 is formulated in fluid or liquid form for injection.

In some embodiments the HS/BMP2 is formulated as a controlled release
formulation, e.g. in a drug capsule for implantation at the wound site. The HS/BMP2
may be aitached fe, impregnated on or soaked into a carrier material {(e.9. a

blomaterial) such as nanofibres or biodegradable paper or textile.

Pharmaceutical compositions, medicaments, implants and prostheses comprising
HS/BMP2 may also comprise BMPZ2. Owing.to the ability of HS/BMP2 o bind BMPZ,
the HS/BMP2 may act as a carrier of BMP2 assisting in delivery of BMP2 to the
wound site and maintenance of BMP2 stability.

Administration is preferably in a "therapeutically effective amount”, this being
sufficient to improve healing of the bone fracture compared to a corresponding
untreated fracture. The actual amount administered, and rate and time-course of
administration, wili depend on the nature and saverity of the fracture. Prescription of
treatment, e.g. decisions on dosage etc, is within the responsibility of general
practitioners and other medical doctors, and will typically take account of the nature
of the fracture, the condition of the individual patient, the site of delivery, the method
of administration and other factors known to practitioners. Single or multiple
administrations of HS/BMP2 doses may be administered in accordance with the
guidance of the prescribing medical practilioner. Purely by way of example,
HS/BMP2 may be delivered in dosages of at least 1ng/ml, more preferably at least
5ng/ml and optionally 10 ng/ml or more. Individual HS/BMP dosages may be of the
order less than 1mg and greater than tug, e.g. one of about 5ug, about 10ug, about
2519, about 30ug, 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,]ZOOD, pub. Lippincott, Williams & Wilkins.
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HS/BMP2Z 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
infervention, e.g. to re-set a bone or move a bone fo correct displacement, angulation
or dislocation. If surgery is required H3/BMP2 may be administered directly fo (e.g.
applied to) the fracture during the surgical procedure.

Biomateriais

Pharmaceutical compositions and medicaments of the invention may fake the form of
a biomaterial that is coated and/or impregnated with HS/BMP2. An implant or
prosthesis may be formed from the biomaterial. Such impiants or prostheses may be

surgically implanted fo assist in bone growth, regeneration, restructuring and/or re-
medeliing.

HS/BMPZ may be applied to implants or prostheses to accelerate new bane
formation at a desired location. {t will be appreciated that heparan suiphates, uniike
proteins, are particularly robust and have a much better ability to withstand the
solvents required for the manufacture of synihetic bioscaffolds and application o
implants and prostheses.

The biomaterial may be coated or impregnated with H3/BMPZ. Impregnation may
comprise forming the biomaterial by mixing HS/BMP2 with the constitutive
components of the biomaterial, e.g. during polymerisation, or absorbing HS/BMP2
into the biomaterial. Coating may comprise adscrbing the HS/BMP2 onto the surface
of the biomaterial.

The biomaterial should allow the coated or impregnated HS/BMP2 to be released
from the biomaterial when administered fo or implanted in the subjeci. Blomaterial
release kinetics may be altered by altering the structure, e.g. porosity, of the
biomaterial.

Inraddition to coating or impregmating: a-blomaterial with HS/BMP2, one or more~
biologically active molecules may be impregnated or coated on the biomaterial. For
example, at least one chosen from the group consisting of: BMP-2, BMP-4, OP-1,
FGF-1, FGF-2, TGF-p1, TGF-B2, TGF-33; VEGF; collagen; laminin; fibronectin;
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vitronectin. [n addition or alternatively to the above bioactive molecules, one or more
bisphosphonates may be impregnated or coated onto the biomaterial along with
HS/BMP2. Examples of useful bisphosphonates may include at least one chosen
from the group consisting of: elidronate; clodronate; alendronate; pamidronate;
risedronate; zoledronate.

Biomaterials coated or impregnated with HS/BMPZ may be useful in both medical
and veterinary purposes. i 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 racehorse 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 adminisiration {e.g. as
microcapsules in solution).

The implant or prosthesis should be blocompatible, &.g. non-toxic and of low
immunogenicily (most preferably non-immunogenic). The biomaterial may be
biodegradable such that the biomaterial degrades as wound healing ocours,
ultimately leaving only the regeneratad bone i sifu in the subject. Allernatively a
non-biodegradable biomaterial may be used, e.g. 1o guide bone regeneration over a
large discontinuity and/or to act as a structural support during bone healing, with
surgical removal of the blomaterial being an optional requirement after successful
wound healing.

Bicmaterials may be soft and/or flexible, e.g. hydrogels, fibrin web or mesh, or
collagen sponges. A "hydrogel” is a substance formed when an organic polymer,
which can be natural or synthetic, is set or solidified to creatfe a three-dimensional
open-lattice structure that entraps molecules of water or other solutions to form a gel.
Solidification can coour by aggregation, coagulation, hydrophobic interactions or
cross-linking,

Alternatively blomaterials may be relatively rigid structures, e.g. formed from solid -

raterials such as plasticsrorbinfogicallyrinert metals such as titanium. ek

The biomaterial may have a porous matrix structure which may be provided by a
cross-linked polymer, The matrix is preferably permeable {o nutrients and growth
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factors required for bone growth.

Matrix structures may be formed by crosslinking fibres, e.q. fibrin or collagen, or of
liguid films of sodium alginaie, 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/bicresorbable polymers which may be chosen from the group of:
agarose, collagen, fibrin, chitosan, polycaprolactone, poly(DL-lactide-co-
caprolactone), poly(lL-lactide-co-caprolactone-co-glycolide), polyglycolide,
polylactide, polyvhydroxyaicanoates, co-polymers thereof, or non-bicdegradable
polymers which may be chasen from the group of: cellulose acetate; cellulose
butyrate, alginate, polysulfons, polyurethane, polvacrvlonitrile, sulfonated
polysulfone, polyamide, polyacryloniirile, polymethylmethacrylate, co-polymers
therecf.

Collagen s a promising material for malrix construction owing fo its blocompatibility
and favourable property of supporting cell attachment and function (U.S. Pat. No.
5,018,087; Tanaka, S.; Takigawa, T.; Ichihara, 8. & Nakamura, T. Mechanical
properties of the bioabsorbable polyglycolic acid-collagen nerve guide tube Polymer
Engineering & Science 2008, 46, 1481-1467). Clinically acceptable collagen
sponges are one example of a matrix and are well known in the arl (e.g. from Integra
Life Sciences).

Fibrin scaffolds {e.g. fibrin glue) provide an alternative matrix material. Fibrin glue
enjoys widespread clinical application as a wound sealant, a reservoir to deliver
growth factors and as an ald in the placement and securing of biclogical implants
{Rajesh Vasita, Dhirendra S Katii. Growth factor delivery systems for tissue
engineering: a materials perspective. Expert Reviews in Medical Devices. 2008; 3(1)
29-47; Wong C, Inman.E, Spaethe R, Helgerson 8. Thromb.Hasmost: 2003.89(3);..
573-582; Pandit AS, Wilson DJ, Feldman DE. Fibrin scaffold as an effeciive vehicle
for the delivery of acidic growth factor (FGF-1). J. Biomaterials Applications. 2000;
14(3}; 228-242; DeBlois Cote MF. Doillon CJ. Heparin-flbroblast growth factor fibrin
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complex: in vitro and in vivo applications to cbllagen based materials. Biomaterials.
1984; 15(8). 665-672.).

Luong-Van et al (in vitro biocompatibility and bioactivity of microencapsulated
heparan sulphate Biomaterials 28 (2007) 2127-2136), incorporated herein by

reference, describes prolonged localised delivery of HS from polycaprolactone
microcapsules.

A further example of a biomaterial is a polymer that incorporates hydroxyapatite or
hyaluronic acid.

One example of a biomaterial suitable for use in combination with HS/BMP2 is the
JAX™ bone void filler (Smith & Nephew). Jax granules are composed of high purity
calcium sulfate and retain their shape to provide a scaffold with controlled, inter-
granular porosity and granule migration stability. Jax granules dissolve safely and
completely in the body.

Other suitable biomaterials include ceramic or metal (e.g. titanium), hydroxyapatite,
tricalcium phosphate, demineralised bone matrix {DBM), autografis (i.e. grafts
derived from the patient's tissue), or allografts (grafts derived from the tissue of an
animal that is not the patient). Biomaterials may be synthetic (e.g. metal, fibrin,
ceramic) or biological (e.g. carrier materials made from animal tissue, e.g. non-
human mammals (e.g. cow, pig), or human).

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

The subject {o 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 animalin
the order Rodentia), cat, dod; pig, sheep, goat, catile (including cows, e.g. dairy *
cows, or any animal in the order Bos), horse (including any animal in the order

Equidae), donkey, and non-human primate). The non-human mammal may be a
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domestic pet, or animal kept for commercial purposes, e.g. a race horse, or farming
livestock such as pigs, sheep or cattle. The subject may be male or female. The
subject may be a patient.

Culture Media

Culture media comprising HS/BMP2 may be of any kind but is preferably liquid or gel
and may contain other nutrients and growth factors (e.g. FGF-2). HS/BMP2 will
preferably be present in non-trace amounts. For example, the concentration of
HS/BMPZ in the culture media may range between about 1.0 ng/ml culture media to
about 1000 ng/ml culture media. Preferably, the concentration of HS/BMP2 in the
culture media is between about 5 ng/ml culture media and 200 ng/ml culture media,

more preferably between about 20 ng/ml culture media and 170 ng/ml culture media

BMP2 protein

In this specification BMP2 refers {o Bone morphogenetic protein 2 (also called bone
morphogenic protein 2, BMP2 or BMP-2), which is a member of the TGF-#
superfaimily and is implicated in the development of bone and carlilage.

The amino acid sequence of BMPZ preprotein from Homo sapiens (SEQ ID NO:2) is
shown in Figure 35. Amino acids 1 to 23 represent the sighal peptide, and amino
acids 24 1o 396 represent the amino acid sequence of the proprotein. The amino
acid sequence of the mature protein is given as SEQ 1D NO:5 herein.

In this specification "BMP2 protein” includes proteins having at least 70%, more
preferably one of 75%, 80%, 85%, 80%, 95%, 96%, 97%, 98%, 99% or 100%
sequence identity with the amino acid sequence of the BMP2 preprotein or BMP2
proprotein iliustrated in Figure 35 or with the amino acld sequence of the mature
BMP2 protein of SEQ 1D NO:5.

The BMP2 protein preferably also includes a heparin binding domain having the
amino acid sequence of SEQ ID NO:1 or 8 (found at aming acids 283-300 of SEQ ID
NO:2), or an amino acid sequence having one of 75%, 80%, 85%, 90%, 95%, 96%, -
7%, 98%; or99%- sequerice identity #8EQ 1D NO:1 or 8.

Reference to BMP2 protein preferably includes the BMP-2 protein described in
Ruppett et al (Eur J. Biochem 1986).
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The BMP2 protein is preferably osteogenic, i.e. has the activity of inducing, or
assisting in the induction of, osteoblast differentiation.

The BMP2 protein may be from, or derived from, any animal or human, e.g. non-
human animals, e.g. rabbit, guinea pig, rat, mouse or other rodent (including from
any animal in the order Rodentia), cat, dog, pig, sheep, goat, cattle (including cows,
e.g. dairy cows, or any animal in the order Bos), horse (including any animal in the
order Equidae), donkey, and non-human primate or other non-human vertebraie
organism; andfor non-human mammalian animal; and/or human.

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 apparent to those skilled in the art. All documents mentioned in

this text are incorporated herein by reference.

Brief Description of the Figures

Embodiments and experiments illustrating the principles of the invention will now be

discussed with reference fo the accompanying figures in which:

Figure 1. Anion exchange chromatography of MX samples disrupted using 8 M
Urea/CHAPS buffer. A large GAG peak is observed after 1M NaCl elution.

Figure 2. Representative chromatogram of the desalting system during MX-derived .
GAG purification. The initiakpeak:¢f2— 18 min) represents full length~GAG chaihgi
The conductivity peak and debris peak (19 — 30 min) represent salt and GAG debris
elution.
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Figure 3. 1GAGs (2.5 mg) loaded onto an underivatised Hi-Trap streptavidin column.
All GAGs elute from the column in the flowthrough, indicating no "background”
attachment of GAGs to the column.

Figure 4. BMP2-HBP (1 mg) pre-incubated with {GAGs (25 mg) for 30 min. Elution
profile shows the peptide (280 nm) exiting the column in the flowthrough together
with the {GAG sample.

Figure 5. BMP2-HBP (1 mg) loaded onfo a Hi-Trap column. The 280 nm absorbance
ievels indicate that the peptide remains attached fo the column even under high salt
conditions; thus there was successful coupling of the biotinvlated peptide to the
streptavidin linker.

Figure 6. BMP2-HBP (1 mg} coupled column loaded with of 25 mg of iGAGs. The
chromatogram {232 nim) clearly shows both an overloading of the column, in the flow

through as well as the binding of some GAGs 1o the BMP2-HBP bed.

Figure 7. Re-application of the GAG- (flowthrough) fractions from the previous
experiment (Fig. 6). The presence of a significant GAG+ elufion peak indicates that
all available BMP2-HBP binding sites had been saturated, resulling in a large
proportion of susceptible GAGs exiting the column in the flowthrough.

Figure 8. BMP2-HBP {2 myg) coupled column loaded with tGAGs (6 mg). The
chromatogram (232 nim) clearly shows no overloading of the column, and the
presence of a GAG subpopulation with a relative affinity Tor the BMP2Z-HBP.

Figure 9. Re-run of GAG- {flowthrough) from previous run (Fig. 8). The absence of a
GAGH elution peak indicates that the avallable BMP2-HBP binding sites were not
saturated in the previous run, allowing the sfficient extraction of GAG+ sugarsina

single run.

Figure 10. Re-application of isolated full length GAG+ fractions {2 mg) shows no..
change in afffnity for ihe BMBZAHBP (2 mg) column prior to heparimage I tigestion:
A reapplication of GAG- fractions against the BMP2-HBP column also showed no
change in affinity, with all GAGs exiting the column in the flowthrough essentially as
in Figure 9.
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Figure 11. GAG- fractions (1 mg) digested with heparinase lli before loading onto the
BMP2-HBP (2 mg) column. The chromatogram (232 nm) clearly shows that no GAG
samples remain bound to the column, but exit in the flowthrough. This indicates the
absence of any GAG+ domains in the full length GAG- chains.

Figure 12. GAG+ fractions (2 mg) digested with heparinase 3 before loading onto the
BMP2-HBP (2 mg) column, The chromatogrém (232 nm) demonstrates that the
GAG+ samples are retained by the column, suggesting that all domains on the full
length GAG+ chain have a relative affinity for the BMP2-HBP. The increase in the
absorbance peak, as compared fo the same dry weight quantity of GAG+ (Fig. 10),
indicates the efficacy of the heparinase 3 treatment.

Figure 13. Full length GAG+ chains separated using a Biogel P10 column with an
exclusion limit of between 1.5 kDa and 20 kDa . The chromatogram shows that a

large proportion of the sample chains have an overall molecular weight of more than
20 kDa.

Figure 14. Fuli length GAG+ sugar chains treated with nitrous acid for 20 min to
diagnostically degrade heparan sulfate species. The chromatogram, generated from
a Biogel P10 sizing column, shows an almost complete degradation of all GAG+
chains as compared to Figure 13, indicating that GAG+ isolated chains consist
primarily of heparan sulfate.

Figure 15. Chondroitin-4-sulfate (6 mg) loaded onto BMP2-HBP (2 mg) column. The
chromatogram clearly illustrates a significant proportion of the GAG chains having an
affinity for the peptide, as they eluted at a similar salt concentration as the GAG+
samples.

Figure 16. Chondroitin-6-sulfate (6 mg) loaded onto BMP2-HBP (2 mg) column. The
chromategram indicates that few of the C6S GAG chains have any affinity for the
peptide column.

Figure 17. Dermatan sulfate (6 mg) loaded onto the BMP2-HBP (2 mg) affinity
column. The chromatogram indicates that few of the DS GAG chains had any affinity
for the peptide, with only a small proportion of the GAGs being eluted at a similar salt
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cancentration to GAG+ samples.

Figure 18. Bovine heparan sulfate (2.5 mg) loaded onto the BMP2-HBP (2 mg)
colurn. The chromatogram (232 nm) reveals only a small fraction of the GAGs
binding to the column.

Figure 19. Heparin-LMW (50 mg) loaded onto the BMP2-HBP (2 mg) column. The
chromatogram (232 nm) reveals that aimost no GAG bound to the peptide.

Figure 20, Heparin-HMW (28 mg) loaded onto the BMP2-HBP (2 mg) column. The
chromatogram (232 nm) reveals that almost no GAG bound to the peptide.

Figure 21, Heparin-HMW (25 mg) predigested with heparinase | was loaded onto the
BMP2-HBP (2 mg) column. The chromatogram (232 nm) reveals that very few GAG
fragments bound to the peptlide.

Figure 22. Chromatogram showing steps in isolation of BMP-2 peptide specific HS
by affinity chromatography.

Figure 23. Chromatogram showing elution of BMP-2 peptide specific HS (GAG+) by
affinity chromatography.

Figure 24. Chromatogram showing elution of BMP-2 peptide non-specific HS (GAG-)
by affinity chromatography.

Figure 25. Chromatogram showing elution of Sigma HS (H9802) standard under size
exclusion chromatography on Superdex 75 column.

Figure 26. Chromatogram showing elution of BMP-2 peptide specific HS (GAG+)

under size exclusion chromatography on Superdex 75 column.

Figure 27, Graph showing, Osterix expression in C2C12 cells in response to control ..
media, 100ng/mi: BMP2 and:300fg/ml BMP2.

Figure 28. Graph showing Osteocalcin expression in C2C12 cells in response to
control media, 100ng/mi BMP2 and 300ng/ml BMP2.
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Figure 29. Graph showing Runx2 expression in C2C12 cells in response to control
media, 100ng/m! BMP2 and 300ng/mi BMPZ2.

Figure 30. Graph showing expression of Alkaline Phosphatase as measured by
quantative PCR in C2C12 cells in response to confrol media, BMP-2, Negative GAG
(GAG-), Positive GAGs (GAG+), Total HS and Heparin (Hep).

Figure 31. Graph showing expression of Osterix as measured by quantative PCR in
C2C12 cells in response to control media, BMP-2, Negative GAG (GAG-) + BMP-2,
Positive GAGs (GAG+) + BMP-2, Total HS and Heparin (Hep).

Figure 32. Graph showing expression of Bspll as measured by quantative PCR in
C2C12 cells in response to control media, BMP-2, Negative GAG (GAG-) + BMP-2,
Pogitive GAGs (GAGH) + BMP-2, Total HS and Heparin (Hep).

Figure 33. Graph showing expression of Runx2 as measured by quantative PCR in
C2C12 cells in response to control media, BMP-2, Negative GAG {GAG-) + BMP-2,
Positive GAGs {(GAG+) + BMP-2, Total HS and Heparin (Hep).

Figure 34. Graph showing expression of Osteocalcin in C2C12 cells in response fo
BMP and GAG+ (+ BMP-2) isolated from MC3T3-E1 cells.

Figure 35. Amino acid sequence of bone morphogenetic protein 2 preprotein from

Homo sapiens, NCBI Accession No. NP_001191 (NP_001191.1 G1:4557369) (SEQ
D NO:2).

Figure 36. Chromatogram showing elution of BMP-2 peptide specific HS by affinity
chromatography. 6mg Biotinylated BMP2«;::e§t‘1de {SEQ ID NO:1) was coupled to a
1mi Sireptavidin columin. The chromotagram shows that all of the biotinvlated BMP2-
peplide bound to the column.

Figure 37 Chromatograrm showing purification of BMP2-peptider (SECHEERE 1)
specific heparan sulphate.

Figure 38. Chromatogram showing desalting of BMP2 peptide (SEQ 1D NO:1)
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column bound heparan sulphate.

Figure 39, Chromatogram showing desalting of BMP2 peptide (SEQ (D NO:1)
column unbound heparan sulphate.

Figure 40. SAX-HPLG profile following disaccharide digestion of BMP2 positive
heparan sulphate.

Figure 41. SAX-HPLC profile following disaccharide digestion of BMP2 negative
heparan sulphate.

Figure 42. SAX-HPLC profile following disaccharide digestion of Celsus HS.

Figure 43. Table showing lyase-derived disaccharide percentage composition of
BMP2-specific HS, BMP2-non-specific HS and Celsus HS. The area under each
peak was integrated to calculate the percentage of each disaccharide. - = not
detected.

Figure 44. Chart showing surface plasmon resonance (SPR) analysis of BMP2
positive and BMP2 negative HS.

Figure 45. Chart showing BMP2 binding capacity of BMP2 positive and BMP2

negative Celsus HS preparations coated on an Iduron Heparin/GAG binding plate.

Figure 486, Chart showing Alkaline Phosphatase (ALP) activity of BMPZ2 positive and
BMP2 negative HS on C2C12 cells.

Figure 47. Photographs of immunohistochemical analysis of HS enhancement of
ALP activity. BMP2 specific HS enhanced ALP activity induced by BMP2 at a greater
degree compared to non-specific HS when evaluated histochemically. BMP2 at 100
ng/ml was introduced in combination with 0, 0.3, 3 and 30ug/m! of BMP2 positive or
BMP2 negative HS.

Figure 48. No Figure.

Figure 49. Chart showing BMP2 binding capacity of selectively (2-0, 6-0 and N-) de-
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sulfated BMP2 positive HS and indicating charge-substitution pattern of HS chains
required for binding to BMP2.

Figure 50. Chart showing effect of heparin on BMP-2 stability.

Figure 51. SEM photograph of JAX™ ~tricalcium phosphate bone filler, X-ray
photographs of Rabbit ulna defect model. liustration of combination with 30ug
HS/BMP2 in 200ul hydroget (88% water, glycerol, sodium carboxymethyl cellulose).

Figure 52. X-ray and microCT scan analysis of Rabbit ulna defect model freated with

JAX™ bone filler (control) or JAX™ bone filler plus HS/BMP2 at 4 weeks from
treatment.

Figure 53. X-ray and microCT scan analysis of Rabbit ulna defect model treated with
JAX™ bone filler (control) or JAX™ bone filler plus HS/BMP2 at 8 weeks from
treatment.

Figure 54. Charts showing % bone volume as assessed by microCT scan in Rabbit
ulna defect model treated with JAX™ bone filler (controf), JAX™ bone filler plus
HS/BMP2 (HS3) or JAX™ bone filler plus BMP2 negative HS at (A) 4 weeks from
treatment and (B) 8 weeks from freatment,

Figure 55. Immunoblot showing levels of Smad 1/5/8 phosphorylation following
exposure to negative control, BMP2 alone, BMP2 + Heparin or BMP2 + HS3.

Figure 56. Diagrammatic fllustration of experimental design of non-union critical
rabbit ulna defect repair.

Figure 57. Chart showing percentage release of heparin from JAX™ granules over
time.

Figure 58. X-ray micrographs showing healing rabbit ulna defect model treated with
Jax™ bone filler pius: cortrobre-HS), 30ug HS3 (HS30)or 1004gHS3 (HST00) Mt

weeks 0, 4 and 8.

Figure 59. Micrographs showing micro CT (computerized tomography) with 3D
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image rendering of the Jax stars within bone defects after 4 and 8 weeks post-
surgery, compared to image-processed X-ray reconsiructions (new bone in yellow).
MicroCT rendered images in grey to the right of the X-ray images.

Figure 60. Chart showing quantification of the % bone volume of fotal volume
(BVITV) for the treatment groups (control Vs HS30 and HS100) at weeks 4 and 8.

Figure 61. Micrographs showing H&E staining (vide infra) for the 3 freatment groups
{control (no HS), 30ug HS3 (HS30) or 100ug HS3 (HS100)) over weeks 4 and 8.

Figure 62. Higher magnification micrographs (compared with Figure 61) showing
H&E staining for the 3 treatment groups (control (no HS), 30ug HS3 (HS30) or 100ug
HS3 (HS100)) over weeks 4 and 8.

Figure 63. Micrographs showing Ralis Tefrachrome staining (vide infra) for the 3
treatment groups (control (no HS), 30ug HS3 (HS30) or 100ug HS3 (HS100)) over

weeks 4 and 8.

Figure 64. Higher magnification micrographs (compared with Figure 63) showing
Ralis Tetrachrome staining for the 3 treatment groups (control (no HS), 30ug HS3
(HS30) or 1004g HS3 (HS100)) over weeks 4 and 8.

Figure 65. Micrographs showing osteocalcin immunostaining (vide infra) for the 3
treatment groups {control (no HS), 30ug HS3 (HS30) or 1004g HS3 (HS100)) over
weeks 4 and 8.

Figure 66. Higher magnification micrographs (compared with Figure 65) showing
osteccalcin immunostaining for the 3 treatment groups (control {(no HS), 30ug HS3
(HS30) or 100ug HS3 (HS100)) over weeks 4 and 8.

Figure 67. Photographic illustration of torsional testing apparatus.

Figure 68: Charfeshowirg-fypical torsior vs. angle forintiebuliay plus-stifftiess ang +
maximum torque for HS30 at week 8.

Figure 69. X-ray micrographs at 0 weeks showing rabbit ulna defect model treated
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with collagen sponges soaked with one of the following treatments (total 300 pL, in

PBS). 30 ug HS3, 10 ug BMP-2, 30 yg HS83 + 10 g BMP-2 or an equal volume of
PBS.

Figure 70. X-ray micrographs at 4 weeks showing healing in rabbit ulna defect
model treated with collagen sponges soaked with one of the following treatments
(total 300 L, in PBS): 30 pg HS3, 10 ug BMP-2, 30 g HS3 + 10 ug BMP-2 or an
equal volume of PBS.

Figure 71. X-ray micrographs at & weeks showing healing in rabbit ulna defect
model freated with collagen sponges soaked with one of the following freatments
(fotal 300 yL, in PBS): 30 yg HS3, 10 pyg BMP-2, 30 g HS3 + 10 pg BMP-2 or an
equal volume of PBS.

Figure 72. Chart showing micro CT analysis at 4 and 8 weeks for rabbit ulna defect
model ireated with collagen sponges soaked with one of the following treatments
(lotai 360 uL, in PBS): 30 pg H33, 10 ug BMP-2, 30 g HS3 + 10 ug BMP-2 or an
equal volume of PBS,

Figure 73. Charts showing maximum torque and stiffness at week 8 for rabbit uina
defect model treated with collagen sponges soaked with one of the following
treatments (fotal 300 L, in PBS): 30 ug HS3, 10 pg BMP-2, 30 y4g HS3 + 10 ug
BMP-2 or an equal volume of PBS.

Figure 74. Chart and micro CT image showing percentage bone volume at week 4
for rabbit ulna defect model treated with collagen sponges soaked with one of the
following treatments (fotal 300 L, in PBS): 30 ug HS3, 10 ug BMP-2, 30 ug HS3 +
10 pg BMP-2 or an equal volume of PBS.

Figure 75. Charts showing compatison at week 4 of percentage bone volume in the
rabbit ulna defect model between trea’cmént with Jax™ TCP stars and collagen

sponges when combined with one of 10 g BMP-2 (BMP10), 30ug HS3 (HS30), 10 -
LG BNIFRZ- 30y HE3 188 g HS3 (HS100} or control.

Detailed Description of the Invention
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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 otit 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.

We investigated the potential of GAGs to augment the activities of bone
morphogenic protein 2 (BMP2). The highly_psteoinduotive activity of BMP2 for the
murine myogenic cell line C2C12 have beén well characterised. Studies both in
this cell line, and in vivo, have implicated a role for glycosaminoglycans in
modulating this activity.

BMP2's affinity for heparin has similarly been well characterised. Numerous
studies have been conducted that have sought o examine the dynamic
interaction between BMP2 and GAGs. Some have proposed that the interaction
is inhibitory, and so responsible for either sequestering the cytokine away from
the receptor or inducing its association with its numerous inhibitors, such as
noggin, that have been shown, similarly, to have an affinity for heparin.
Alternative findings implicate the interaction between BMP2 and GAGs is one of
maintaining a local concentration of the cytékine around cells that require its

signalling in order to differentiate into' the osteoblast lineage.

These findings also suggest that the association serves to significantly lengthen
the half-life of the homodimer, so allowing it to remain active in the ECM for
longer periods. As is the case with most systems, the actual role of this

interaction is likely to be blend of some, or all of the above.

Although many studies have provided evidence for the interaction that BMP2 has
with model sugars, the specific intetaction between the BMP2 heparin-binding
peptide (BMP2-HBP), a string of arpino acids (QAKHKQRKRLKSSCKRHP [SEQ
ID NO: 1]).located at the. N-terminal end of each BMP2 monomer, and
appropriatée glycosamiftoglycans has received relatively little aftertion. A majér-
question that arises is whether there is a complementary saccharide sequence
embedded within an HS chain that controls the association with an absolute, or at
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least relative, specificity.

We sought to isolate a sequence-specific glycosaminoglycan that could modulate
BMP2 activity via a direct interaction with the cytokine.

Example 1

MATERIALS AND METHODS

Buffer Preparation

Preparation of all buffers for GAG extraction and analysis is conducted with strict
attention paid fo quality. It is vital that the pH of buffers is maintained at the correct
level and that all buffers be filtered and degassed in order to prevent the clogging of
columns with precipitates or bubbles. The formation of bubbles, in particular, can
cause serious damage fo columns, and in the case of sealed, pre-fabricated
columns, leads fo them becoming unusable.

All buffers used were filiered with 1x PBS without Ca®* or Mg® (150mM NaCl), or
double distilled {ddH;0} to make the final solutions.

Disruption Buffer
The 8M Urea/CHAPS disruption buffer consisted of PBS (150mM NaCl) with 1%
CHAPS, 8M Urea and 0.02% NaN; o prevent contamination by microbial growth

during storage. This solution was used to disrupt matrix (MX) samples, so was not
degassed or filtered.

PGAG Anion Exchange Low Salt (250mM) Buffer

Low salt PGAG aﬁion exchange buffer comprised PBS (150mM NaCl) with an
additional 100mM NaCl, The buiffer was equilibrated to pH 7.3 with NaOH and
0.02% NaNs;. The solution was then degassed under negative pressure and
constant stirring until no further bubbles were released before being filtered
through a 0.4 gm filter. ..

PGAG Anion Exchange High Salt (1M) Buffer
High salt PGAG anion exchange buffer comprised PBS (150mM NaCl) with an
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additional 850 mM NaCl. The buffer was equilibrated fo pH 7.3 with NaOH and
0.02% NaN; added. The solution was then degassed under negative pressure
and constant stirring before being filtered through a 0.4 um filter.

Pronase/Neuraminidase PGAG Reconstitution Buffer

This buffer was used to reconstitute desalted PGAG sampies after anion
exchange in order to prepare them for enzymatic digestion of the associated core
profeins. It consisted of 25 mM sodium acetate (CH;COOHNa). The buffer was
equilibrated fo pH 5.0 with glacial acetic acid (CH;COOH). Both pronase and
neuraminidase enzymes were reconstifuted according to the

manufacturer’s instructions.

GAG Affinity Chromatography Low Salt (150mM) Buffer
Low salt GAG anion exchange buifer was made using PBS {150mM NaCl)
without any additional salt. The buffer was equilibrated fo pH 7.3 with NaOH and

0.02% NaNa.. The solution was degassed under negative pressure and constant
stirring undil no further bubbles were released before being filtered through a 0.4
um filter.

GAG Affinity Chromatography High Salt {(1M) Buffér

High salt GAG anion exchange buffer was made using PBS (150 mM NaCl) with
an additional 850 mM NaCl. The buffer was equilibrated to pH 7.3 with NaOH
and 0.02% NaNj was added,, the solution was then degassed and filtered

through a 0.4 um filter.

Desalfing Solution

The desalting solution was made using ddHzQ that was equilibrated to pH 7.0
with 0.02% NaNs. The solution was then degassed and filtered.

Sanmple Preparation

Matrix samples were disrupted using Disruption Buffer (8M Urea/CHAPS), then
scraped off the culfure.surface in this buffer and stirred overnight at 37°C to
ensure maximalklysis. Fhesamples were then centriftigedrat- S0 g for30 min & -
and the supernatant was clarified through a 0.4 ym filter in preparation for PGAG
extraction via anion exchange chromatography.
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Column Preparation & Usage

The choice and preparation of the types of celumns to be used for each sequential
step in the isolation and characterisation of GAGs is of major importance for the
success of the protocol. It was vital that at each step the columns were equilibrated
and cleaned with great care.

Anion Exchange Columns

Due to the relatively large quantities of MX stlbstrate used for GAG extraction,
and the high load this places on the column system, it was necessary {o pack
and prepare a large anion exchange column manually, specifically for this study.
Capto Q anion exchange heads (Pharmacia) were packed into a Pharmacia XK
26 column (Pharmacia) to produce a column with a maximum loading capacity of
500 ml of MX lysate per run.

Prior to use, both the column and all buffers were equilibrated o room
temperature for 30 min, before washing and equitibrating the column in PGAG
Anion Exchange Low Salt (2506 mM) Buffer for 3G min untii all absorbance
channels remained stable. The clarified cell lysate was then passed through the
column which was again rinsed in 500 ml of low salt buffer to remove any
nonspecifically bound debris. PGAGs were then eluted using 250 ml of PGAG Anion
Exchange High Salt (1M) Buffer and lyophilised pricr to desalting. The column
was then rinsed in low salt buffer and returned to 4°C for storage.

Desalting Protocol

After PGAG/GAG isclation it was necessary to remove the high amount of salt
that accumulated in the sample during elution from the column. For this step, all
eluted samples of the same experimental group were combined and loaded ontfo
4x Pharmacia HiPrepTM 26/10 desalting columns. Prior to use, both the columns
and all solutions were equilibrated to room temperature for 30 min before
washing and equilibrating the column in Desalting Solution for 30 min until all
absorbance channels achieved stability. Lybphi[ised samples were reconstifuted
in Desalting, Solution. in.the minimum possible volume that resulted in.a clear
sofutior:. This combinatiomof columns permittet! thedloading-of updo68'mlof -
sample. Those fractions eluting from the column first were lyophilised and
retained for further separation or cell culture application, The columns were then
rinsed in Desalting Solution and returned fo 4°C for storage.
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BMP2-HBP Column Preparation

The isolation of GAGs carrying relative affinities for BMP2 was conducted using a
BMP2-HBP column. Approximately 2 mg of biotinylated BMP2-HBP was
prepared in 1 mi of the GAG Affinity Chromatography Low Salt (150mM) Buffer.
This amount was loaded onto a HiTrap Streptavidin HP column (Pharmacia) and

allowed to attach to the column for 5 min. The column was then subjected to a
complete run cycle in the absence of GAGs. The column was washed in 13 ml of
low salt buffer at a flow rate of 0.5 ml/min before being subjected to 10 mi of
GAG High salt buffer at 1 mi/min. Finally the ‘t!:olumn was rinsed with 10 mi of low
salt buffer. During this process data was carefully monitored to ensure that no

pepfide elution or column degradation was observed.

GAG+ Sample Isolation

Once the BMP2-HBP column had been prepared and fested for stability under
normal running conditions, it was ready to be used for the separation of GAG+
chains from {GAG (total GAG) samples. tGAG samples (6 mg) were prepared in 3 mi
of GAG affinity low salt (150 mM) buffer and injected into a static loop for loading
onto the column. Prior to use both the BMP2-HBP column and all buffers were

equilibrated to room temperature for 30 min before washing and equilibrating the
column in low salt buffer for 30 min until all absorbance channels were stable. The
sample was then loaded onto the column at 0.5 ml/min and the column and the
sample rinsed in 10 ml of low salt buffer at 0.5 ml/min. Retained GAG+ samples were
subsequently recovered by elution with 10 mi of high salt (1 M)

buffer and lyophilised for desalting. The column was then rinsed in 10 m| of low

salt buffer and stored at 4°C.

Pronase/Neuraminidase Treatment

In order to isolate GAG chains from their core proteins, they were digested using
pronase and neuraminidase. Lyophilized PGAG samples were resuspended in a
minimum volume of 25 mM sodium acetate (pH 5.0) and clarified by filtration
through a.0.4 um syringe filter. Total sample volume was dispensed.into 10 ml
glassHiesinss0@d aligusts: 500 ul of 1 mg/ml neuramihidase wasradded and
incubated for 4 h at 37°C. After incubation 5 ml of 100 mM Tris-acetate (pH 8.0)
was added to each sample. An additional 1.2 ml of 10 mg/ml pronase,
reconstituted in 500mM Tris-acetate, 50 mM calcium acetate (pH 8.0), was
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added to each sample and incubated for 24 h at 36°C. After treatment all
volumes were combined and prepared for anion exchange processing by
centrifugation and filtration,

GAG Digestion Protocols

The analysis of GAGs, including their sulfated domain sizes and relative sulfation
levels, was carried out by using established protocols including degradation by
gither nitrous acid or lyases.

Nitrous Acid Digestion

Nitrous acid-based depolymerisation of heparan sulfate leads to the eventual
degradation of the carbohydrate chain info its individual disaccharide components
when taken to completion. Nitrous acid was prepared by chilling 250

pl of 0.5 M He80,4 and 0.5 M Ba{NO,), separately on ice for 15 min. After cooling,
the Ba(NO,), was combined with the H,S0, and vortexed before being
centrifuged to remove the barium sulfate precipitate. 125 yl of HNO. was added
to GAG samples resuspended in 20 gl of H,0, and vortexed before being
incubated for 15 min at 25°C with occasional mixing. After incubation, 1 M
NazCO; was added to the sample to bring i to pH 6. Next, 100 gl of 0.256 M
NaBH, in 0.1 M NaOH was added to the sample and the mixture was heated to
50°C for 20 min. The mixture was then cooled to 25°C and acidified with glacial
acetic acid to pH 3 in the fume hood. The mixture was then neutralised with 10 M
NaOH and the volume was then decreased by freeze drying. The final samples
were run on a Bio-Gel P-2 column to separate di- and tetrasaccharides to verify
degradation.

Heparinase 1l Digestion

Heparinase il is an enzyme that cleaves sugar chains at glucuronidic linkages.
The series of heparinase enzymes (1, I and 1fl) each display relatively specific
activity by depolymerising certain heparan sulfate sequences at particular
sultation recognition sites. Heparinase I cleaves HS chains within NS regions
along the chain. This leads to the disruption of the sulfated domains that are
thoughtfor carry-moest'ofthe biological activity of HS.‘Heparinaseiil- =
depolymerises HS within the NA domains, resulting in the separation of the
carbohydrate chain into individual sulfated doi‘nains. Lastly, Heparinase Il
primarily cleaves in the NA/NS “shoulder” domains of HS chains, where varying
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sulfation patterns are found.

In order to isolate potential active domains we focused on the depolymerisation

of GAG+ NA regions. Both the enzyme and lyophilised HS samples were

prepared in a buffer containing 20 mM Tris-HCI, 0.1 mg/ml BSA and 4 mM CaCl,

at pH 7.5. The concentration of heparinase [l added to each sample is governed

by the relative quantity of HS components in the sample. Our analysis, via nitrous
acid depolymerisation, indicated that the GAG+ samples consisted of predominantly
HS; thus the enzyme was used at 5 mU per 1 ug of HS. The sample was incubated
at 37°C for 16 h before the reaction was stopped by heating to 70°C for 5 min. The

sample was then applied to the appropriate column system for further analysis.

Cell Culture

GAG Production

In order fo isolate GAG species representative of developing ostecblasts, MC3T3
cells were grown in osteogenic conditions for 8 days. The cellular component was
removed via incubation in a dilute solution of 0.2 M ammonium hydroxide (NH;OH)

at 25°C for 5 min. After 5 min, NH;,OH was removed by inversion of the culture
surfaces. Treated cultures were allowed to dry in a laminar flow cabinet overnight.
The following day the treated cultures were washed three times with sterile PBS and
allowed to dry in the laminar flow cabinet. Prepared matrix cultures were then stored
under sterile conditions in 4°C until primary proteoglycans were liberated via

treatment with disruption buffer and anion exchange chromatography.

BMP2-Specific GAG Bioactivity

C2C12 myoblasts were subcultured every 48 h, to a maximum of 15 passages,
by plating at 1.3 x 10* cells/om? in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% FCS. Osteogenic differentiation was induced at 2 x 10*
cells/cm? in DMEM supplemented with 5% FCS, nominated concentrations of
recombinant human bone morphogenic protein-2 (rhBMP2) and

glycosaminoglycan fractions with a positive or negative affinity for rhBMP2
(GAG+ and GAG- respectively). rhBMP2 and GAG fractions were pre-incubated
f6i30imin af25°C prigrto addition to their corresponding:€2C 124 eultures. The
cultures were permitted to grow under these conditions for 5 days, with media for
each condition being changed every 48 h, before mRNA samples were exiracted
and prepared for RQ-PCR analysis. Real time PCR for osteocalcin expression
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was conduced using the ABI Prism 7000® sequence detection system
(PerkinElmer Life Sciences). Primers and probes were designed using Primer
Express software (v2.1, PE Applied Biosystems). The target probe was redesigned
to incorporate LNA bases and labelled with BHQ-1 (Sigma-Proligo). The ribosomal
subunit gene 183 (VIC/TAMRA) was used as an endogenous control, with each
condition consisting of three repeats, each tested in triplicate. The raw PCR data was
analysed using the AB! Sequence Detector software. Target gene expression values
were normalised fo 188 expression prior to the calcuiation of relative expression
units (REUSs).

RESULTS

Anion Exchange Chromatography

In order to successfully extract GAGs from MX samples, it is necessary to remove
other matrix proteins that may contaminate the sample. As GAGs constitute the most
negatively charged molecules in the ECM, this is most effectively accomplished with

anion exchange chromatography.

Samples were disrupted using 8M Urea/CHAPS buffer and loaded onio the anion
exchange column. Unwanted protein and ECM debris were washed from the column
and the negatively charged GAGs eluted with 1 M NaCl. A typical chromatogram
(Fig. 1) clearly shows the flowthrough of a large amount of nonadherent debris, as
well as the clean and tight elution of a large quantity of GAGs from the MX
preparation. Thus not only does this result demonstrate the purification of GAGs by
this method, it also confirms the retention of a large number of GAGs in the ECM
after treatment with NH,OH.

Desalting

Virtually all chromatography methods employed to purify and analyse GAGs at
various stages of processing require elution with high-salt buffers. As high salt
conditions interfere with affinity-based chromatography, it is necessary to desalt
samples after each stage of processing. This process. is.generally completed with.
sizé exclusiorschrematography: Under these condiionisslargermaetecules, suchw
as GAGs, exit the column before small molecules, including the salt and smalt
GAG debris. The separation of GAGs from the contaminating salt can be

followed on the resulting chromatogram (Fig. 2) which also serves to confirm
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that the GAG chains remained intact during the treatment process.

BMP2-HBP Column System

Column Preparation

Due to the prohibitive costs involved in creating a BMP2 growth factor column
with commercially available reagents, we instead utilised a biotinylated
preparation of the known heparin-binding domain of BMP2 (BMP2-HBP). This
peptide was immobilised on a Hi-Trap Streptavidin HP column {1 mi) in order to
specifically retain GAG chains with an affinity for the specific heparin-binding
domain peptide.

First we examined any background affinity the GAGs may have had for the
naked streptavidin column by running the total GAG ({GAG) fraction against a
column bed devoid of BMP2-HBP (Fig. 3). Our results confirmed that our MX
derived tGAG samples carried no inherent affinity for the streptavidin column.
We further investigated two separate methods of exposing tGAGs to the BMP2-
HBP for the purpose of separating chains with a specific affinity. The peptide was
either pre-incubated for 30 min with 25 mg of tGAGs prior to loading onte the
streptavidin column, or was loaded first, with the tGAGs being run through the
column bed thereafter.

Pre-incubation of tGAGs with the BMP2-HBP revealed the complete inability of the
peptide to associate with the column (Fig. 4), let alone mediate any isolation of
specific GAGs. When the peplide was loaded onto the column alone, however, its
association with the column was absolute, with effectively no elution of peptide, even
under 1 M salt conditions (Fig. ). This high affinity association indicates that the
biotin-streptavidin association is functioning correctly, and suggests a possible
inhibition of binding to the column, when loaded together with tGAGs, due to steric
hindrance.

Column Loading Capacities

As the proportion of tGAGs that were likely to have a relative.affinity for the
BMPEHBFRwasunknown, we first sought to standardige tfie-quandities of tGAGs
loaded onto the peptide column at each run for separation. Hi-Trap columns were
prepared by immobilising 1 mg of the BMP2-HBP for the extraction of tGAGs with
a specific affinity for the BMP2 heparin-binding site. This amount was selected so
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as to maximise the quantity of available peptide for future experiments should
column stability become compromised over time. Instability is a significant
problem with peptide columns, with corresponding impacts on consistency.
Initial attempts at loading of 25 mg of tGAGs onto a 1 mg BMPZ-HBP coupled
column resulied in a clear overloading, as observed via absorbance at 232 nm in
the flowthrough (Fig. ). Although a significant elution peak was observed,
{GAGs with affinity for the HBP were lostin the flowthrough due fo overloading.
This was examined by re-running the flowthrough through the peptide column
(Fig. 7). This resulted in a significant GAG+ (elution) peak, indicating that the
previous run had saturated the column.

Further opfimisation led us fo routinely load no more than 6 mg of tGAGs onfo a
2 mg BMP2-HBR column. This, as evidehc&d‘ by the flowthrough peak (Fig. 8)
and the gbsence of a positive-binding fraction (Fig. 9), forestalled column
overloading. The extraction of those 1GAGs with an affinity for the BMP-HBP
from sach sample set in a single pass allowed us, in fum, 10 separale GAGH and

GAG- fractions more sfficlently,

GAG Oomain Analysis
SAGY Chain Specificity

With the establishment of 2 standardised protocel, we were able o reproducibly
izolate GAGH fractions for further analysis.

Given the domain siructure of heparan sulfate that mediates the binding specificity

for proteins, i is likely that multi-domain GAG chaing that bind o the column are in

fact composed of a large proportion of chain with fittle or no specific affinity for BMP2.
Simnitarly, it is possible that chains that appeared GAG- may in fact contain domains
that carry some affinity for the BMP2-HBP. In order to examine these possibilities, it
was necessary to break down the GAG chains into theilr component domains for

mors exiensive examination.

The enzyme heparinase I}l {(heparitinase [} cleaves HS chains primarily in those
aresastankirghighly sulfated regions, thereby liberafing the highly charged,
protein-associating domains that bind susceptible growth factors, in this case the
BMP2-HBP. Both GAG+ and GAG- fractions wers exposed to heparinase

digestion, although neither fraction showed any change in their affinity for the
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BMP2-HBP (Fig. 10).

Heparinase i digestion of both full length GAG+ and GAG- fractions was
subsequently conducted, and both digested sample sets subseqguently loaded
onto the BMP2-HBP column to assess retenfion affinity.

The efficacy of the heparinase digestion was validated by the increase in relative
absorbance of samples of equal dry weight after enzymatic digestion, as shown

in Figures 10 and 12. As the monitoring of GAG chains at 232 nm is via the sugar
chain itself and, in particular, unsaturated bonds, any cleavage along the chain’s
length by heparinase 1], resulting in unsaturated bonds of H3 fragments, leads {o an

increase in absorbance.

Interestingly, heparinase digestion of full length GAG- chains yielded no fractions
carrving any notable affinity for the BMP2-HBP (Fig. 11). However, the digestion of
full-length GAG+ samples similarly resulted in no fractions that lacked affinity for the
BMP2-HBP (Fig. 12). This result suggests that entire chains of BMP-binding GAG
are produced containing domain repeats that have a specific affinity for the HBP.
Alternatively, the HBP may not be able to vield sufficient discrimination between
GAG+ domains with varying affinity under these minimalist conditions.

GAG+ Composition
Full Length GAG* Sizing

In order to examine the composition of GAG+ fractions‘from the BMP2-HBP column,

we first examined their average size. This was to ensure that we were actually
separating GAG chains of reasonable length, rather than small fragments not
carrying any specific affinity. Although any sizing of GAG chains is problematical,
owing to their relatively rigid rod-like conformation, a set of assumptions invoking

Stoke’s radius and apparent sphericity can be made.

Full length GAG+ samples were loaded onto Biogel P10 gel filtration columns (1
cm x 120 om) with an exclusion limit of between 20 kDa fo 1.5 kDa, Absorbance
meastured'at 232 nnrindicated a large-proportion'of GAG+maolecules had an
overall apparent size greater than 20 kDa (Fig. 13).

It has been posited that sugar chains must be longer than approximately 10-14



10

15

20

25

30

35

89
rings in order 1o potentiate significant biological activity for the FGF family of
mitogens. In terms of apparent molecular weight, a chain of 14 fully sulfated
disaccharides corresponds to approximately 8.7 kDa. As the majority of chains
found in the GAG+ samples show an apparent molecular weight > 20 kDa, it is
reasonable to assume that the interaction that they carry for the BMP2-HBP has

some specific affinity and is not the result of a general non-specific interaction.

GAG+ Sugar Species

There are five major glycosaminoglycan sugar families: hyaluronan, keratan
sulfate, dermatan sulfate, chondroitin sulfate and heparan sulfate. Of these five,
only heparan sulfate, chondroitin sulfate and dermatan sulfate have the capacity
to generate variably sulfated domains that may code for specific interactions with
particular cytokines such as BMP2. The ideniification of the type of sugar
species isolated using the BMP2-HBP column was of crucial importance for this
study, and was determined using a combination of diagnostic chemical and
enzymatic degradations. In particular, heparan sulfate, one of the major GAG
candidates for the interaction with BMP2, can be completely degraded into ifs
disaccharide components in the presence of nitrous acid.

Thus, our HBP-retained GAG samples were incubated with nitrous acid for 20
min prior to separation on a Biogel P10 sizing column. Examination of the
resulting chromatogram revealed an almost complete degradation of all GAG+
sugar samples, as measured by absorbance at 232 nm and 226 nm (Fig. 14).

This result strongly suggests that the full length sugar chains isolated specifically
against the BMP2-HBP consist primarily of heparan sulfate, as other sugar chains
are not affected by nifrous acid depolymerisation.

Although almost all the GAG+ chains could be degraded in such a manner, a small
peak was nevertheless observed at higher molecular weights (>20 kDa). It can be
postulated to consist of chondroitin sulfates, of which CS-B (dermatan sulfate) and
CS-E (chondroitin-4,6-sulfate) demonstrate sulfation complexity akin to heparan
suffates.

GAG Species Analysis
BMP2-HBP Specific GAGs (Alternative Species)
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The degradation of full length GAG+ chains by exposure to nitrous acid clearly
indicated that the majority of GAG+ sugar chains consisied of the heparan sulfate
sugar species (Fig. 14). The degradation of the GAG+ sample was not, however,

compleie as was observed by the remnant peak in the high molecular weight region.

The presence of this peak points sirongly to the possibility of other species of sugar
chains, such as chrondroltin or dermatan sulfate. We next sought to examine the
possible affinity the other two sugar types may have for this cytokine by first

examining a variety of commercially available chondroitin and dermatan sugars for
their affinity to the BMP2-HBP column.

We tested chondrollin-4-sulfate (C48), chondroitin-6-sulfate (C65) and dermatan
sulfate (DS) by, in each instance, loading 6 mg of the sugar onto the BMP2Z-HBP
ocolumn under the same conditions used {o isolate GAGH chalns from MC3T3

malrix samples.

‘The chromatograms illusirating the affinily of each of the 3 sugar chain types
showed that only C45 (Fig. 15) had any significant affinity for the peplide. This
affinity taken together with the lack of affinity for the BMP2-HBEP column
observed for both C88 (Fig. 16) and DS (Fig. 17} samples, appears to
indicale that C43 has a particular, potentially significant, interaction with the
BMPZ heparin-binding site.

As any polential interaction between chondroitin sulfate and BMP2 has not yet
been well characterised, these results led us to question the validity of column
chromatography as an accurate monifor of the BMP2/heparan interaction. In
order to further explore the specificity of the interaction dynamic, we tested
several commercially avallable sugar spedies for their affinity to the column.
These included heparan sulfate, low molecular weight heparin (Heparin-LMW),
high molecular weight heparin (Heparin-HMW) and Heparin-HMW treated with
heparinase 1

Interestingly, none of these commerclally available. GAG species appeared {o
demonstrateraryspecific interaction with-the peptidecolorr. Meparan sulfate
from bovine kidney had very litfle affinity (Fig. 18), a behaviour that was further
confirmed by iis inability to positively augment FGF2-mediated cell proliferation
(data not shown), as is observed in the presence of H82. This reduced
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ability of this GAG sample to bind the column may be as a result of it being sold
in a relatively unsulfated form.

None of the tested heparin samples showed even a minor affinity for the column.
This is of particular interest as BMP2 itself was historically first isolated using
heparin columns. [n order to confirm this result, both LMW (Fig. 18} and

HMW (Fig. 20) heparin were tested; neither showed any appreciable affinity for
the column.

As we surmised that the relatively small BMP2-HBP peptide may have had
difficulty maintaining its association with the much larger heparin molecules, we
next predigested the heparin-HMW samples using heparinase |. These smaller
heparin-HMW fragments were then run over the BMP2-HBP column; this
freatment did not, however, appear fo improve the ability of any of the heparin
samples to bind the peptide column (Fig. 21).

This inability of the peptide column to show any specific interaction with any of

the various preparations of heparin was somewhat unexpected, due to BMP2
conventionally being isolated via heparin affinity. It is possible, however, that this may
be as a result of the reversing of the "receptdr-ligand" order of interaction; in this case
the BMP2-HBP represented the fixed “receptor” as opposed to the heparin that
represented the “ligand”, or that the concenirations of BMP2-HBP or soluble heparin

favour a dissociated state that rapidly negates any affinity under flow/salt stress.

CONCLUSIONS _

The use of a preosteoblast-derived ECM substrate provided us with a useful model
for simulating the activity of natively secreted, ECM-associated GAGs in relation to
such osteoinduction. Though numerous previous studies have examined the role that
this native interaction has in modulating the activity of BMP2, this has usually been
conducted at the level of the cytokine, rather than with a view to exploring the
sequence specificity of the biomodulating GAGs.

Heneehere'we sought fo exploit the availability of néfivelir secreted GAGS in the:
MX substrate and their potential for direct, sequence-specific interaction and

modulation of BMP2-induced C2C12 myoblast commitment to the osteogenic
lineage.
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Anion Exchange

The use of this particular standard and well characterised protocol provided us with
conclusive evidence for GAG accessibility from the NH,OH-treated MX substrate.
Our initial concerns were centred around the harsh chemical treatment used to lyse
the cellular components of the ECM, and that this may have also resulted in the
stripping of the majority of GAGs from the ECM. However, the significant, high affinity
peak observed in the anion exchange chromatogram clearly illustrates the retention
of a large quantity of GAGs within the MX subs’frate. While this particular
methodology does not allow for the identiﬂc:a‘;ion of individual GAG species, it does
offer conclusive evidence of their presence in the sample due {o their being amongst

the most negatively-charged molecules secreted by cells.

BMP2-HBP Column System

Previous research into the functional role of the BMP2 heparin-binding peptide
provided us with a useful tool to investigate the potentially specific interaction that
BMP2 has with GAGs. This single string of amino acids, located at the N-terminus
of each BMP2 monomer, appears to be solely responsible for mediating BMPZ2's
affinity for GAGs.

We thus investigated the use of this region ofithe BMP2 molecule as a ligand “bait” in
attempts to retain those GAG chains that carried relative affinity for the cytokine. The
use of the BMP2-HBP in this manner resulted in a significant retention of HS to the
peptide column (GAG+).

Column Preparation
Using an N-terminal biotinylated HBP we prepared a BMP2-HBP affinity
chromatography column, and were able to successfully retain GAG samples that

were candidates for controlling the native BMP2 homodimer. Initial preparations of
the column highlighted some interesting problems. Preparations of biotinylated
BMP2-HBP that were premixed with tGAGs showed an inability to bind to the
column. As later tests showed that the BMP2-HBP easily aitached to the streptavidin
colummwherfoaded on its own this result indicated thiat the GAGs interfered with:thie
ability of the peptide’s bictinylation site to associate with the streptavidin column. The
tGAGs themselves carried no affinity for the streptavidin, indicating that the direct
interaction with the BMP2-HBP, possibly via steric hindrance, was responsible for
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this.

Column Optimisation

Without any direct information that would allow us to estimate the binding capacities
of GAG+ sugars in our samples, our peptide column needed to be optimised to
ensure that excessive sample loading would not lead to column saturation and
consequent sample loss. This initially involved intentionally saturating the column in
order to examine the binding capacity of a known quantity of BMP2-HBP. Even with a
large quantity of {GAGs the peptide was capable of retaining the majority of GAG+
sugar chains. Under these conditions as little as 1 mg of BMP2-HBP was able to
completely retain all GAG+ chains within two cycles. The column thus appeared to
“simulate” a true BMP2 growth facter column and provide an extremely efficient way
of extracting GAG+ samples.

The optimisation of peptide-based columns for specific GAG isolation is a

complex procedure that varies greatly depending on the size and individual chemical
characteristics of the protein used. Previous studies, utilising FGF-1 and 2 growth
factor columns (Turnbull and Nurcombe, personal communication), also showed a
significant need for continual column maintenance and short viable column life-
spans. These studies demonstrate the laborious nature of working with peptide
columns and the care that must be taken to correcily optimise this manner of system.
Unfortunately, while other systems for the analysis of specific protein-GAG
interactions exist, these generally lack the capacity to isolate sufficient quantities of
GAG:s for further analysis, making them inappropriate for our intended course of
study.

GAG Domain Analysis
GAG sulfation patterns are, particularly in the cass of heparan sulfate (HS),
frequently concentrated into domains of high sulfation that are interspaced with

regions of little sulfation. This grouping of sulfation sites into domains is what
provides region-spacific binding of ligands to the GAG chain, allowing a single

sugar molecule to potentially bind a variety of different targets, and to stabilise
therinteraction betwsen these, as is seen in the FGF'systerm. Exceptions to this
proposed model for HS-ligand interactions include the interaction between interferon
gamma (IFNy) and heparan sulfate. In this instance the interaction between the GAG
and IFNy leads to an increased potency of the cytokine. IFNy that remains
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dissociated from local GAGs is rapidly processed into an inactive form, thereby
preventing its signalling in inappropriate areas after diffusion. IFNy also displays four
separate heparin-binding domains, each with a different sequence, a finding not
unusual for heparin-binding proteins. However, only two domains found immediately
at the C-terminus of the protein have been shown to mediate INFy's heparin-binding
characteristics. Importantly, sequence analysis of the HS sequence with specific
affinity for these two IFNy heparin-binding sites revealed an interesting difference in
comparison o the commonly observed medel of HS-ligand interaction. In this case,
the sequence of HS responsible for the binding of IFNy was found to be composed of
a predominantly N-acetylated region, carrying little sulfation. This region was flanked
by two small N-sulfated regions. This differs significantly with the system observed in
FGF, where sulfation patterns in NS domains are responsible for mediating the
interaction between FGF and HS. In recent yéars, this type of interaction has been
observed in numerous other systems, such as PDGF, IL-8 and endostafin. The
discovery of this kind of interaction with HS, as observed in these cytokines, may be
able to explain the bicactivity observed in hyaluronan, which carries no suifation
patterns at any poinf along its chain and yet has the ability fo modulate the activity of
such factors as NF-KB.

These observed interactions between ligands and GAGs, in particular that of

IFNy, differ significantly {o the proposed,' and our observed, mode of interaction
hefween HS and BMP2. BMP2's single, N-terminal heparin-binding domain exhibits
no secondary structure and appears to interact with HS solely on the basis of charge.
While in-depth sequence analysis of HS that binds this peptide sequence was not
conducted, its requirement to be eluted under approximately 300 mM NaCl
conditions lead us to suspect the presence of & moderate degree of sulfation, thereby
placing this interaction within the conventional model of suifation patterns mediating
specific interactions.

GAG+ Chain Specificity
The allocation of sulfation patterns into domains that give HS its ability to stabilise
proteomic interactions also results in the possibility that a GAG+ sugar chain of

sufffeigntlength and complexity may carry severatdontains that have no direct -
affinity for the BMP2-HBP on their own, due to their carrying a different sulfation
sequence, Conversely, it is also possible that some full-length sugar chains that were
identified as having little affinity for the BMP2-HBP (GAG-) may contain some cryptic



20

30

75
domains that do carry such affinity.

in recent years, numerous reports have beer;pubﬁshed that provide strong svidence
for a “sulfation code” within these complex carbohydrate chains, While the details of
this “sulfation code” remain difficult to elucidate, and the seguencing of long chains of
sulfated carbohydrates is a complex and time consuming process, a number of
possible modes of specific interaction between GAGs and ligands have been
proposed. One observation in particular has led fo the characterisation of numerous
GAG-igand modsls; the grouping of sulfation info discrete regions, or "domains”,
along the length of many types of GAGs, such as heparan sulfate. Interestingly no
template for this phenomenon has yet been observed, and it appears to be primarily
a result of the temporal activity of the sulfoiransferase enzymes responsible for this
phase of GAG synthesls.

Particularly useful fools in the study of specific GAG sequenceas are a number of
heparin lyases that can be used fo examine targeted depolymerisation of complex
carbohydrate chains, thereby providing Insight into their struciure. One parficular
heparan lyase, heparinase Il (heparitinase), cleaves heparin sulfate chains at sites
flanking the highly sulfated domains that may ocour in heparan sulfate chains. Thus,
using this enzyme, it is possible o liberate these polentially active regions from the
full length sugar chains and separate them, if they function as single demains, via
affinity chromatography, from regions with no specific affinify for the BMPZ-HBP.

Itis irnportant fo note that, in the case of GAG-ligand interactions, affinity by
sequence does not necessarily guaraniee bioactivity, The mode of activity mediated
by GAGs during their association with thelr various ligands differs greatly depending
on the system. In some instances whers the sugar chain is responsible for prolonging
protein-protein interaction via stabilisation of tertiary protein structures, such as is
found between FGF and its receptor, and the interaction betwesn HGF/SF and Met,
multiple discrete sulfation regions may be involved in mediating the intended
bioactivity of the sugar chain. In such instances the isolation of individual sulfated
domains from a full length carbohydrate chain may, in fact, result in an inhibition of .
sugarbiozctivity since though each "domainragment® stifl binds its intended targetits
iz unable to mediate the intended biological effect of a combined full length
carbohydrate chain.
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Interestingly, this particular characteristic of GAG-ligand interactions is precisely
what makes this manner of approach useful for modulating BMP2 activity. The
proposed model for GAG modulation of BMP2 bioactivity involves immobilization of
the cytokine to GAGs in the ECM or on the cell surfaces. In this type of system the
application of exogenous GAGs specific to the heparin-binding domain of BMP2
would prevent this interaction, increasing short term BMP2 mediated signalling,
similar to the effect observed during the addition of soluble heparin. While there is
some indication that this manner of inferaction would continue to protect the cytokine
from proteolytic degradation, delocalization of BMP2 from its intended region of

bicactivity has the potential io negatively impact the cytokines effectiveness in the
long term.

Control testing of our full length GAG+ and GAG- chains resulted in similar profiles to
those observed during their primary separation. Analysis of GAG+ and GAG- chains
post treatment with heparinase lll, however, gave surprising results. The digestion of
GAG+ chains did not seem to generate separable fragments based on simple affinity
for the BMP2-HBP. Furthermore, the digestion of full length GAG- chains yielded no
liberation of positive domains from the negative sugar chains. There is some
possibility that the enzymatic digestion did not go to completion. However, the
resulting chromatogram clearly showed a large increase in the absorbance at 232 nm
when compared fo the full length GAG chains. As a large proportion of the
absorbance of glycosaminoglycans at 232nm is mediated via absorbance of
unsaturated bonds, such as those formed during enzymatic depolymerisation, it

strongly indicates that the enzymatic digestion was, in fact, successiul.

The implications of this result are somewhat unusual. This data suggests that GAG
chains are not only synthesised by cells o specifically interact with BMP2, but that, in
the case of MC3T3 cells, these sugar chains carry a number of sequence repeals
specific for aspects of BMP2 metabolism. The fact that BMP2 is an exiremely potent
factor may offer an explanation for this observation. The effects of BMP2 on the
osteoinduction of mesenchymal progenitor celis is well documented, as is its ability to
induce ectopic bone formation in cells that are even more removed from the .«
osteogenic lineage. Given this potency, aberrant'sighaliing of BMP2 Is known tofiave:
deleterious consequences both for healing and in development. It is possible that
numerous repeats of the BMP2-HBP interaction sequence on preostecblast GAGs
are designed to ensure a maximal binding, and thereby the modulation, of this
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cytokine’s ability to induce alterad cell fate, Conversely, the extremsly low
concenfrations of BMP2 produced in vivo may also require this type of sugar chain
production in order fo ensure the retention of a sufficient local concentration, an
observation supported by the exiremely high concentrations of BMP2 required in vitro
to induce the osteogenic differenfiation of C2C12 myoblast cslis.

Of particular inferest is the fact that this repetition of BMPZ-binding domains is
produced via a synthesis pathway for which no femplate or timing mechanism has
yet been elucidated, The accuracy and reproducibility of sequence specific domains
within g single sugar chain {as opposed {o the random clustering of sush domains
with those against other ligands) strongly suggests that these cells do, in fact, have
the ability fo direct the generation of specific sugar sequences. The current
understanding of HS structure implicates the progressive post-synthesis “editing” of
the carbohydrate chain in the generation of sequence-~specific regions, with
chservations poinfing fowards some manner of enzymatic "tlemplate”, whereby the
local concentrations of particular sulfolransferases as well s other interacting
molecuies are used lo directly control the generation of specific sugar sequences,
Our current understanding of this mode of specific synthesis is largely formulated
based on numercus studies including those by Lindahi et al, that investigated the
high affinity interaction between antithrombirs Il and heparin, and those by Esko et al.
involving Chinese hamster ovary (CHO) cell mutants with altered GAG synthesis
pathways. These studies, while varying significantly in their approaches to GAG
analysis, all point fowards a highly conserved system of specific GAG synthesis,

for the directed modulation of cyickine and receptor activity. Importantly, these
studiss also serve to explain the potential generation of such BMP2 repeals as
were ohserved in our study.

GAG+ Constitution
Full Length GAGH Size
The bicactivity of individual GAGs chains for FGFs is closely related to carbohydrate

chain length. A common approach to assessing GAG bicactivity is to assay ever

shorter sulfated domain fragments and so determine the shortest possible sequence.
reqquited-to mediate the activity observed.

Using this approach we first examined full length GAGH+ sugar chains, and

determined that they were >20KDa in size, long enough fo carry multiple domains
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with affinity for BMP2. Interestingly, this obsgzrvation provided support for the earlier
observation that GAG+ samples treated witﬁ heparinase 3 showed multiple repeats
of carbohydrate chain segments with a specific affinity for BMP2, since a variably
sulfated sugar chain of this size has the capacity to carry numerous sulfated
domains.

GAG* Sugar Species

With the majority of the five glycosaminoglycan types that constitute the “glycome”
able to encode the observed specific interactions with BMP2, it was necessary to
elucidate which of these GAG types could be involved in this specific association.
Although the prime candidate for this interaction is a heparan sulfate, analogous

growth factor interactions have also been identified for chondroitin and dermatan
sulfates.

Heparan sulfate can be totally depolymerised into its disaccharide components with
nitrous acid. This particular characteristic, shared with heparin and keratan sulfate, is
essential for the analysis of specific GAG populations. In the case of our analysis of
the carbohydrate constifuents of our GAG+ samples, degradation due to nitrous acid
was diagnostic of heparan sulfate. This probability is primarily due to its heparan
sulfate’s higher degree of charge patterning via sulfation in comparison to either
heparin or keratan sulfate. Ultimately, this charge patterning is responsible for
BMP2's specific interaction with HS.

Our analysis utilising the nitrous acid protocol showed a complete degradation of the
GAG+ sample set indicating that the majorit}; of sugars in the GAG+ sample set were
in fact 1,3-linked and, thus, were heparan sulfate. This result supports the numerous
observations in regards to the specificity of heparan sulfate cytokine interactions,
particularly the interaction that BMP2 exhibits with heparin and HS.

GAG Species Analysis

BMP2-HBP Specific GAGs (Alternative Species)

The small remnant peak that was observed after the degradation of GAG+ samples
Byanitrous acid supports the possibility that other'suifsted GAGs carrying some
specific affinity for BMP2 may be found in the GAG+ sample set. Given our current
understanding of the role of sulfation in mediating the interaction beween GAGs and

BMP2, chondroitins and dermatans are the most likely alternative sugars to show a
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specific interaction with BMPZ as these show the highest potential diversity in
sulfation patterns.

A methodology frequently employed for GAG analysis includes examining the role of
individual sulfation positions on GAG-ligand inferactions. This method of analysis
gives an indication of the importance of individual sulfation positions in maintaining
the interaction between the GAG chain and its specific target. Furthermaore, since the
different species of GAGs only have the polential {o carry suifation patierns specific
o their species, this can aid in narrowing the possible glycosaminoglycan candidates
that may show an affinity for a specific ligand.

To this end we examined the affinity for the BMP2-HBP carried by variably sulfafed
CS chains, C45 and CBS, and standard DS, interestingly, only C4S carried any
significant affinity for the BMP2-HBP, This data indicates that it is likely that the 4-O-
sulfation is necessary for CS fo interact with the BMP2-HBP, Interestingly, dermatan
sulfate showed no affinity for the BMP2-HBP. This observation is of interesi since DS
is the only CS species that demonstrates diversity in sulfation similar to that of HS.
Furthermore, our observations indicate a possibility that the epimerisation of GleA o
idoA in DS compromises the ability of this sugar type 1o bind the BMPZ-HBEP. Both
C43 and DS are able 1o carry 4-O-sulfation, yet only smail quantities of DS were
refained on the column in comparison to C4S. Altermnatively, this fack of affinity may
simply be due o this particular balch of DS not carrying sufficient 4-O-sulfation to
effectively mediafe binding to the BMP2-HBP. Interestingly, these particular
observations appear to demonstrate an interaction between BMPZ and CS carrving
4-O-sulfation. While previous studies have invesiigated the use of C3-BMP2
interactions in drug delivery systems, not much is known about any sequence
spedific interaction between individual CS species and BMP2. However, since HS
chains are composed of 1,4-inked disaccharids units, the chserved 4-O-sulfation
responsible for CS-BMPZ interactions is not found in HS-BMP2 interactions, pointing
to a sequence specific interaction not found in C8, Thus it is likely that the remnant
peak observed postnitrous acid freatment may contain small quantities of 4-0-
sulfate camrying C45 or DS,

Further investigation revealed that neither commercial H& nor heparin held any
signiticant affinity for the peptide column. The HS used for this assay was purchased
cornmercially from Sigma-Aldrich and was detived from bovine kidney. Given what is



10

15

20

25

30

35

80
known about the tissue specificity of HS it is possible that this commercially available
HS, isolated from bovine kidney sources, carried negligible carbohydrate sequences
required to specifically mediate an interaction with BMP2. Similarly neither LMW nor
HMW heparin showed any affinity for the peptide column. The heparin used for this
analysis was also purchased from Sigma-Aldfich, and was derived from porcine

intestinal mucosa.

While heparin’s interaction with antithrombin Il has been well characterised, and
notwithstanding its versatile role in the isolation of susceptible molecules, heparin's
interaction with growth factors is not, in general, regarded to be specific due to its
uniform sulfation. However, given that hepariﬁ is routinely used to isolate BMP2, it is
somewhat surprising that neither of the heparin samples interacted with the peptide

column to any significant degree.

A further possibility for this lack of interaction between the peptide column and
heparin is due to the difference in molecular weights between the two molecules. The
small BMP2-HBP alfached to the column may have difficully in maintaining its
association with the larger, heavily sulfated heparin chain. The inability of
heparinase-cleaved heparin to bind the column, however, appeared fo indicate

that the steric effects of using full length heparin on the column were not solely
responsible for disrupting the potential interaction between the sugars and the BMP2-
HBP. There is no immediately apparent reason for this inability for commercial
heparin to associate with the BMP2-HBP column, though it may be postulated that
further spatial separation of the BMP2-HBP from its associated bead via spacer
chains may help to ameliorate this problem.

SUMMARY

In this study we have demonstrated the use of affinity chromatography to isolate a
subset of glycosaminoglycans that carry a specific affinity for the BMP2-HBP, and
have shown the potential for this procedure to yield reproducible resuits. During this
portion of cur investigation info the interaction between matrix based GAGs and
BMP2, we have made several observations with regards fo both the type of GAGs,

involved in mediating this association and theirstructure.

Our results have implicated heparan sulfate for mediating the majority of the

affinity BMP2 has for the preosteoblast ECM, an interaction which is increasingly
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recognised as being responsible for the modulation of BMP2 activity. Furthermore,
our investigation into the likely structure of the ECM-resident GAGs isolated on the
basis of their affinity for the BMP2 heparin-binding site have yielded a surprising
result.

Our data indicates that full length BMP2 GA?J‘[" chains do not consist of individual
domains with specific affinity for BMP2 Enterépersed with regions of little or no affinity
for the factor. Instead, our results imply that these GAG+ chains consist of muitiple
BMP2-binding domain repeats. This result is surprising on several levels. Firstly, the
repetition required to fulfil this observation over the full length of a >20kDa
carbohydrate chain peints o the presence of some manner of synthetic template.
Indeed, while previous studies have been unable to derive a template for the
assembly of tissue-specific GAG chains, the very fact that such specificity exists
supports the presence of a template-based system. Aithough no genomic template
has been elucidated for this process there exists some possibility of a proteomic,
perhaps enzymatic, template.

Secondly, this observation provides some evidence as to the importance of the
inferaction between BMP2 and GAGs. Multiple repeais of the BMP2 affinity site along
the length of the carbohydrate chain may be required to ensure maximal binding of
BMP2 o the ECM. This particular association has been shown to significantly
lengthen the factor's half life, as well as probably being responsible for maintaining a
significant local concentration in order to maintain signalling. Alternatively, some
studies have proposed a model whereby BMP2 is spatially inhibited from interacting
with its receptors due to the interactions with ECM-based GAGs. In this particular
scenario the repetition of BMP2 affinity sequences would ensure a maximal binding

of the factor, thus reducing the chance of it interacting with its receptors.

Our cumulafive results indicated that this system for the isolation of GAGs from the
ECM is viable and likely to vield GAG chains that have a specific affinity for BMP2.

This study supports previous findings in regards fo the interaction between GAGs.
and BMP2. Although the prevention of BMP2 associating with the ECM in vifro -
through the addition of exogenous GAG+ appears to increase BMP2 signalling
and upregulates osteogenic gene expression, observations to the contrary have

also reported. In these studies, in vivo examination of BMP2's modulation via the
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HBP showed a distinct improvement in long term osteogenesis when the association
with ECM GAGs was increased. It is possibié’ihaf this interaction plays a major role
in maintaining local concentrations by preventing the factor from diffusing away from
its sites of primary activity. In light of these studies and our own observations, we
propose that BMP2's activity is both positively and negatively regulated by its
association with GAGs. Negative regulation may occur precisely via the modei
proposed by Katagiri and colleagues, whereby the retention of BMP2 in the ECM,
away from its recepiors, leads to a downregulation of BMP2 signalling. However,
cells that require signalling by this factor may potentially secrete various enzymes fo
remodel extracellular sugar chains, such as sulfatases and heparinases, in order
to “clip away” GAGs retaining BMP2 in the ECM, thereby liberating the factor and
allowing i to signal, leading to the BMP2-ECM inferaction ultimately becoming
one of positive maintenance of the cytokine’s activity. Alternatively, negative
regulation of BMP2 by cell surface GAGs, may be via the internalisation of GAG
chains with their associated BMP2 molecules, as has been observed by Jiao and
colleagues.

These previous studies, in conjunction with our own observations, have lead us to
conclude that the sequence-specific interplay between BMP2 and heparin sulfate
represents an intricate control mechanism that has the capacity to both positively and
negatively regulate BMP2 signaling. Physiologically this interaction is responsibte for
enforcing context dependent responses to this potent cylokine in respect fo many

facets of embryonic development, precursor commitment and wound healing.
Example 2 — Purification of BMP2 Peptide Specific HS

We used a peplide having heparin-binding properties from the mature BMP-2
sequence to identify novel HS that bind fo the peplide.

Mature BMP-2 amino acid sequence:
QAKHKQRKRLKSSCKRHPLYVDFSDVGWNDW IVAPPGYHAFYCHGECPFPLADHL
NSTNHAIVQTLYNSVNSKIPKACCVPTELSAISMLYLDENEKVVLKNYQDMVVEGCG
ER [SEQ ID NO:5]

Heparin-binding peptide amino acid sequence:
QAKHKQRKRLKSSCKRHP [SEQ ID NO: 1]
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To replicate the natural presentation of the heparin-binding site we biotinylated the
peptide on it's C-terminus and kept the proline (P} to improve the

flexibility/accessibility of the peptide once bound to the streptavidin column.

Isolation of BMP2 peptide specific HS

Materials used included a BMP2 — peptide coupled Streptavidin column, HiPrep
Desalting Column {GE Healthcare), 20 mM PBS + 150 mM NaCl (Low Salt Buffer),
20 mM PBS + 1.5 M NaCl (High Salt Buffer), HPLC grade Water (Sigma), Biologic-
Duoflow Chromatography system (Bio-Rad) and a Freeze Drier.

The column was equilibrated with Low Salt buffer and 1mg Sigma HS (H9902) was
dissolved in low salt buffer and passed through the BMP2-Streptavidin column.
Unbound media components were removed from the column by washing low salt
buffer (20 mM PBS, pH 7.2, 150 mM NaCl) untii the absorbance of the effluent at 232
nm almost return to zero. HS bound to the mairix was eluted with high salt buffer (20

mM PBS, pH 7.2, 1.5 M NaCl). Peak fractions were pooled and freeze dried for 48
hrs.

HS 1 mg was applied fo the column and washed with 20 mM PBS buffer containing a
low (150 mM) NaCl concentration. After washing with low salt buffer, the bound HS
were eluted with 20 mM PBS buffer containing a high (1.5 M) NaCl conceniration.
Peaks representing refained fractions {monitored at 232 nm) were collected and
subjected to further desalting.

After freeze drying 6 mg of positive HS (GAG+) and 1.8 mg of negative HS (GAG-)
were oblained.

Example 3 - Evaluation of BMP-2 specific heparan sulfates

C2C12 are mouse mesenchymal stem cells normally exhibiting myogenic
differentiation but capable of being directedin-therosteogenic lineage with
supplementation of BMP-2 at passage 3. C2C12 cells at passage 3 were maintained
in DMEM with 1000 g/L glucose (low glucese), 10 % of FCS, 1 % of P/S and without
L-glutamine (maintenance media).
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DMEM with 1000 g/L glucose (low glucose}, 5 % of FCS, 1 % of P/S and without L-
glutamine was used as differentiation media.

Effect of BMP-2 on ostecgenesis

We evaluated the effects of exogenous BMP-2 on osteogenesis by measuring the

levels of expression of osteogenic markers {osteocalcin, osterix, Runx2).

Through assaying the effect of addition of different amounts (100ng/m} and 300ng/mil)
of BMP-2 to the cells we observed a significant decrease atf day 5 in the expression
of osterix, osteocalein and Runx2 in cells hav'ing 160ng/mi BMP-2 compared fo
addition of 300ng/ml BMP-2 (Fig.s 27-29). Thus we chose this time point for future
tesis, as any changes should be readily observable.

Materials and Methods

C2C12 cells af passage 3 were used. Cells v;fer& kept in liquid Nitrogen at Passage
3 with 1x10° cellsivial. Once cells were taken from liquid Nitrogen, we added 500 ul
of culiure media, pipetted up and down fo refreeze the cells and immediately added
15mil of culture media.

Culture media was DMEM with 1000 g/l glucose {low glucose), 10 % of FCS, 1 % of
P/S and without L-glutamine. Treatment media was DMEM with 1000 g/L glucose
{low glucose), 5 % of FCS, 1 % of P/S and without L~glutamine.

C2C12 cells were allowed fo grow to 75 % confluence before harvesting (normally 2
to 3 days) in culture media.

Cells were counted as follows. Media was first aspirated/discarded; 15 ml of PBS
added, discard the PBS and add 3 ml of trypsin, incubate at 37°C for 5 min to lift the
cells from the flask. 9 mi of culture media added fo neutralize the trypsin. GUAVA
used to determine the amount of cells for subsequent cell seeding onto the
experiment plates. For example, for 3 sets of 12-well plates 30,000 cells x 36 weils-
X 8.7 em® = 4, 000, 000 cells. Dilute the celis from the stock and add the desired

amount of culture media for cell seeding (each well requiring 500 yl of media with
30,000 cells).
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To prepare BMP2 stock 10 ug rhBMP2 (Bone Morphagenetic Protein 2) was re-
suspended in 100 g of 4mM HCI/ 0.1 % BSA.

The following RNA exiraction profocol was used. 350 ul of RA1 buffer was used for
cell lysis. Cells were frozen with RA1 at -80°C for one day after which cells were
thawed and the lysate filtered for 1 min at 11,000 g. The filtrate was mixed with 350
1l 70 % ethanol in 1.5 ml tubes and centrifuged for 30s at 11,000 g. 350 ul of MDB
buffer was added and the mixture cenfrifuged for 1 min at 11,000 g. 95 ul of Dnase
reaction mixture added and mixture left at room temperature for at least 15 min. Then
wash with 200 ul of RA2 buffer (fo deactivate the Dnase), and centrifuge for 30s at
11,000 g. Wash with 600 i of RA3 huffer, centrifuge for 30 second at 11,00C g.
Wash with 250 1 of RA3 buffer, centrifuge fon; 2 min at 11,000 g. Elute the RNA with
80 pl of Rnase-free H,O, centrifuge for 1 min at 11,000 g. Measure the concentration
using Nanodrop (unit in ng/ul).

RT (reverse-transcription) experiments were performed as follows. The following
were mixed in a PCR tube: Random Primer (0.1 uf), DNTP (1 ul), RNA (250/500 ng),
Rnase-Free H,O (fopped up fo a final volume of 13 yl). Incubate at 65°C for 5 min.
incubate on ice forat least 1 min. Collect the contents and centrifuge briefly before
adding: 1% Strand Buffer (4 1), DTT (1 &), RnaseQUT (1 ui), SSIIl Reverse (1ui),
Top up to final volume of 20 yl. Mix by pipeiting up and down. Incubate at room
temperature for 5 min. Incubate at 50°C for 60 mins. Inactivate the reaction at 70°C
for 16 min.

Reverse-transcription experiments were performed twice on separate days and the
PCR products pooled together and diluted fo a final concentration of 2.5 ng/ut for
subsequent Real-Time PCR.

The Real-Time PCR was performed using a TagMan® Fast Universal PCR master
Mix (2X) (Applied Biosystem). PCR master Mix (10 ), ABl probe (1 ul), cDNA (1 ul),
ddH,0 (8 ul). GAPDH and Beia actin were used as control genes against the
experimental targets OSX (osterix), OCN ( Osteocalcin) and Runx2.

Effect of BMP-2 specific HS GAG+ on ositecdgenesis
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We evaluated the effects of the BMP-2 specific HS (GAG+) isclated in Example 2 on
osteogenesis by measuring the levels of expression of ostecgenic markers (osterix,
Runx2, alkaline phosphatase and Bspll) by qﬁantitative polymerase chain reaction
(gPCR). A time course was prepared to compare the expression of the markers over
a course of 10 days to compare fhe control to a low and a high dose of BMP-2, the

high dose being the optimal conditions to induce differentiation of the cells.

Materials and methods

Cells were seeded at 30,000 cell/cm? in maintenance media and left to attach
overnight. The following day we switched to differentiation media with:

s No additives

* 100ng/ml BMP-2 (positive conirol)

« 100ng/ml BMP-2 + 30ug/ml ~GAG (Neg GAGs)

« 100ng/ml BMP-2 + 30ug/m! +GAG (Pos GAGs)

« 100ng/mi BMP-2 + 30ug/mi Heparin {Sigma # H3149)

¢ 100ng/mil BMP-2 + 30ug/ml Total Heparan Sulfate (Sigma # H9902 — HS prior
to fractionation)

The carbohydrates and BMP-2 were mixed together in the smallest volume possible
and incubated at room temperature for 30 minutes before their addition to the media
and on the cells.

After 5 days, RNA was extracted using the Macherey-Nagel kits and Reverse-
Transcription was performed.

As we show in Fig.s 30-33, the Heparan sulfate from porcine mucosa (Total HS) can
increase the activity of BMP-2 (shown through GAG+ induced increases in the
expression of Alkaline Phosphatase, osterix, Bspll and Runx2) and this activity is
contained within the fraction that binds BMP2 (Pos GAGs). This means that we can
isolate the BMP enhancing fraction of a commercial HS by passing them on the
BMP-HBD peptide column.

Example 4
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MC3T3-E1 (s14) preosteoblast cells (a mouse embryo calvaria fibroblast cel! line
established from the calvaria of an embrye) were expanded in dMEM media
supplemented with 10% FCS, 2 mM L-glutamine, 1 mM sodium pyruvate and
Penicillin/Streptomycin every 72 hours uniil _sufﬁc;ient cells were generated for plating.
The cells were differentiated by plating at 5 x 10* cells/em? in aMEM media
supplemented with 10% FCS, 2 mM L-glutamine, 25 pg/ml ascorbic acid, 10 mM B-
glycerol phosphate and Penicillin/Streptomycin. The media was changed every 72
hours for & days at which point the cells and media were harvested. The media was
retained and clarified by high spead cenfrifugation and filtration through a 0.4 pm
filter, The cell laver was disrupted using 2 cell scraper and an extraction buffer
containing PBS (150 mM NaCl w/o Ca®" and Mg®), 1% CHAPS, 8 M Urea and
0.02% NaNs.

At all stages (unless cotherwise stated), samples were dlarified before loading onto
column systems. This process included high speed centrifugation af 5000g for 30
min, and filiration through a 0.4 um syringe filter. The samples were always clarified
directly pricr to loading through the column system to prevent precipifates forming in

stagnant solufions.

Anion exchange chromatography was used to isolate protecglycosaminoglycan
{(PGAG) fractions from botn the media and cell layer samples. In each case, the
madia or cell layer samples were run through a Pharmacia XK 26 (56-1053-34}
column packed with Capto Q Anion Exchange Beads (Biorad) at a flow rate of 5
mil/min on a Blologie DuoFlow system {Biorad} using a QuadTec UV-Vis detsctor.
The samples were loaded in a low salt buffer containing PBS (150 mM NaCl w/o Ca®
and Mg™), 100 mM NaCl, 0.02% NaNj at pH 7.3. The samples were eluted in a high
salt buffer containing PBS (150 mM NaCl w/o Ca®* and Mg™), 850 mM NaCl and
0.02% NalNj at pH 7.3, The relevant fractions were collected and pooled into a single
PGAG sample and lyophilized in preparation for desalting.

The PGAG sample was desalted through four sequentially joined Pharmacia
HiPrep™ 26/10 (17-B087-01) columns at a flow rate of 10 m¥min on a Biclogic
DuoFlow system (Biorad) using a QuadTec UV-Vis detecior. The relevant fractions™
were collected and pooled into a single sample set and Iyophilized in preparation for
further treatment.
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In the fourth step, the PGAG sample set obtained from the desalting procedure was
subjected to a pronase and neuraminidase treatment, in order to digest away core
proteins and to subsequently liberate GAG chains. In this respect, lyophilized PGAG
samples were resuspended in & minimum volume of 25 mM sodium acetate (pH 5.0}
and clarified by filtration through a 0.4 um syringe filter. The total sample volume was
dispensed into 10 ml glass tubes in 500 pl aliquots. To this aliquot was added 500 pl
of 1 mg/ml neuraminidase before the mixture was incubated for 4 hours at 37 °C.
Following incubation, 5 ml of 100 mM Tris-acetate (pH 8.0) was added to each
sample. An additional 1.2 ml of 10 mg/mi pronase, reconstituted in 500 mM Tris-
acetate and 50 mM calcium acetate (pH 8.0), was added to each sample befors the
mixture was incubated for 24 hrs at 36°C. Following this treatment, all volumes were
combined and prepared for anion exchange chromatography by cenfrifugation and
filtration.

in a fifth step, the GAG sample isolated following protein cleavage was eluted
through a Pharmacia XK 26 (56-1053-34) column packed with Capio Q Anion
Exchange Beads (Biorad) at a flow rate of 5 ml/imin on a Biclogic DucFlow system
(Biorad) using a QuadTec UV-Vis detector. In this respect, the sample was loaded in
a low salt buffer containing PBS (150 mM NaCl w/o Ca*" and Mg?") and 0.02% NaN;
at pH 7.3. The sample was eluted in a high salt buffer containing PBS (150 mM NaCi
w/o Ca® and Mg®), 850 mM NaCl and 0.02% NaNj at pH 7.3. The relevant fractions
were pooled, lyophilized and desalted as per the aforementioned protocol for
desalting the PGAG sample.

N-terminal biotinylated peptide (1 mg), corresponding fo the heparin-binding domain
of BMP-2, and comprising an amino acid sequence represenied by
QAKHKQRKRLKSSCKRH [SEQ ID NO:61, was mixed with low salt buffer containing
PBS (150 mM NaCl w/o Ca® and Mg?"). The mixture was eluted through a column
packed with a streptavidin-coated resin matrix. The column was then exposed fo a
high salt buffer containing PBS (150 mM NaCl w/o Ca* and Mg®"), 850 mM NaCl
and 0.02% NaNj at pH 7.3, to ascerlain whether, under those conditions the peptide
had bound securely {o the matrix. No substantial loss of peptide from the column was
observed. The column was subsequently washed with the low salt buffer in
preparation for sample loading.

The GAG mixture (2 mg), isolated using the procedure outlined in Example 1, was
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suspended in low salt sodium phosphate buffer (1 mL), and loaded onto the peptide
column of Example 2. The sample was eluted with a low sait buffer containing PBS
(150 mM NaCl w/o Ca®* and Mg®). A peak corresponding to GAGs with negligible
BMP-2 affinity was observed in the UV-Vis detector trace. The column fractions
responsible for giving rise to this peak were combined. These fractions are known as
'‘GAG-' — the minus sign denoting the lack of affinity with the column. When it became
evident from the UV-Vis detector that the trace had flattened to the baseline, and that
no further oligosaccharide was eluting, the eluting solvent was changed to a high salt
buffer containing PBS (150 mM NaCl w/o Ca® and Mg?"), 850 mM NaCl and 0.02%
NaNj; at pH 7.3. Following this change in the eluting solvent, a peak corresponding fo
BMP-2 specific GAGs was observed in the UV-Vis detector frace. The column
fractions responsible for giving rise to this peak were combined. These fractions are
known as 'GAGY — the plus sign denoting the presence of affinity with the column. in
the case of GAG compounds sourced from preosteoblast cells, the GAG+ fraction
represented 10% of the overall GAG mixture.

Example 5

The addition of BMPZ2 has a clearly defined capacily to induce osteogenic
differentiation in C2C12 myoblasts. Similarly, the pre-incubation of BMP2 with
heparin has been shown 1o both extend the cytokines half life and its immediate
potency in vitro. Here we examined the capacity of GAG+ and GAG- fractions to
augment the osteoinduction of C2C12 cells in vitro by BMP2.

The GAG+ sample from Example 4 (0, 10, 100, 1000 ng/mL) was added to C2CI2
myoblasts in vitro in the presence of BMP-2 (0, 80, 100 ng/mL). Measurement of the
relative expression of the osteocalcin gene indicated that the GAG+ sampie was able
to potentiate BMP-2 to effect osteocalcin gene expression at levels of BMP-2 far
below those currently used in therapy (300 ng/mL). The resuiis of this assay
(including calculated p-values and errors) are represented graphically in Figure 34 in
which the experimental conditions for each ‘cullure condition’ are as follows:

1. Contro! celis, no BMP-2 added, no GAG added
BMP-2 at 50 ng/mL
BMP-2 at 50 ng/mL, GAG+ at 10 ng/mL
BMP-2 at 50 ng/mL, GAG+ at 100 ng/mL
BMP-2 at 50 ng/mL, GAG+ at 1000 ng/mL

S SR
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BMP-2 at 100 ng/mL
BMP-2 at 100 ng/ml., GAG+ at 10 ng/mL
BMP-2 at 100 ng/mL, GAG+ at 100 ng/mL
BMP-2 at 100 ng/mi., GAG+ at 1000 ng/mL

L ® N D

Interestingly, while 1000 ng/ml of GAG+ is able to significantly augment BMP2
mediated osteocalcin expression, the addition of concentrations of GAG+ below 1000
ng/ml appear to progressively inhibit this expression. Furthermore, the addition of
sufficient GAG+ also managed fo drive the induction of osteocalcin by 50 ng/fml of

BMP2 above that of 100 ng/ml of BMP2 on its own, indicating the potency of this
interaction.

This cell culture based analysis demonstrated that the addition of GAG+ to C2C12
osteogenic cultures together with BMP2 resulted in a significant upregulation of
osteocalcin expression indicating an increaselin BMP2Z signalling efficacy. This resulf
supports the specific association of GAG+ chains with BMP2, thereby blocking the
BMP2-HBP and preventing its association with matrix-based PGAGs. The resuliing
upregulation of osteogenic gene expression is comparable to that observed in
previous studies utilising heparin to achieve a similar effect. Interestingly, the addition
of concenirations of GAG+ that fall below 1000 ng/ml appear to have an initially

antagonistic effect on BMP2 signalling.

One possible hypothesis to explain this observation revolves around the capacity

for a given number of GAG+ molecules to bind a certain number of BMP2 molecules.
Under conditions where no exogenous GAG+ is added to the culture system the
majority of BMP2 molecules will be able to associate with the ECM, thereby being
localised away from their cognate receptors and being unable fo immediately initiate
signalling. Subsequent dissaciation of BMP2 from the ECM, both spontaneously and
by targeted enzymatic alteration of their associated GAG chains, has the capacity to
induce long term BMP2 signalling. The addition of a large number of GAG+
molecules fo this system, as is the case in samples supplemented with 1000 ng/mi of
GAG+, permits the majority of BMP2 molecules to remain in solution where they are
free to mediate receptor dimerigatiomand-induce downstream signalling. Boththese -+ -
processes of cytokine/receptor interaction likely require particular concentration
thresholds in order maintain an efficient level of signalling. Under culture conditions

containing 50 ng/ml of BMPZ, the addition of low concentrations of GAG+ allows for a
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portion of the available cytokine to remain soluble while the remaining portion
associates with the ECM. Under these conditions only a small quantity of BMP2
remains soluble buf, due fo its low concentration, becomes highly diffuse in the
media leading to negligible signalling. Similarly, due fo a portion of the BMP2
remaining solubilised, a reduced quantity of BMP2 can be found in the ECIM,
resulting in a decrease in signaliing from BMP2 liberated from the ECM by direct
cellular activity. However, under culture conditions containing 100 ng/m! of BMP2
the combined effects of soluble and ECM based BMPZ are, with the addition of
100 ng/mi of GAGH+, sufficient to induce BMP2 signalling similar fo control levels.
Without further study, however, the dynamics involved in BMP2/GAG+ signalling
remain unclear. Future studies utilising surface plasmon resonance may help
elucidate the efficiency of BMP2/GAGH+ interactions and may aid in clarifying these
observations.

Example 6

The enzyme heparanase 3 was used to cleave GAG+ and GAG- sugar chains from
Example 4 according to the following method. GAG+ and GAG- were each treated
separately at a concentration of 4 mg/mL, with heparanase 3 (250 mU enzyme per
100 ug oligosaccharide) for 16 hours at 37°C. Subsequently, the mixture was heated
for 5 minutes at 70°C fo inactivate the heparanase 3. The digesied GAG+ and GAG-
mixiures were each subjected o the peptide column separately. The UV-Vis detector
frace of each chromatographic run indicated that the digested material showed the

same affinity for the column as the undigested material.
Example 7

Coupling of biotinviated peptide fo streptavidin column

Method: BMP2 HB — peptide was dissolved in 20mM phosphate buffer, 150 mM
NaCl (Low Salt Buifer), at a concentration of 1 mg/mi. The peptide solution was
subjected to affinity chromatography on a streptavidin column (1 mi) equilibrated in. ..
low salt buffer using a low-pressurefiquid’ chromatography {Biologic-Duoflow =
chromatography system from Bio-Rad). The medium was loaded at a flow rate of 0.2
ml/min and the column washed with the same buffer until the baseline reached zero.

To check that the peptide actually attached to the column, the column was eluted
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with a step gradient of 1.5 M NaCl (high sait buffer) and re-equilibrated with low salt
buffer.

The BMP2 heparin binding site (5mg) sequence (QAKHKQRKRLKSSCKRHP-NHET
biotin (SEQ 1D NO: 1)) was synthesized and coupled fo the 1mi streptavidin column
(GE Healthcare). The chromatogram (Figure 36) shows all peptides bounds tightly to
the streptavidin beads.

Purification of BMP2-specific Heparan Sulfaie

Method: Celsus HS was dissolved in 20mM phosphate buffer, 150 mM NaCl (Low
Salt Buffer), at a concentration of 1 mg/ml. The peptide solution was subjected fo
affinity chromatography on a streptavidin column (1 ml) equilibrated in low salt buffer
using a low-pressure liquid chromatography (Biclogic-Duoflow chromatography
system from Bic-Rad). The medium was lcaded at a flow rate of 0.2 ml/min and the
column washed with the same buffer until the baseline reached zero. The bound
BMP2 specific HS was eluted with a step gradient of 1.5 M NaCl (high salt buffer),
the peak factions were collected, and the column re-equilibrated with low salt buffer.
The elution peak (BMP2+ve) and flow through peak (BMP2-ve) HS were collected
separately, freeze-dried and stored at -20°C.

The chromatogram (Figure 37) shows a small portion (~15 — 20%) of the HS
specifically bound to the column and that it eluted in the high salt buffer.

Desalting of BMP2 peptide column bound HS

Method: BMP2 specific HS was dissolved in 10 mi distilled water. The samples were
subjected to desalting chromatography on a Hi-prep desalting column (10 mi)
equilibrated in distited water using a low-pressure liguid chromatography (Biologic-
Duoflow chromatography system from Bio-Rad). The HS was loaded at a flow rate of
10 ml/min and the column washed with distilled water. The pure HS fractions were
collecied, freeze-dried and stored at -20°C.

The chromatogram (Figure 38) shows a clear separation of pure BMP2 specific HS
(absorbance peak) and the Salt buifer (conductance peak).
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Desalting of BMP2 peptide column unbound HS

Method: The non-specific HS was dissolved in 10 ml distilled water. The samples
were subjected to desalting chromatography on a Hi-prep desalting column (10 ml)
equilibrated in distilled water using a low-pressure liquid chromatography (Biologic-
Duoflow chromatography system from Bio-Rad). The HS was loaded at a flow rate of
10 mi/min and the column washed with distilled water. The pure HS fractions were
collected, freeze-dried and stored at -20°C.

"The chromatogram (Figure 38) shows a clear separation of the unbound HS

(absorbance peak) and the Salt buffer (conductance peak).

SAX-HPLC Disaccharide analysis — BMP2 pasitive HS

Method: Samples (100 uyg) were dissolved in 100 mM sodium acetate/0.2 M calcium
acetate, pH 7.0. Heparinase, heparitinase | and Il were all used at a concentration of
10 mU/mil in the same buffer. Each sample was sequentially digested for a recovery
of disaccharides for SAX-HPLC analysis; for this the samples were digested at 37°C
as follows: heparinase for 2h, heparitinase | for th, heparitinase Il for 18 h, and finally
an aliquot of each lyases for 6 h. Samples were run on a BioGel P-2 column (1 x 120
om) equilibrated with 0.25 M NH,HCOs. The disaccharide peak was lyophilized and
then dissolved in acidified water (pH 3.5 with HCI). This was passed over a ProPac
PA-1 SAX-HPLC column (Dionex, USA), attached to a high pressure liguid
chromatography system and the HS disaccharides eluted with a linear gradient 0 o
1.0 M NaCl, pH 3.5, over 60 min at a flow-rate of 1 ml/min. The peaks identified using
HS disaccharides standards (Seikagaku, To]gyo, Japan and Iduron) monitored at Agss
nro.

The HS retained by the BMP2 peptide affinity column was subjected to an enzymatic
disaccharide analysis by exposing it o a combination of heparin lyases (heparinase,
heparitinase | and Il) fo completion and then subjecting the resuliing disaccharide
fragments to strong anion exchange HPLC (SAX-HPLC). The peaks on the .
chromatogram (Figure 40Y allow us to estimate the relative proportions of €ach ofthe
compenent disaccharides within the binding HS population. The analysis shows that
greater propottion of disaccharides in the BMP2-binding peptide HS population have
an N-sulfated glucosamine.
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SAX-HPLC Disaccharide analysis — BMP2 negative HS

The HS that did not the BMP2 peptide affinity column was subjected {o an enzymatic
disaccharide analysis by exposing it fo a combination of heparin lvases (heparinase,
heparitinase | and 1) fo completion and then subjecting the resulting disaccharide
fragments fo strong anion exchange HPLC (SAX-HPLC). The peaks on the
chromatogram (Figure 41) allow us fo estimate the relative proportions of each of the
compenent disaccharides within the HS population. The analysis shows that greater
proportion of disaccharides in the flow through HS population have an N-sulfated

glucosamines.

SAXHPLL disaccharide profile of Celsus Total HS

The Total HS bought from Celsus as the stariing material was also subjected o a
enzymatic disaccharide analysis by exposing it to a combination of heparin lyases
{heparinase, heparitinase | and 1) to completion and then subjecting the resulting
disaccharide fragments to strong anion exchange HPLC (SAX-HPLC). The peaks on
the chromatoegram (Figure 42) allow us o estimate the relative proportions of each of

the component disaccharides within the HS population.

ESPR ~ analysis of BMP2 positive and BMPZ negative HS

Method: BMP2 +ve and —ve HS (10mg/ml) was dissolved in 1 ml 0.1 M MES, pH 5.5
and 300 gt 0.1 MES, pH 5.5, containing 2 mg/mi biotin-LC-hydrazide (Plerce), EDC
(7 mg) was added fo the mixiure and incubated at room temperaturs for 2 h before
addition of another ¥ mg of EDC. After a further 2 h incubation, unincorporated biotin
was removed with a desaliing column {Amersham Pharmacia). The BMP2 +ve and
-vg HS were tested for their capacity fo bind soluble BMPZ2. Real time binding
analysis was carried out using SPR, wherein biotin thiol-coated gold sensor chips
were used as a platform for immobilized streptavidin, Using a biolin-sireptavidin-
biotin bridge, biotinylated HS sould be immobilized on the sensor chip. The growth .
factor (200 nM} was therfadded’iothelsolution bathing the immobilized HS and® -
incubated for 20 min. Real time bindin% was monifored by measuring the change in
the minimum reflectance angle (6} over time.
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Figure 44 shows Surface Plasmon Resonance (SPR) analysis of protein-sugar
interactions. As shown by the curves, which reflect the avidity of the “on-rate” (Ka),
BMP2 does not bind as avidly fo the “flow-through” HS, as evidenced by the smaller
angle shift, as to the BMP2-binding HS.

BMP?2 binding capacity of BMP2 +ve and BMP2 —ve Celsus HS preparations coated
on an Iduron Heparin/GAG Binding plate

Method: BMP2 was dissolved in Blocking Solution (0.2% gelatin in SAB) ata
concentration of 3 ugiml and a dilution series from 0-3ug/mi in Blocking Solution
established. Dispensing of 200 ul of each dilution of BMP2 into triplicate wells of
Heparin/GAG Binding Plates pre-coated with 'heparin; incubated for 2hrs at 37°C,
washed carefully three times with SAB and 2001 of 250ng/ml bioctinylated anti-BMP2
added in Blocking Solution. Incubation for one hour at 37°C, wash carefully three
times with SAB, 200ul of 220ng/ml ExtrAvidin-AP added in Blocking Solution,
Incubation for 30mins at 37°C, careful washing three times with SAB and fap fo
remove residual liquid, 200u1 of Development Reagent (SigmaFAST p-Nitrophenyi
phosphate) added. [ncubation at room temperature for 40 minutes with reading at
405nm within one hour.

The specially-prepared plate surface (lduron) adsorbs GAGs without modification
whilst retaining their protein binding characteristics. Binding occurs at room
temperature from physiological buffers. The resulis (Figure 45) demonstrate the
greater affinity of the BMP2-selected HS preparations for BMP2 over the flow-
through or native preparations. BMP2 acted as the control.

ALP activity of BMP2 positive and negative HS on C2C12 cells

Methods: ALP Assay. C2C12 cells were plated at 20,000 cells/cm? in a 24-well plate
in DMEM (Sigma-Aldrich he., St. Louis, MO) containing 10% FCS {Lonza Group
Ltd., Switzerland) and antibiotics. (1% Penicillin and 1% Streptomycin) (Sigma-Aldrich
Inc., St Loufsy MO at 37RCi5% €05 After 28hours, the culiure mediagiwas switchied ™ -
to 5% FCS low serum media containing different combinations of 100 ng/mlL BMP2
(R&D Systems, Minneapolis, MN), 3 mg/mL Celsus HS and varying concenirations of
BMP2-specific (+ve HS) and non-spesific (—ve HS) Celsus HS preparations. Cell
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lysis was carried out after 3 days using RIPA buffer containing 1% Triton X-100,
150mM NaCl, 10mM Tris pH 7.4, 2mM EDTA, 0.5% Igepal (NP40), 0.1% Sodium
dodecyl sulphate (SDS) and 1% Protease Inhibitor Cocktait Set 11l
(Calbiochem,Germany). The protein content of the cell lysate was determined by
using BCA protein assay kit {Pierce Chemical Co., Rockford, IL). ALP activity in the
cell lysates was then determined by incubating the cell lysates with p-
nitrophenylphosphate substrate (Invitrogen, Carlsbad, CA), The reading was
normalized to total protein amount and presented as relative amount to the group
containing BMP2 treatment alone.

Figure 46 shows BMP-2 specific HS (+ve HS) enhanced alkaline phosphatase (ALP)
activity induced by BMP-2 at a greater degree compared to non-specific HS (~ve HS).
BMP-2 at 100 ng/mL was introduced alone or in combination with 30 uyg/ml. Celsus
HS or varying concentration of specific and non-specific HS. Specific and non-
specific HS was introduced alone at 30 pg/mL.

ALP Staining

Method: ALP Staining. C2C12 cells were cultured as described above. After 3 days
of treatment, the cell layer was washed in PBS and stained using Leukocyte Alkaline
Phosphatase Kit (Sigma-Aldrich Inc., St. Louis, MQ) according to manufacturer’s
specification. Briefly, the cell layer was fixed in citrate buffered 60% acetone and
stained in alkaline-dye mixture containing Naphthol AS-MX Phosphatase Alkaline
and diazonium salt. Nuclear staining was performed using Mayer's Hematoxylin
solution.

BMP-2 specific HS (+ve HS) enhanced alkaline phosphatase (ALP) activity induced
by BMP-2 at a greater degree compared to non-specific HS (-ve) when evaluated
histochemically (Figure 47). BMP-2 at 100 ng/mL was introduced in combination with
0, 0.3, 3 and 30 ug/mlL of GAG.

BMP2 stability

Mathod Sinad™ 1518 Rliosphorylation:-€2C12 cells were plated 8201000 celisfem®in- -
a 24-well plate in DMEM (Sigma-Aldrich Inc., St. Louis, MO) containing 10% FCS
{Lonza Group Ltid., Switzerland) and antibiotics (1% Penicillin and 1% Streptomycin)
(Sigma-Aldrich Ine., St. Louis, MO) at 37°C/5% CO2. After 24 hours, the culture
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media was switched to 5% FCS low serum media. Treatment conditions containing
100 ng/mL BMP2 (R&D Systems, Minneapolis, MN) in the presence/absence of 3
mg/mL of heparin {(Sigma-Aldrich Inc., St. Louis, MO) or BMP2-specific (+ve HS}
Celsus HS were added 24 hours after the cells have been equilibrated in low serum
media. Cell lysate was harvesied in 1x Laemmli buffer at 0, 24, 48 and 72 hour
time points. The lysate was separated in NUPAGE Novex 4-12% Bis-Tris Gel
(Invitrogen, Carlsbad, CA) and analyzed with western blot using antibodies
against Phospho-Smad 1/5/8 (Cell Signaling, Danvers, MA) and Smad 1/5/8
(Santa Cruz Biotechnology Inc., Santa Cruz, CA).

The ability of the BMP2-binding HS, i.e. HS3, to prolong the effects of BMP2 on cells
(presumably in part by protecting the protein against proteolytic degradation) was
compared to the effects of commercial heparin. C2C12 celis were exposed to
nothing, BMP2 alone, BMP2 + Heparin or BMP2 + HS33 for 72 hours and the levels of
phosphorylation of the BMP2-specific infracellular signaling molecule Smad1/5/8
monitored by immunoblotting (Figure 55). The results demonstraie that the HS3 can
proiong BMP2 signalling to levels that equal or exceed those of heparin.

Example 8

This experiment was designed to investigate whether HS3, when combined
with Smith & Nephew’s bone void filler JAX™ gel + Tri-calcium phosphate (TCPF)
stars can speed up long bone repair.

A non union critical defect is created in the ulna of adult rabbits, the stars placed in
the defect, the wound closed and repair monitored after 4 and 8 weeks with a

combination of histology and imaging.

Biomaterials

JAX™ |s a S-tricalcium phosphate (TCP) synthetic bone substitute manufactured by
Smith and Nephew Orthopaedics Lid, USA. JAX™ consists of six-armed granules,
which interlock to provide 58% intergranular porosity in a defect site, allowing cell.
and vascularinfitration™ THeielnfcalihdication is for non-load bearing bofiy defédts”
of 4-5 cm. JAX™ also includes a hydrogel component.

In vitro Study
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The release of heparin at either high or low concentrations (as a substitute for HS)
from Jax gel/TCP mixtures in vitro was assessed by first labeling it with Alexa Fluor
488 dye and then monitoring its release into PBS in culture plates. Release in both
cases was rapid and bursting.

Fluorescent labeling of heparin. For non-biological in vitro assays, heparin, a
hypersulfated member of the HS giyeosamihzagiycan family, was conjugated with
Alexa Fluor 488 (A488, Molecular Probes, UK) using a method published previously
by our group (E.V. Luong, L. Grondahl, V. Nurcombe, 8. Cool. In vitro
biocompatibility and bioactivity of microencapsulated heparan sulfate Biomaterials
2007; 28:2127 2136). Briefly, 3 mg of heparin (H-3148) was solubilized in 300 gL of
0.1 M solution of 4-morpholinoethanesuifonic acld (MES, M3671) buffer (pH 4.5) and
combined with 50 yL of a 10% 1-ethyl-3- {(3-dimethylaminopropryl) carbodiimide
hydrochloride (EDC, Fluka 03448} solution in 0.1 M MES buifer. Subsequently, a 1
% A488 solution {50 ul} 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 heparin was eluted on an Amersham PD10 desalting

column. The labeling efficiency was approximately 1.3 mol A488/mol heparin.

Release profile. Three JAX™ granules were loaded with either 17 or 170 ug of A488-
heparin (80 pL in 100 L hydrogel), protected from light, and placed in 1 mL of PBS
at37°Cford8h. At 1,2, 3, 4,5, 6, 24 and 48 h, 100 ul of conditioned phosphate
buffered saline (PBS) was collected for sampling and replaced with fresh PBS. The
concentration of released A488-heparin was quantified by fluorometry and
cumnulative release of A488-heparin was reported as a percentage of loading
concentration (Figure 57).

In vivo Study

Experimental Design. (See Figure 56) Twenty male New Zealand White rabbits
(weighing 2-2.5 kg) received bilateral ulna defects, Each defect was randomly
assigned to one of three experimental groups. Every defect received 18 JAX™
granules and 150 L of hydrogel containing one of the following treatments: 30 ug | ..
HS, 100wy MS orvarseguatiolame of PBS (80 pb). After 4and 8weaksof -
implantation, the rabbits were sacrificed and uinas were harvested. Four ulnas per
freatment were assessed non-destructively using 2D X-rays and micro-compuied

tomography {micro-CT) for mineral formation at both time-points. Subsequently,
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these ulnas were processed for histology and immunchistochemisiry, At week 8, an
additional three samples per treatment were included for evaluation by forsional

testing. Some defects were left empty to serve as internal controls to ensure that the
model was truly non-unian.

X-ray monitoring of new bone formation in defeci sites

HS3 was applied in Jax gel at two different concentrations (30 and 100 ug — called
HS30 and HS100) and assessed for new bone formation compared fo no treaiment
over 0, 4 and 8 weeks. The HS-treated animals show clear indication of new bone

formation over the controls.

Radijographic Analyses, JAX™ granules are radio-opaque and therefore difficult fo
distinguish from new bone in the defect site on 2D x-rays. However, at the early time
points, voids between the granules and immediately adjacent {o the radius are clearly
visible and the progression of bone formation in these spaces can be monitored (S.A.
Clarke, N.L. Hoskins, G.R. Jordan, D.R. Marsh. Healing of an ulnar defect using a
proprietary TCP bone graft substitute, JAX™, in association with autologous
osteogenic cells and growth factors. Bone 2007, 40: 9338-947). An Imaging
Radiographic System (MUX-100, Shimadzu) was used to capture 2D images of the
ulina defects immediately after the surgery and at weeks 4 and 8. Digital micrographs
are then taken of the X-rays. X-rays were taken under general anesthesia. X-ray
micrographs are shown in Figures 52, 53 and &8,

Micro CT moniloring of new bone formation in defeci sites

HS3 given at doses of 30 and 100 ug (HS30 and H3100) at the time of surgery was
compared to PBS star alone controls using micro CT (computerized tomography)
imaging (Figures 52, 53 and 59).

Micro-CT analyses. At weeks 4 and 8, harvested ulnas were scanned with a micro
CT scanner (Skyscan 1076; Skyscan, Beigiurh). Scanning was performed with &
resolutionof 367 m andarsearning width of 68 mm. The scannerwas sefiatis
voltage of 104 kV and a current of 98 yA. Cone-Beam CT-recenstruction A Sasov
software (Skyscan) was used to convert the isotropic slice data obtained into 2D

images. For this reconstruction, the lower and upper threshold values for bone were
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assumed to be -315 and 543 Hounsfield units. The data was then analyzed and
remodeled using the associated CTAn software (Skyscan) for quantification and
Mimics 11.1 software (Materialise, Belgium) o render 3D images. A oylindrical region
of interest (RO, cocentrically positioned over the defect site) and the total number of
slices (corresponding to the length of the def;ct) was kept constant for all the
samples. The total volume of newly formed bone within the ROl was measured by
assigning predetermined thresholds for total bone content, cortical bone (JAX™ and
radii) and trabecular bone (or newly formed bone). The data was reported as bone
volumeftotal volume (%).

HS3 (at both 30ug and 100ug doses) significantly increased the BV/TV (%) as
compared to controls, There was no significant difference between HS30- and
HS100-treated ulnas (Figure 60).

Hisfology

After the designated experimental periods, bone was harvested, fixed, decalcified,

sectioned and mounted for staining with various dyes,

Figures 61 and 62 show H&E staining (vide infra) for the 3 treatment groups over
weeks 4 and 8. H33-treatment clearly shows more tissue infiltrating the defect than in
controls,

Higher magnification H&E-stained micrographs (Figure 62) revealed new bone being
deposited immediately adjacent to the Jax stars (the clearer islands), with greater
amounts of bone, bone marrow and cartilaginous tissue apparent in the HS treated

animals. By week 8, in the HS-treated ulnas, new bone has remodeled and matured.

Histological analyses. The extracted ulnas were fixed in 10 % neutral buffered
formalin for 1 week under vacuum, and decalcified in 15 % EDTA, pH 7.2, for 4
weeks at room temperature. Then, the ulnas were processed using a vacuum
infiltration processer.(Sakura. Finetek, Japan) with a 14 h program. After-dehydration-
and’ clearingy the Bomes- were embedded‘in Paraplast paraffin-wase {Thermo Scigntific) «
and the paraffin blocks sectioned longitudinally at 8 M using a rotary microtome
(Leica Microsystems, Germany). Paraffin sections were placed on positively charge
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microscope slides, dried, stained with Hematoxylin/Eosin and Modified Tetrachrome
and finally examined under an Olympus Stereo (82X12) and upright fluorescence
microscope (BX51).

Figure 63 and 64 show Ralis Tefrachrome (Z.A. Ralis, G. Watkins. Modified
tetrachrome method for osteoid and defectively mineralized bone in paraffin sections.
Biotech and Histochem 1892; 67: 338-345) staining (vide infra) for the 3 treatment
groups over weeks 4 and 8, HS-treated defects clearly show more fissue infilirating
the defect than in controls.

Higher magnification Ralis Tefrachrome-stained micrographs (Figure 64) revealed
new bone being deposited immediately adjacent fo the Jax stars (the clearer
islands), with greater amounis of woven bone, bone marrow and capillaries
apparent in the HS3 treated animals. By week 8, in the HS-treated ulnas, new
bone has remodeled and maitured. .

Immunostaining

After the designated experimental pericds, bone was harvested, fixed, decalcified,
sectioned and mounted for staining with varlous dyes. Figure 65 shows
immunostaining for the late ostecgenic marker osteocalcin {vide infra) for the 3
treatment groups over weeks 4 and 8. H33-freated specimens clearly show more

positive (brown) staining filling up the defect than in controls.

Higher magnification (Figure 88) of the osteocalcin staining revealed new bons being
deposited immediately adjacent to the Jax stars (the clearer islands), with greater
amounts of remodelling cavities that consist of bone marrow, capillaries and
osteoblast-lined borders.

immunohistochemistry analysis. Deparaffinised sections were washed with PBS,
incubated with Protease XXIV {BioGenex, San Ramon, USA) for 10 min for antigen
retrieval, followed by incubation with 0.3 % hydrogen peroxide in water for-20 min.at:
roonTiemperaturer Afferwashingy sections were blocked with'5-%enomralkgoatserum
in PBS for 30 min. Tissue sections were incubated with appropriate concentrations of
primary antibodies: osteocalcin (ab13420, 1:150, Abcam, UK) or the same
concentration of mouse IgG (MG100, Caltage Lab, USA; as negative controls) in
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blocking buffer overnight at 4 °C. Sections were washed three times with PBS, and
then incubated with rat absorbed biotin-labeled anti-mouse IgG (Vector Lab Ing,
USA) for 1 h. Sections were washed with PBS and incubated with avidin-
biotinperoxidase comptex (ABC) solution (immunopure ABC preoxidase staining kit,
Vectior Lab. Inc) for 1 h. Peroxidase activity was detected using 3,3~
diaminobenzidiine-tetrahydrochloride (DAB; DAKO, USA). Sections were washed,
mounted and examined under bright field microscopy using an Olympus $ZX12
stereomicroscope.

Torsional Testing

After the designated experimental periods, bones were tested for their mechanical

strength. Figure 67 shows the torsional testing set-ups.

Torsional Testing. After sacrifice at 8 weeks post-surgery, the rabbit ulnas were
retrieved, wrapped in PBS-soaked gauze fo maintain moisture, and frozen at -20 °C
until torsional testing. Upon thawing, the ulna ends were potied in
polymethylmethacrylate (Meliodent Rapid Repair, Heraeus Kulzer), confained within
customized plastic blocks and allowed to solidify, to enable stable fixation. Ulnas
were subsequently mounted in a MTS 858 Mini Bionix Ii testing system (MTS, Eden
Prairie, MN). Polymer blocks and gauze were gently removed prior to testing. Each
specimen was then tested to failure in torsion and the resulting torque—angular
displacement curves were recorded. The rotation rale used was 1 degree per second
until 35 degrees was reached and data were collected at 100 Hz. The stiffness,
maximum torque, and angle at failure were recorded for each specimen, with the
stiffness being measured as the slope of the linear portion of the torque-angular
displacement curve (M. Bostrom, J.M. Lane, E. Tomin, M. Browne, W, Berberian, T.
Turek, J. Smith, J. Wozney, T. Schildhauer. Use of bone morphogenetic protein-2 in
the rabbit ulnar non-union model. Clin Orthop Relat Res 1996; 327: 272-282).

Statistical Analyses. Quantitative data was obtained in friplicates and reported as
means * standard deviation. Statistical analyses were performed using the Student’s,
ttost (GraphPadisoffware)r andap-value of less than 0.05'was censidered
significant.

Quantification of stiffness and maximum torque assessed from control and
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HS-treated vinae. Stiffness was markedly improved for the HS-treated bones.
As the stars occupy the largest proportion of the defect, which became a
physical barrler for new bone infiliration, it resulted in improvements that were
only marked (as opposed fo significant) ~ see Figure 88,

Example 9 - Evaluating bone regeneration in a critical sized defect induced by
H83-loaded collagen sponges

The same overall approach fo that of Example 8 was used in a second study, except
that the Jax TCP stars were replaced with FOA-approved collagen sponges.

Biomaterials. Collagen sponges were purchased from integra Life Sciences
(HELISTAT, Integra Life Sciences Corp, USA) and measured 7 x 21 x 5 mm. These
sponges were processed from bovine deep flexor tendon, are bivabsorbable and
nor-pyrogenic.

The morphology of the sponges was evalualed using Scanning Electron Microscopy
(SEM). Briefly, collagen sponges were spultered-coated with gold and then examined
using SEM (Jeol JSM 5310 LV) at an accelerating voltage of 10 kY.

Biomolecules. Heparan sulfates (HS) tested in this study were bons-morphogenstic
protein (BMP) specific HS, also known as H33.

Invive Study

The study used HS3 loaded at 30yg per spongs (HS30) and BMP-2 loaded at 10 ug
per sponge (BMPZ-10). Bileteral ulna defects were created and treated with HS30,
BENMPZ-10, or MS30+BMP2-10, or PBS conirols,

HS3 (30 pg) was applied in collagen sponges either alone of in combination with
BMPZ (10 pg) and assessed for new bone formation compared to no treatment over
0, 4 and 8 weeks. These.were assessed against the negative collagen sponge
controlandifepositve BMPZdontrol

Experimental Design. Twenty male New Zealand White rabbits {(weighing 2-2.5 kg}
received bilateral ulng defects. Each defect was randomly assigned to one of three
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experimental groups. Every defect received 1 collagen sponge soaked with one of
the following treatments (total 300 xL, in PBS): 30 yg HS, 10 ug BMP-2 (sometimes
called BMP10), 30 g HS + 10 ug BMP-2 or an equal volume of PBS. After 4 and 8
weeks of implantation, the rabbits were sacrificed and ulnas were harvested. Four
ulnas per treatment were assessed non-destructively using 2D X-rays and micro-
computed tomography {micro- CT) for mineral formation at both time-points.
Subsequently, these ulnas were processed for histology and immunohistochemistry.
At week 8, an additional three samples per treatment were included for evaluation by
torsional testing. Some defects were left empty to serve as internal conirols fo ensure
that the model was truly nen-union.

Surgical Procedures. The research protocol for performing bilateral ulna osteofomies
in rabbits was approved by the Institutional Animal Care and Use Commitiee,
following all appropriate guidelines. All surgical procedures were carrled out under
general anesthesia and aseplic conditions. Anesthesia consisted of a combination of
ketamine (75 mg/kg) and xylazine (10 mg/kg) injections as well as isoflurane via an
induction chamber and facemask for maintenance. A 6 cm skin incision was made
and the overlying muscle layers were parted until the length of the ulna was exposed.

A 1.5 om longitudinal defect in the central diaphysis was created using an Acculan.

Radiographic Analyses. An Imaging Radiographic System (MUX-100, Shimadzu,
Japan) was used to capture 2D images of the ulna defects immediately after the
surgery and at weeks 4 and 8. Digital micrographs (Figure 69-70) are then taken of
the X-rays. X-rays were taken under general anesthesia. The collagen sponges were
nof radio-opaque; hence it was easy o identify new bone in the defect site on the 2D
X-rays.

X-ray monitoring after 4 weeks reveals significant new bone filling the defect

sites in all the treatment cases as compared to the negative controls (Figure 70).

X-ray monitoring after 8 weeks reveals the achievement of bone union for all
treatments, but not in the negative control (Figure 71). Interestingly,. delivery of the .
HS3'alone resulfediirbone uion just-as good as that seen-foiithe: BMPZ, e HI3"
in combination with the BMP2 did not accelerate this effect because it was

already maximal.
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Micro-CT analyses. At weeks 4 and 8, hawefted ulnas were scanned with a #CT
scanner (Skyscan 1076; Skyscan, Belgium). Scanning was performed with a
resolution of 35 um and a scanning width of 68 mm. The scanner was set ata
voltage of 104 kV and a current of 398 yA. Cone-Beam CT-reconstruction A Sasov
software (Skyscan) was used fo convert the isotropic slice data obtained into 2D
images. For this reconstruction, the lower and upper threshold values for bone were
assumed to be -315 and 543 Hounsfield units. The data was then analyzed and
remodeled using the associated CTAnN software (Skyscan) for quantification and
Mimics 11.1 software (Materialise, Belgium) to render 3D images. A cylindrical region
of interest (ROI, cocentrically positioned over the defect site) and the total number of
slices (corresponding to the length of the defect) was kept constant for all the
sampies. The fotal volume of newly formed bone within the ROIl was measured by
assigning predetermined thresholds for total bone content, cortical bone (radii) and
trabecuiar bone (or newly formed bone). The data was reported as bone volume/total
volume (%) — see Figure 72,

Micro-CT Quantification of the percentage bone volume of total volume (BV/TV) for
the treatment groups after weeks 4 and 8 confirmed the effects of the HS3 alone
were more than comparable with FDA-approved BMP2 (Figure 72).

Torsional Testing. After sacrifice at 8 weeks post-surgery, the rabbit ulnas were
retrieved, wrapped in PBS-soaked gauze to maintain moisture, and frozen at -20 °C
until torsional testing. Upon thawing, the ulna ends were potited in
polymethylmethacrylate (Meliodent Rapid Repair, Heraeus Kulzer), contained within
customized plastic blocks and allowed to solidify, to enable stable fixation. Ulnas
were subsequently mounted in a MTS 858 Mini Bionix || testing system (MTS, Eden
Prairie, MN). Polymer biocks and gauze were gently removed prior fo testing. Each
specimen was then tested to failure in torsion and the resulting torque—angular
displacement curves were recorded. The rotation rate used was 1 degree per second
until 35 degrees was reached and data were collecied at 100 Hz. The stiffness,
maximum torque, and angle at failure were recorded for each specimen, with the
stiffness. being measured. as the slope of the linear portion of the torque~angular .. .-
displacemend curves{¥ir Bostrony, J.M. Lane, E. Tomin N Browney- W Berlerfani™ T
Turek, J. Smith, J. Wozney, T. Schildhauer. Use of bone morphogenetic protein-2 in
the rabbit ulnar non-union model. Clin Orthop Relat Res 1996; 327: 272-282).
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Stalistical Analyses. Quantitative data was obtained in triplicates and reported as
means & standard deviation. Statistical analyses were performed using the Student’s
ttest (GraphPad software), and a p-value ofless than 0.05 was considerad

significant.

Quantification of stiffness and maximum torque assessed from control, BMF2

and HS-freated ulnae. Both stiffness and maximum torque was significantly improved
for the treatment groups. Remarkably, the HS3-alone treatment resulted in
mechanical properiies that were similar to BF:APZ treatment and intact bone at week 8
{Figure 73).
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Claims:

1. isolated or substantially purified heparan sulphate HS/BMP2 which is capable of
binding SEQ ID NO: 1 or 6, or to BMP2, wherein the heparan sulphate HS/BMP2 is
obtainable by a method comprising:

(i) contacting a polypeptide, the polypeptide consisting of amino acid sequence
QAKHKQRKRLKSSCKRHP [SEQ ID NO:1} or QAKHKQRKRLKSSCKRH [SEQ
ID NO:6] and adhered to a solid support, with a mixture comprising heparan
sulphate such that polypeptide-heparan sulphate complexes form;
(i) partitioning polypeplide-heparan sulphate complexes from the mixture;
(iif) dissociating glycosaminoglycans from the polypeptide-heparan sulphate
complexes;
(iv) collecting the dissociated heparan sulphate.
2. Isolated or substantially purified heparan suiphate HS/BMP2, wherein following
digestion with heparin lyases (heparinase, heparitinase | and 1) to completion and then
subjecting the resulting disaccharide fragments to strong anion exchange HPLC (SAX-

HPL.C) the heparan sulphate HS/BMP2 has a disaccharide composition comprising:

s UA-GIcN 8.2% (x3%);
o UA-GIcNAc 17.5% (£3%);
o UA-GIcN, 6S 3.7% (£3%);
o UA, 25-GlcN 4.5% (£3%);
o UA-GIcNS 16.2% (£3%);

¢« UA, 25-GIcNS, 63 0.5% (£3%).

3. Isolated or substantially purified HS/BMP2 according fo claim 2 wherein the
HS/BMP2 is capable of binding SEQ 1D NO: 1 or 6.

4, Isolated or substantially purified HS/BMP2 according to any one of claims 1 to 3
which binds to SEQ ID NO: 1 with a Kp of less than 100uM.
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5. Isolated or substantially purified HS/BMP2Z according to any one of claims 1 to 4
wherein the HS/BMP2 is N-sulifated.

5. Isolated or substantially purified HS/BMP2 according to any one of claims 1 to 5
wherein the HS5/BMP2 is 6-O-sulfated.

7. A compaosition comprising !solated or substantially purified HS/BMPZ according to
any one of claims 1 to 6 and BMPZ protein.

8. A pharmaceutical composition or medicament comprising Isolated or substantially

purified HS/BMP2Z according 1o any one of claims 1 1o 6.

9. The pharmaceutical composidion or medicament according to claim 8§ further

comprising BMP2 protein.

10. The pharmaceutical composition or medicament according to claim & or § wherein

the pharmaceutical composition or medicament further comprises mesenchymal stem cells.

11. Use of isolated or substantially purified heparan sulphate HS/BMP2 according o any
one of claims 1 to 8 in the manufacture of a medicament for use in a method of medical
freatment.

12. Use of isolated or substantially purified heparan sulphate HS/BMP2 according to any

one of claims 1 to 6 in the manufacture of a medicament for use in wound healing in vivo.

13. Use of isolated or substantially purified heparan sulphate HS/BMP2 according to any

~

one of claims 1 to 6 in the manufacture of a2 medicament for use in repairing and/or
regeneraling conneclive tissue.



109

14, Use of isolated or substantially purified heparan sulphate HS/BMP2 according to any
one of claims 1 fo 6 in the manufacture of a medicament for use in repairing and/or

regenerating a broken bone in a mammalian patient, optionally a human.

15. Use of isolated or substantially purified heparan sulphate HS/BMP2 for use according

to claim 14 comprising repairing and/or regenerating a broken bone during dental or facial or
cranial surgery.

16. A biocompatible implant or prosthesis comprising a biomaterial and isolated or
substantially purified HS/BMP2 according to any one of claims 1 to 6.

17. The implant or prosthesis according to claim 16 wherein the implant or prosthesis is
coated with HS/BMP2.

18. The implant or prosthesis according to claim 16 wherein the implant or prosthesis is
impregnated with HS/BMP2.

19. The implant or prosthesis according fo any one of claims 16 to 18 wherein the

implant or prosthesis is further coated or impregnated with BMP2 protein and/or with
mesenchymal stem celis.

20. A method of forming a biocompatible implant or prosthesis, the method comprising

coating or impregnating a biomaterial with isolated or substantially purified HS/BMP2
according to any one of claims 1 {o 6.

21. The method of claim 20 further comprising coating or impregnating the biomaterial
with one or both of BMP2 protein and mesenchymal stem cells.
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22. Culture media comprising isolated or substantially purified HS/BMP2 according to
any one of claims 1 to 6.

23. Use of isolated or substantially purified HS/BMP2 according to any one of claims 1 to
6 in cell culture in vitro.

24, Use of isolated or substantially purified HS/BMP2 according to any one of claims 1 to
6 for growing connective tissue in vitro.

25. A method for growing connective tissue in vifro comprising culturing mesenchymal

stem cells in contact with exogenously added isolated or substantially purified HS/BMP2
according to any one of claims 1 to 6.

26. A method of promoting osteogenesis, the method comprising administering isolated

or substantially purified HS/BMP2 according to any one of claims 1 to 6 to bone precursor
cells or bone stem celis in vitro.

27. The method of claim 26 wherein the HS/BMP2 and a BMP2 are administered to the

bone precursor cells or bone stem cells simultaneously.

28. The method of claim 26 or claim 27 wherein the bone precursor or bone stem cells
are mesenchymal stem celis.

29. Use of isolated or substantially purified heparan sulphate HS/BMP2 according to any

one of claims 1 to 6 in the manufacture of a medicament for use in promoting osteogenesis.

30. Bone tissue obtained by in vitro cuiture of mesenchymal stem cells in the presence of

isolated or substantially purified HS/BMP2 according to any one of claims 1 to 6.
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31. Bone tissue according to claim 29, wherein the mesenchymal stem cells are cultured
in the presence of BMP2 protein.

32. A method of culturing mesenchymal stem cells comprising culturing mesenchymal

stem cells in contact with isolated or substantially purified HS/BMP2 according to any one of
claims 1 to 6.

33. A kit comprising a predetermined amount of isolated or substantially purified

HS/BMP2 according to any one of claims 1 to 6 and a predetermined amount of BMP2.

34. Products containing therapeutically effective amounts of:

(i isolated or substantially purified HS/BMP2 according to any one of claims 1 {0 6.;

and one or both of
(i) BMP2 protein;
(i) Mesenchymal stem cells,

for simultaneous, separate or sequential use in a method of medical treatment.



