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Heparan Sulphates

Field of the Invention
The present invention relate_s to heparan sulphates and particularly, although not
exclusively, to heparan sulphates that bind FGF2.

Background to the Invention

A major drawback of human mesenchymal stem cell (hnMSC) usage in cell based
therapies is the difficulty of achieving sufficient cell numbers for therapeutic purposes.
Current strategies which include use of extra cellular matrix (ECM) substrates and using
fibroblast growth factor 2 (FGF2) give higher cell counts but lead to increase in

differentiated progenitors in the cell populations.

The jow numbers of NMSCs, where it can be as low as 0.01% to 0.0001% of bone
marrow mononuclear cells, hinders their widespread usage. In addition, current ex vivo
expansion strategies will lead to loss of multipotentiality leading to enough cells for

transplant with less quality and function.

Brickman et al. (Glycobiology Vo. 8 No. 5 pp. 463-471, 1998) describe an heparan
sulphate called HS2 reported to be capable of interacting with FGF2. HS2 is obtainable
from heparan proteoglycans of murine cells at embryonic day 10 as described by
Brickman (supra). HS2 has been described as having a molecular weight of
approximately 25 kDa and thus, assuming an average molecular mass of 400 Da per
disaccharide, consists of about 60 disaccharides. The disaccharide composition of HS2 is |
set forth in Brickman et al. (Glycobiology Vo. 8 No. 5 pp. 463—471, 1998),
WO02010/011 185, which is herein incorporated by reference in its entirety. The nitrous
acid and heparan lyase digestion profiles of HS2 are shown in Figures 29 and 30.

Maccarana et al (Minimal Sequence in Heparin/Heparan Sulfate Required for Binding of
Basic Fibroblast Growth Factor. The Journal of Biological Chemistry. Vol. 268, No.32,
Issue 15, pp23898-23905, 1993) describes experiments investigating the binding of FGF-
2 by several small oligosaccharides generated from heparin or HS from human aorta.
One octasaccharide fraction (B2) was used to ascribe a structure to the octasaccharide,
which the authors called HS-8. It should be noted that this is not the HS-8 of the present

invention and the nomenclature is entirely coincidental.
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Heparin from pig intestinal mucosa, two samples of selectively O-desulfated heparin, one
sample generated by preferential 6-O-desulfation together with N-desulfation of the

starting material followed by re-N-sulfation, another sample obtained by selective 2-O-

desulfation under alkaline conditions, a low sulphated HS isolated from human aorta, and

- HS from bovine kidney were used to generate low chain length oligosaccharides of even’

or odd number.

Even number oligosaccharides were generated from heparin by depolymerisation through
partial deaminative cleavage with nitrous acid and the resuiting 2,4-anhydro-D-mannose
residues were reduced with NAB®H, Labeled oligosaccharides were separated to
generate even numbered species from 4-14 saccharides and a fraction containing 20-24
saccharides. The selectively 6-O-desulfated heparin was similarly treated to yield 4- to
12- saccharides. The isolated and desalted oligosaccharides were subjected to mild acid
treatment. Odd numbered heparin oligosaccharides were obtained by further treatment

of the 20-24 —meric saccharides with heparinase |.

4-14 —meric oligosaccharides were generated from human aorta HS by a different

strategy involving cleavage at sites occupied by N-acetylated GIcN units. Samples were
N-deacetylated and then deaminated with nitrous acid. This treatment leadsto |
deamination of unsubstituted GlcN units and cleavage of glucosaminidic linkages
whereas N-sulfated GIcN units remain intact. The products include GIcA-[1-*H]aMang
disaccharides (derived from (-GlcNAc)-(GlcA-GlcNac),- sequences) and GlcA-GIcNSO;-
HexA)-{1-*H]aMang oligosaccharides (derived from (-GlcNac)-GlcA-(GIcNSOs-HexA),-

GlcNac- sequences).

The oligosaccharides generated by these treatments were both short and chemically
modified by the process of their preparat_ion, which distinguishes them from the HS of the

present invention.

Summary of the Invention

The present invention concerns a heparan sulphate preparation, heparan suiphate HS8.
HS8 has been found to bind FGF2 and enhance the proliferation of stem cells whilst
maintaining their'pluripotencylmultipoténcy. HS8 refers to a novel class of structurally and
functionally related isolated heparan sulphate. The inventors have identified several
closely related members of the HS8 class that have the common property of binding to
heparin binding domains derived from FGF2 that share a short consensus sequence
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(YCKNGGF). Members of the HS8 class are able to stimulate the proliferation of stem

cells and enrich for colonly forming units.

In one aspect of the present invention an heparan sulphate HS8 is provided. HS8 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% HS8, more
preferably one of at least 85%, 90%, 95%, 96%, 97%, 98%, 99% or 100%.

In preferred embodiments, HS8 is capable of binding a peptide or polypeptide having the
amino acid sequence of YCKNGGF (SEQ ID NO: 2),. The peptide may have one or more
additional amind acids at one or both ends of this sequence. For exarhple,' the peptide
may have any of 1, 2, 3,4, 5,6 ,7, 8,9, 10, 11,12, 13,‘ 14,15, 16, 17, 18, 19, 20 or more

amino acids at one or both end of this sequence.

In some embodiments, HS8 is capable of binding a peptide or polypeptide having, or
consisting of, the amino acid sequence of any one of:

¢ YCKNGGF (SEQ ID NO:2), or

e GHFKDPKRLYCKNGGF (SEQ ID NO:1).

In other embodiments the polypeptide is an FGF2 protein. In some embodiments HS8
binds to a peptide having or consisting of the amino acid sequence of any of SEQ ID
NOs:1, 2 or FGF2 protein with a Kp of less than 100uM, more preferably less than one of
S0pM, 40uM, 30uM, 20uM, or 10uM.

HS8 may be obtained, identified, isolated or enriched according to the inventors’
methodology described herein, which may comprise the following steps:
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(i) providin'g a solid support having polypeptide molecules adhered to the
support, wherein the polypeptide comprises a heparin-binding domain having
the amino acid sequence of YCKNGGF;

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

iii) partitioning polypeptide-glycosaminoglycan complexes from the remainder of
the mixture; '

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

(v) collecting the dissociated glycosaminoglycans.

In some embodiments the polypeptide adhered to the support may comprise or consist of |
an amino acid sequence selected from
o YCKNGGF (SEQ ID NO:2), or |
o GHFKDPKRLYCKNGGF (SEQ ID NO:1).

In the inventors’ methodology the mixturé may comprise glycosaminoglycans obtained

from commercially available sources. One suitable source is a heparan sulphate fraction,

~ e.g. a commercially available heparan sulphate. One suitable heparan sulphate fraction

can be obtained during isolation of heparin from porcine intestinal mucosa (e.g. Celsus

Laboratories 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.

In another aspect of the present invention a composition comprising HS8 according to

any one of the aspects above and FGF2 protein isbprovided.

In one aspect of the present invention a pharmaceutical composition or medicament is
provided comprising HS8 in accordance with the aspects described above. The
pharmaceutical composition or medicament may further comprise a pharmaceutically

acceptable carrier, adjuvantv or diluent.
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In some embodiments the pharmaceutical composition is for use in a method of

treatment, the method comprising the repair and/or regeneration of tissue, e.g. a broken

“bone. In some embodiments the pharmaceutical composition or medicament may further

comprise FGF2 protein. In some embodiments the pharmaceutical composition or

medicament may further comprise mesenchymal stem cells.

In another aspect of the present inventio,h HSS$ is provided for use in a method of medical
treatment. The method of medical treatment may comprise a method of wound healing in
vivo, the repair and/or regeneration of tissue, 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 HS8 in the manufacture of a
medicament for use in a method of medical treatment is provided. In some embodiments
the method of medical treatment comprises the repair and/or regeneration of a broken

bone in a mammal or a human.

In a further aspect of the present invention a biocompatible implant or prosthesis
comprising a biomaterial and HS8 is provided. In some embodiments the implant or
prosthesis is coated with HS8. In some embodiments the implant or prosthesis is

- impregnated with HS8. The implant or prosthesis may be further coated or impregnated

with FGF2 protein and/or with mesenchymal stem cells.

In another aspect of the present invention a method of forrhing a biocompatible implant or
prosthesis isi provided, the method comprising the step of coating orimpregnating a
biomaterial with HS8. In some embodiments the method further comprises coating or
impregnating the biomaterial with one or both of FGF2 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 HS8 to the patient. In some embodiments the method comprises
administering HS8 to the tissue surrounding the fracture. In some embodiments the
method comprises injection of HS8 to the tissue surrounding the fracture. In such
methods the HS8 may be formulated as a pharmaceutical composition or medicament
comprising HS8 and a pharmaceutically acceptable carrier, adjuvant or diluent.
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In some embodiments the method may further comprise administerihg FGF2 protein to
the patient. In such methods the HS8 and FGF2 protein may be formulated as a |
pharmaceutical composition comprising HS8 and FGF2 protein and a pharmaceutically

acceptable carrier, adjuvant or diluent.

In some embodiments the method may further comprise administering mesenchymal
stem cells to the patient. In such methods at least two of HS8, FGF2 protein and
mesenchymal stem cells may be formulated in a pharmaceutical composition comprising
at least two of the HS8, FGF2 protein and mesenchymal stem cells and a

pharmaceutically acceptable carrier, adjuvant or diluent.

Preferably, the HS8, FGF2 protein and mesenchymal stem cells are respectively provided
'in therapeutically effective amounts. in some embodiments the method of treating bone
fracture further comprises the step of formuiéting therapeutically effective amounts of
HS8, and/or FGF2 protein and/or mesenchymal stem cells as a pharmaceutical
composition comprising the HS8, and/or FGF2 protein and/or mesenchymal stem cells
and a pharmaceutically acceptable carriér,vadjuvant or diluent, wherein the

pharmaceutical composition is administered to the patient.

In another aspect of the present invention a method of treating a bone fracture in a
patient is provided, the method comprising surgically implanting a biocompatible implant
or prosthesis, which implant or prosthesis comprises a biomaterial and HS8, into tissue of

the patient at or surrounding the site of fracture.

In some embodiments the implant or prosthesis is coated with HS8. In some
embodiments the implant or prosthesis is impregnated with HS8. In some embodiments
the implant or prosthesis is further impregnated with one or both of FGF2 protein and

mesenchymal stem cells.

In a further aspect of the present invention culture media is provided, the culture media

comprising HS8.

In another aspect of the present invention the use of HS8 in cell culture in vitro is
provided. In a related aspect of the present invention the use of HS8 in the growth of _

connective tissue in vitro is provided. In another related aspect of the present invention a
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method for growing connective tissue in vitro is provided, the method comprising culturing

mesenchymal stem cells in contact with exogenously added HS8. .

In yet a further aspect of the present invention a method for the repair, replacement or

regeneratlon of tissue in a human or animal patlent in need of such treatment is provided,

the method comprising: ,
(i) culturing mesenchymal stem cells in vitro in contact with HS8 for a period of

time sufficient for said cells o form tissue;
(ii) collecting said tissue; »
(iii) implanting said tissue into the body of the patient at a site of injury or disease

to repair, replace or regenerate tissue in the patient.
The tissue may be connective tissue, e.g. bone, cartilage, btendon or fat.
In some embodiments the method further comprises contacting the mesenchymal stem

cells in culture with exogenous FGF2 protein.

In another aspect of the present invention tissue obtained by in vitro culture of

“mesenchymal stem cells in the presence of HS8 is provided. In some embodiments the

tissue is obtained by in vitro culture of mesenchymal stem cells in the presence of HS8

“and FGF2 protein.

In a further aspect of the present invention a method of culturing stem celis, e.g.
mesenchymal stem cells is provided, the method comprising culturing stem cells in
contact with HS8.

In some aspects of the present invention a method of culturing stem cells in vifro is
provided, the method comprlsnng culturing stem cells in vitro in contact with heparan
sulphate HS8. The HS8 is preferably exogenous and isolated, and added to the culture

as a supplement, e.g. as part of the culture media.

Ih preferred embodiments stem cells cultured whilst in contact with HS8 expand in
population, i.e. increase in number of stem celis, and a high proportion of cells in the
culture maintain the multipotent or pluripotent characteristics of the parent stem cell (e.g.
ability of the stem cell to differentiate into specific tissue types characteristic of the type of
stem cell). For example, preferably one of at least 20%, 30%, 40%, 50%, 60%, 70%,
Bb%, 90%, 95%, 96%, 97%, 98%, 99% or 100% of stem cells in the culture exhibit the



10

15

20

25

30

35

WO 2014/185858 PCT/SG2013/000201
8
multipotent or pluripotent characteristics of the parent stem cells. Preferably, HS8 acts to
increase the proportion (e.g. percentage) of cells in the culture that aré multipbtent or
pluripotent. This may be measured relative to the number of cells in the starting culture
that are multipotent or pluripotent. In some embodiments the increase in proportion of
multipotent or pluripdtent cells may be compared against a control culture of stem cells
subject to corresponding culture conditions that differ only by lack of the presence of
exogenous HS8. Stem cells cultures may optionally contain, or not contain, FGF2.

In some preferred embodiments the method provides an increase in the number of colony
forming units (CFU), i.e. single stem cell cells capable of producing colonies of stem celis
derived from the single cell precursor. The increase may be measured as an increase in
the percentage of cells in the culture that are CFUs, e.g. an increase of one of at least
20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, 95%, 96%, 97%, 98%, 99% or 100%. The
increase may be measured over the duration of the culture, over a single passage, or
over a selected number of passages, e.g. 1, 2, 3,4, 5,6, 7, 8, 9, 10 or more passages,
with the determination of the increase being made relative to the number of CFUs in the

initial culture.

Thus, culture methods of the present invention allow for the proliferation of stem cells and
expansion of stem cell numbers, where a high proportion of progeny cells are multipotent
or pluripotent and/or are CFUs. Thus, methods of the present invention provide for the
prevention or reduction in the loss of pluripotent or muitipotent status of pluripotént or
multipotent stem cells during stem cell expansion in in vitro culture. This is advantageous
over existing stem cell culture methods where loss of stem cell characteristics in progeny
cells is common. As such, methods of the present invention provide a means of enriching
stem cell cultures for multipotent/pluripotent stem cells and/or CFUs providing a means of

obtaining large numbers of stem cells for use in medicine, diagnosis and research.

Thus, methods of the present invention allow for the proliferation and expansion of stem
cell cultures whilst simultaneously enriching the cultures to have a higher proportion (e.g.

percentage) of cells that are pluripotent or multipotent and/or are CFUs.

In one aspect of the present invention a method of énriching for colony forming units
(CFU-F) in a culture of mesenchymal stem cells (MSC) is provided, the method
cbmprising culturing MSCs in vitro in contact with heparan sulphate HS8.
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In another aspect of the present invention a method of enriching for mesenchymal stem
cells and/or colony forming units (CFU-F) in a culture of mesenchymal stem cells (MSC)
is provided, the method comprising culturing MSCs in vitro in contact with heparan
sulphate HS8 such that cultured cells proliferate and the population of MSCs expands,
wherein the expanded MSC population is characterised in that:

o <2% of the MSC population express any of CD45, CD34, CD14, CD19, HLA-DR;

and :
. 2'95% of the MSC population express CD105, CD73 and CD9o;

e 240% of the MSC population express CD49a and/or

e 2> 50% of the MSC population express SSEA-4 and/or

e 220% of the MSC population express STRO-1.
In another aspect of the present invention a method of enriching for mesenchymal stem
cells and/or colony forming units (CFU-F) in a culture of mesenchymal stem cells (MSC)
is provided, the method comprising culturing in vitro MSCs in contact with heparan
sulphate HS8, and passaging the MSCs, wherein after one or more passages the MSC
population is characterised in that: '
e < 2% of the MSC population express any of CD45, CD34, CD14, CD19, HLA-DR;

and .
e 295% of the MSC population express CD105, CD73 and CD90;

o 240% of the MSC population express CD49a and/or
e 250% of the MSC population express SSEA-4 and/or
e 2 20% of the MSC population express STRO-1.

A population or culture of stem cells or MSCs-obtained or produced by a method

described herein.

A populatioh or culture of MSCs, characterised in that:
e < 2% of the MSC population express any of CD45, CD34, CD14, CD19, HLA-DR; -
and '
e 2 95% of the MSC population express CD105, CD73 and CD90;
and '
e 2 40% of the MSC population express CD49a and/or
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e 250% of the MSC population express SSEA-4 and/or
e = 20% of the MSC population express STRO-1.

In some embodiments the percentage of the MSC population that expresses CD49a may
be greater than or equal to one or more 0f 41%, 42%, 43%, 44%, 45%, 46%, 47%, 48%,
49%, 50%, 51%, 52%, 53%, 54%, 55%, 56%, 57%, 58%, 59%, 60%, 61%, 62%, 63%,
64%, 65%, 66%, 67%, 68%, 69% or 70%.

In some embodiments the percentage of the MSC population that expresses SSEA-4
may be greater than or equal to one or more of 51%, 52%, 53%, 54%, 55%, 56%, 57%,
58%, 59%, 60%, 61%, 62%, 63%, 64%, 65%, 66%, 67%, 68%, 69%, 70%, 71%, 72%,

73%, 74%, 75%, 76%, 77%, 78%, 79%, or 80%.

In some embodiments the percentage of the MSC population that expresses STRO-1
may be greater than or equal to one or more of 21%, 22%, 23%, 24%, 25%, 26%, 27%,
28%, 29%, 30%, 31%, 32%, 33%, 34%, 35%, 36%, 37%, 38%, 39%, 40%, 41%, 42%,

43%, 44%, 45%, 46%, 47%, 48%, 49% or 50%.

In some embodiments the number of passages indicated may be any of 1, 2, 3, 4, 5, 6, 7,
8, 9, 10 or more passages. ' ’

Methods of culture of stem cells described herein may include steps of isolating and/or

" maintaining stem cells in vitro. For example, the methods described herein may also

comprise one or more of the following steps:
¢ obtaining stem cells, e.g. stromal cells or bone marrow stromal cells, from an
animal or human, '
e isolating the stem cells,
¢ partitioning and/or isolating STRO-1 expressing MSCs, e.g. by flow cytometry or
magnetic. or fluorescence activated cell sorting, '

+bright

e partitioning and/or isolation of STRO-1 MSCs, e.g. by flow cytometry or

magnetic or fluorescence activated cell sorting,

e partitioning and/or isolation of STRO-1bright/CD106+ MSCs, e.g. by Flow
Cytometric Cell Sorting (FACS), '

o storage of stem cells, e.g. by cryopreservation. This may involve storage of cells
obtained from an animal or human prior to in vitro culture or expansion or of the
enriched/expanded stem cells. .
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In yet a further aspect of the present invention a kit of parts is provided, the kit comprising
a predetermined amount of HS8 and a predetermined amount of FGF2. The kit may
corhprise a first container containing the predetermined amount of HS8 and a second
container containing the predetermined amount of FGF2. The kit may further comprise a
predetermined amount of mesenchymal stem cells. The kit may -be provided for use in a
method of medical treatment. The method of medical treatment may comprise a method
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 HS8, FGF2 protein and/or mesenchymal stem cells separately, sequentially or
simultaneously 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) HS8; and one or both of

(ii) FGF2 protein; |

(iii) Mesenchymal stem cells,
for simul-_taneous, separate or sequential use in a method c_>f medical treatment. The
method of medical treatment may comprise a method 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 products may

6ptional|y be formulated as a combined 'preparation for coadministration.

_Further aspects of the pres_ent invention are set out below.

In one aspect of the presént invention a GAG is provided having high binding affinity for
FGF2. More preferably the GAG is a heparan sulphate (HS). In one embodiments the

HS was isolated from a GAG mixture obtained from porcine intestinal mucosa (available

from Celsus Laboratories Inc, Cincinnatti, USA, e.g. INW-08-045, Heparan Sulphate I,

Celsus Lab Inc, HO-03102, HO-10595, 10 x 100mg) by following the methodology
described herein in which a polypeptide comprising the heparin-binding domain of FGF2
containing the amino acid sequence of YCKNGGF was attached to a solid support and
GAG-polypeptide cbmplexes were allowed to form. Dissociation of the GAG component
from the GAG-polypeptide complexes led to isolation of a unique HS herein called “HS8".
In one embodiment, HS8 is the HS isolated by attaching the polypeptide
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GHFKDPKRLYCKNGGF (SEQ ID NO: 1) to a solid support, allowing GAG-polypeptide
complexes to form, and dissociating the GAG component from the GAG-polypeptide

complexes.

It is the inventors belief that HS8 can be dbtained from HS fractions obtained from a
plurality of sources, including mammalian (human and non-human) tissue and /or

extracellular matrix.

Accordingly, in one aépect of the present invention HS8 is provided. HS8 may be

provided in isolated or purified form. In another aspect culture media comprising HS8 is

‘provided.

In yet another aspect of the present invention a pharmaceutical composition or
medicament comprising HS8 is provided, optionally in combination with a
pharmaceutically acceptable carrier, adjuvant or diluent. In some embodiments

pharmaceutical compositions or medicaments may further comprise FGF2 protein.

Pharmaceutical compositions or medicaments comprising HS8 are provided for use in the

prevention or treatment of injury or disease. The use of HS8 in the manufacture of a

medicament for the prevention or treatmentv of inj_ury 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 HS8 to the patient. The administered HS8 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 FGF2 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 comprising

administering HS8 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 HS8

to cartilage precursor cells or cartilage stem cells.
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The methods of stimulating or inhibiting osteogenesis or formation of cartilage tissue may
be conducted in vitro by contacting bone or cartilage precursor or stem cells with HS8,
optionally in the presence of exogenously added FGF2 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, cbnnective tissue is provided wherein
the connective tissue is obtained by in vitro culture of mesenchymal stem cells in the
presence of HS8 (i.e. exogenous HS8), and optionally in the presence of FGF2 (i.e.
exogenous FGF2). The connective tissue may be bone, cartilage, muscle, fat, ligament

or tendon.

' The prevention or treatment of disease using HS8 may involve the repair, regeneration or

replacement of tissue, particularly connective tissue such as bone, cartilage, muscle, fat,

ligament or tendon.

Y pétients having a deterioration of one of these tissues, administration of HS8 to the site
of deterioratilon 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 FGF2 is also present at the
site, to the proliferation and differentiation of the mesenchymal stem cells into the
appropriate connective tissue, thereby providing for replacement/regeneration of the

damaged tissue and treatment of the injur'y.'

Alternatively, connective tissue obtained from in vitro culture of mesenchymal stem cells
in contact with HS8 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 ihjury or disease.

In another aspect, a pharmaceutical composition may be provided containing stem cells,

preferably mesenchymal stem cells, and HS8. Administration, e.g. injection, of the
composition at the site of injury, disease or deterioration provides for the regeneration of

tissue at the site.

Accordingly, HS8 is useful in wound healing in vivo, including tissue repair, regeneration

and/or replacement (e.g. healing of scar tissue or a broken bone) effected by direct
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application of HS8, optionally in combination with FGF2 and/or stem cells, to the patient
requiring treatment. HS8 is also useful in the in vitro generation of tissue suitable for

im'plantation into a patient in need of tissue repair, regeneration and/or replacement.

In another aspect of the present invention an in vitro method of culturing stem cells is - |
provided, the method comprising culturing stem cells in vitro in contact with HS8. The
HS8 is preferably exogenous HS8 cbntacted with the cultured cells. It may be provided
as part of the culture media or added separately to the culture. The method preferably
comprises the proliferation of the stem cells. The method preferably comprises the
maintenance of the pluripotent or multipotent status of the stem cells over a plurality of
population doublings or passages, e.g. one of at least 3, 4, 5, 6, 7, 8, 9 or 10 population

doublings or passages.

In one embodiment an in vitro method of expanding a culture of stem cells is provided,
the method comprising expanding a single stem cell to a population of more than 1 x10°
stem cells, the method comprising contacting a stem cell culture with HS8.

In another embodiment an in vitro method of expanding a culture of stem cells from an
initial culture size of between about 2000 and 5000 cells per cm? to an ekpanded culture
size that conta'ins at least 1x10° times more stem cells is provided, the method
comprising contacting a stem cell culture with HS8. In some embodiments the culture
time to expand between the initial culture size and thve expanded culture size is less than

one of 40 days, 30 days, 25 days.

in another embodiment an in vitro method of increasing the number of colony forming
units (CFUs) in a culture of stem cells is provided, the method comprising culturing stem
cells in contact with HS8. In some embodiments the CFUs express one or more of '
CD49a, CD73, CD1‘05, STRO-1, or CD90.

In another embodiment a method is provided for increasing the proportion of STRO-1 or
STRO-1*9" cells in an in vitro culture of mesenchymal stem cells, the method

comprising culturing mesenchymal stem cells in contact with HS8.

In another embodiment an in vitro method of preventing or reducing the loss of
multipotent status of multipotent stem cells during stem cell expansion in in vitro culture is

provided, the method comprising culturing the stem cells in contact with HSB. In some
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» embodiments the method comprises maintaining the stem cells in culture for at least 10

population doublings_.

As shown herein, HS8 has the property of stabilising FGF2, and thereby prolonging its
action, HS8 prevents FGF2 from degradation in culture medium (Fig.46). This can be
usefully applied to the storage of FGF2 preparations and the preparation of FGF2

containing culture media.

As such, in one aspect of the present invention a composition comprising a growth factor
and isolated HS8 is provided. The growth factor may be a protein growth factor, and is
preferably FGF2. The composition may comprise isolated FGF2 and isolated HS8. In
some embodiments the comp‘osition may be a culture media. In other embodiments the

composition may be a pharmaceutical composition or medicament containing FGF2.

The composition may be an FGF2 preparation comprising FGF2 and isolated HS8 in a

container. A suitable container may be a bottle, vial, tube or syringe.

A method of increasing the stability of a growth factor is also provided, the method
comprising contacting a growth factor with isolated HS8. ’

The stability of the growth factor may be measured in terms of its half-life, i.e. the amount
of time taken for half of the growth factor in a given composition to be degraded and/or
lose its activity. The growth factor is preferably a protein growth factor, more preferably
FGF2. HS8 acts to maintain and prolong FGF2 half-life. The method may involve
contacting isolated HS8 with the growth factor (e.g. FGF2) in vitro, e.g. as part of
preparation of a growth factor (e.g. FGF2) composition, its storage or transport.
Alternatively, the method may involve contacting isolated HS8 with the growth factor (e.g.
FGF2) in vivo, e.g. by administering isolated HS8 to tissue in which the growth factor (e.g.
FGF2) [naturally occurring in the tissue or exogenously added to the tissue] is present.
The method may also comprise the step of adding exogenous growth factor (e.g. FGF2)

to the tissue.

The stability of FGF2 in a given composition or tissue that contains isolated HS8 (or to
which isolated HS8 has been added) may be compared against a comparable
composition not containing HS8 (or to which isolated HS8 has not been added.
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In the composition and method described above the HS8 may be purified, as described
herein. The FGF2 may be isolated and/or purified, non-isolated or partially isolated, e.g.
part of an extracellular matrix material, or present in a composition of cells. Isolated or
purified FGF2 may be recombinant FGF2. Recombinant FGF2 is commercially available
from a number of manufacturers such as Peprotech; Merck Millipore, MA; Life

Technologies Corporation; Gibco; and Invitrogen.

Optionally, aspects and embodiments of the present do not include HS1 or HS2 (as
described by Brickman et al (Glycobiology Vo. 8 No. 5 pp. 463-471, 1998 and in »
WO02010/011185). In some embodiments heparan sulphates according to the present
invention do not include HS2, and/or a heparan sulphate having a nitrous acid
disaccharide digestion profile according to Figure 29 and/or a heparan sulphate having a

nitrous acid disaccharide digestion profile accbrding to Figure 30.
Description of Preferred Embodiments

The inventors have identified a novel class of heparan sulphate molecules, called HS8.
They have shown that HS8 has the following advantageous properties:
o HS8 enriches for mesenchymal stem cells (MSCs) expressing STRO1 (Figure 12,
Figure 14);

e HS8 results in increased growth of STRO-1+ve affinity isolated MSCs and MSCs
isolated by adherence to plastic (Figures 17, 18, 19, 20).

e |n contrast to héparan sulphate that lacks HS8 (HS8-ve fraction) HS8 enriches for
a population of human MSCs that have a surface marker expression pattern that
is consistent with the internationally recognised definition of human MSCs (Figure
22); ‘

e Culture of hMSCs with HS8 provides a human MSC population that has a high
level of expression of CD49a, SSEA-4 and STRO-1 (Figure 22). In contrast the
addition of FGF-2 as a culture supplement to hMSCs negatively influences the
proportion of‘hMSCs that express STRO-1 and results in a loss of multipotentiality

- of hMSCs (Figures 22, 23 and 25).

 HS8increases CFU-F formation; '

e HS8 enhances FGF-2 mediated MSC growth (Figure 26);
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e HS8 sustains FGF2 mediated signalling of the ERK pathway.

e HS8 promotes proliferation of mesenchymal stem cells (Figures 42 and43)

HS8

The present invention relates to a class of heparan ‘s-ulphate molecule called HS8. HS8
moleculeé are obtainable by methods of enriching mixtures of compounds containing one
or more GAGs that bind to a polypeptide corresponding to a heparin-binding domain of
FGF2. In particular, HS8 molecules can be obtained by enriching for heparan sulphate

that binds to a heparan binding domain of FGF2 which domain comprises, or consists of,_

the amino acid sequence YCKNGGF. The enrichment process may be used to isolate
HS8. ‘

The present invention also relates to mixtures of compounds enriched with HS8, and

methods of using such mixtures.

In addition to being obtainable by the methodology described here, HS8 can also be

defined functionally and structurally.

Functionally, an HS8 is capable of binding a peptide having, or consisting of, the amino
acid sequence of YCKNGGF (SEQID NO:Z). . The peptide may contain one or more
additional amino acids on one or both ends of the peptide. By way of example, the
peptide may be GHFKDPKRLYCKNGGF (SEQ ID NO:1).

Preferably, HS8 binds the peptide with a Ky of less than 100puM, more preferably less
than one of 50uM, 40uM, 30uM, 20uM, or 10pM.

Preferably, HS8 also binds FGF2 protein with a Ky, of less than 100uM, more preferably
less than one of 50uM, 40uM, 30pM, 20uM, or 10uM. Binding between HS8 and FGF2
protein may be determined by the following assay method.

FGF2 is dissolved in Blocking Solution (0.2% gelatin in SAB) at a concentration of 3 pg/ml
and a dilution series from 0-3pg/ml in Blocking Solution is established. Dispensing of 200
ul of each dilution of FGF2 into triplicate wells of Heparin/GAG Binding Plates pfe-coated
with heparin; incubated for 2hrs at 37°C, washed carefully three times with SAB and
200p1 of 250ng/ml biotinylated anti-FGF2 added in Blocking Solution. Incubation for one
hour at 37°C, wash carefully three times with SAB, 200ul of 220ng/mi ExtrAvidin-AP
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added in Blocking Solution, Incubation for 30mins at 37°C, careful washing three times
with SAB and tap to remove residual liquid, 200pl of Development Reagent (SigmaFAST
p-Nitrophehyl phosphate) added. Incubate at room temperature for 40 minutes with _

absorbance reading at 405nm within one hour.

In this aséay, binding may be determined by measuring absorbance and may be
determined relative to controls such as FGF2 protein in the absence of added heparan
sulphate, or FGF2 protein to which an heparan sulphate is added that does not bind

FGF2 protein.

The binding of HS8 is preferably specific, in contrast to non-specific binding and in the
‘context that the HS8 can be selected from other heparan sulphates and/or GAGs by a
method involving selection of heparan sulphates exhibiting a high affinity binding
interaction with the peptide comprising YCKNGGF such as SEQ ID NO:1, or with FGF2

‘protein.

HS8 according to the present invention preferably increases proliferafion of stem cells

whilst maintaining their pluripotency or multipotency.

The disaccharide composition of HS8 following digestion with heparin lyases |, It and 1l to
completion and then subjecting the resulting disaccharide fragments to capillary

electrophoresis analysis is shown in Figures 44 and 45.

HS8 according to the present invention includes heparén sulphate that has a
disaccharide composition within £ 10% (more preferably + one of 9%, 8%, 7%, 6%, 5%,
4%, 3%, 2%, 1% or 0.5%) of the normalised percentage values shown for each

" disaccharide in Figure 45 for the HS8 retained species or in Figure 44 for the HS8

retained species, as determined by digestion with heparin lyases |, Il and Ill to completion
and then subjecting the resulting disaccharide fragments to capillary electrophoresis

analysis.

The disaccharide composition of HS8 as determined by digestion with heparin lyases I, |l
and lil to completion and then subjecting the resulting disaccharide fragments to capillary

electrophoresis analysis may have a disaccharide composition according to any one of

the following:
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Disaccharide
AUA 2S-GIcNS,6S
AUA2S-GIcNS
AUA-GIcNS,6S
AUA,2S-GIcNAc,6S
AUA-GIcNS
AUA,2S-GIcNAG
AUA-GIcNAC,6S
AUA-GIcNAC
or
Disaccharide
AUA,2S-GIcNS,6S
AUA,2S-GIcNS
AUA-GIcNS,6S
AUA,2S-GIcNAG,6S
AUA-GIcNS
AUA,2S-GIcNAc
AUA-GIcNAC,6S
| AUA-GIcNAc
or .
Disaccharide

PCT/SG2013/000201

Normalised weight percentage -

12.7+3.0
7.242.0
15.5+£3.0
6.5+£2.0
15.7+3.0
1.0+0.5
8.9+3.0
32.5+3.0

Normalised weight percentage

12.742.0
7.242.0
15.542.0
6.5+2.0
15.742.0
1.0+£0.5
8.942.0
32.542.0

Normalised weight percentage

AUA,2S-GIcNS,6S
AUA,2S-GIcNS
AUA-GICNS,6S

AUA,2S-GIcNAc,6S
AUA-GIcNS

AUA2S-GIcNAc

AUA-GIcNAC,6S
AUA-GIcNAc

or
Disaccharide

12.7+£2.0
7.2+1.0
15.5+2.0
6.5+1.0
15.7+2.0
1.0£0.5
8.9+2.0
32.5+3.0

Normalised weight percentage

AUA,2S-GIcNS,6S
AUA,2S-GIcNS
AUA-GICNS, 6S

AUA,2S-GIcNAC,6S

' AUA-GICNS

12.7+1.0
7.2:0.4
15.5£1.0
6.5+£0.6
15.7£3.0
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AUA,2S-GIcNAC
AUA-GICNAG,6S
AUA-GIcNAC
or

Disaccharide

PCT/SG2013/000201
20

1.0 £0.4
8.9+1.0
32.5+1.6

Normalised weight percentage

AUA,2S-GIcNS,6S
AUA,2S-GIcNS
AUA-GICNS,6S
AUA,2S-GIcNAc,6S
AUA-GICNS
AUA,2S-GIcNAc
AUA-GIcNAC,6S
AUA-GIcNAc
or _
Disacéharide

12.7+0.75
7.2+0.3
15.5+0.75
6.5+0.45
15.7+2.25
1.0+0.3
8.9£0.75
32.5+1.2

Normalised weight percentage

AUA,2S-GIcNS,6S
AUA,2S-GleNS
AUA-GICNS,6S

~ AUA,2SGIcNACc,8S
AUA-GICNS
AUA,2S-GIcNAC
AUA-GICNAC,6S
AUA-GIcNAC

12.740.5
7.240.2
15.5£0.5.
6.5+0.3
15.7+1.5
1.0 £0.2
8.9+0.5
32.5:0.8

in preferred embodiments the total weight percentage of the 8 disaccharides listed is

100% (optionally + 3.0% or less, or + 2.0% or less, £ 1.0% or less, £ 0.5% or less).

Comparison of HS8 with an HS isolated as having high affinity for the growth factor

BMP2, called HS3 (described in WO2010/030244) reveals that the structural dissimilarity

of HS8 compared to HS3 is characterised by the amount of the following disaccharides:

AUA-GIcNS,8S and AUA-GIcNS. In particular HS8 has a greater percentage composition
10 of AUA-GIcNS,6S than HS3 and a lower percentage composition of AUA-GIcNS than

HS3.
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As such, HS8 may be characterised by having a percentage composition of AUA-
GIcNS,6S of 15.5 +4.0 or less, or £3.5 or less, or +3.0 or less, or +2.5 or less, or £2.0 or

less, £1.5 or less, or +1.0 or less, or £0.5 or less, or +0.25 or less, or +0.1 or less. HS8

may additionally or alternatively be characterised by having a percentage compdsition of

AUA-GIcNS of 15.7 +4.0 or less, or +3.5 or less, or £3.0 or less, or 2.5 or less, or +2.0

or less, or+1.5 or less, or £1.0 or less, or 0.5 or less, or £0.25 or less, or +0.1 or less.

HS8 may also be characterised by having a percentage composition of AUA,2S-
GIcNS,6S of 12.7 £1.5 or less, £1.0 or less, or +£0.5 or less, or +0.25 or less, or £0.1 or

less.

HS8 may also be characterised by having a percentage composition of AUA,2S-GIcNS of
7.2 or £2.0 or less, 1.5 or less, +1.0 or less, or +0.5 or less, or +0.25 or less, or 0.1 or

less.
HS8 may also be characterised by having a percentage composition of AUA,2S-
GIcNAc,6S of 6.5 +1.5 or less, 1.0 or less, or £0.5 or less, or +0.25 or less, or +0.1 or

less.

HS8 may also be characterised by having a percehtage composition of AUA-GIcNAC,6S

- of 8.9 0.5 or' less, or £0.25 or less, or £0.1 or less.

in these embodiments the percentage composition of the remaining disaccharide
components may be as listed above, or as shown in Figure 44 or 45 + one of 10%, 9%,
8%, 7%, 6%, 5%, 4%, 3%, 2%, 1% or 0.5%.

Digestion of HS8 with heparin lyases |, Il and Il and/or capillary electrophoresis analysis
of disaccharides is preferably performed in accordance with Example 18.

Digestion of HS preparations with heparin lyase enzymes may be conducted as follows:
HS preparations (1 mg) are each dissolved in 500 pL of sodium acetate buffer (100 mM
containing 10 mM calcium acetate, pH 7.0) and 2.5 mU each of the three enzymes is
added; the samples are incubated at 37 °C overnight (24 h) with gentle inversion (9 rpm)
of the sample tubes; a further 2.5 mU each of the three enzymes is added to the éamples
which are incubated at 37 °C for a further 48 h with gentle inversion (9 rpm) of the sample
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tubes; digests are halted by heating (100 °C, 5 min) and are then lyophilized; digests are -
resuspended in 500 uL water and an aliquot (50 pL) is taken for analysis.

Capillary electrophoresis (CE) of disaccharides from digestion of HS preparations may be
conducted aé follows: capillary electrophoresis operating buffer is made by adding an
aqueous solution of 20 mM H;PO, to a solution of 20 mM NazHPO4.12HZO to give pH 3.5;
column wash is 100 mM NaOH (dilu‘ted from 50 % w/w NaOH); operating buffer and
column wash are both filtered using a filter unit fitted with 0.2 ym cellulose acetate
membrane filters; stdck solutions of disaccharide Is (e.g. 12) are prepared by dissolving
the disaccharides in water (1 mg/mL); calibration curves for the standards are determined
by preparing a mix containing all standards containing 10 ug/100 pL of each disaccharide
and a dilution series containing 10, 5, 2.5, 1.25, 0.625, 0.3125 ug/100 pL is prepared;
including 2.5 pg of internal standard (AUA,2S-GIcNCOEt,6S). The digests of HS are
diluted (50 pL/mL) with water and the same internal standard is added (2.5 pg) to each
sample. The solutions are freeze-dried and re-suspended in water (1.mL). The samples

are filtered using PTFE hydrophilic disposable syringe filter units.

Analyses are performed using a capillary electrophoresis instrument on an uncoated
fused silica capillary tubev at 25 °C using 20 mM operating buffer with a capillary voltage
of 30 kV. The samples are introduced to the capillary tube using hydrodynamic injection
at the cathodic (reverse polarity) end. Béfore each run, the capillary is flushed with 100
mM NaOH (2 min), with.water (2 min) and pré-conditioned with operating buffer (5 min). A
buffer replenishment system replaces the buffer in the inlet and outlet tubes to ensure
consistent volumes, pH and. ionic strength are maintained. Water only blanks are run at
both the beginning, middle and end of the sample sequence. Absorbance is monitored at
232 nm. All data is stored in a database and is subsequently retrieved and re-processed.
Duplicate or triplicate digests/analyses may be performed and the normalized percentage
of the disaccharides in the HS digest is calculated as the mean average of the results for

the analyses.

In some embodiments HS8 has an average (mean) molecular weight in the range 18 to
27 kDa. In some embodiments this may be one of 20 to 25 kDa, 21 to 25 kDa, 21 to 24
kDa, 21 to 23 kDa, 20 to 24 kDa, 20 to 23 kDa, or 20 to 22 kDa.

In some embodiments an HS8 chain comprises at least 25 disaccharide units. In some
embodiments this may be one of at least 26 disaccharides, at least 27 disaccharides, at
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least 28 disaccharides, at least 29 disaccharides, at least 30 disaccharides, at least 31
disaccharides, at least 32 disaccha‘rides, at least 33 disaccharides, at least 34
disaccharides, at least 35 disaccharides, at least 36 disaccharides, at least 37
disaccharides, at least 38 disaccharides, at least 39 disaccharides, at least 40
disaccharides, at least 41 disaccharides, at least 42 disaccharides, at least 43

disaccharides, or at least 44 disaccharides.

To identify HS8 the inventors used a method that involves enriching for
glycosaminoglycan molecules that exhibit binding to particular polypeptides having a
heparin-binding domain. Isolated GAG mixtures and/or molecules can then be identified
and tested for their ability to modulate the growth and differentiation of cells and tissue
expreséing a protein containing the heparin-binding domain. This enables the controlled
analysis of the effect of particular GAG saccharide sequences on the growth and
differentiation of cells and tissue, both in vitro and in vivo. This methodology is described
in PCT/GB2009/000469 (W02010/030244), incorporated herein by reférence. The
inventors applied this methodology to Fibroblast Growth Factor 2 (FGF2) in order to
isolate and characterise GAGs having high binding to FGF2 -

Accordingly,'to identify HS8 the inventors provided a method of isolating
glycosaminoglycans capable of binding to proteins having heparin/heparan-binding
domains, the method cdmprising: ' _

0 providing a solid support having polypeptide molecules adhered to the
support, wherein the polypeptide comprises a heparin-binding domain;

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

(i) partitioning polypeptide-glycosaminoglycan complexes from the remainder of

_ the mixture; _

(iv) dissociating glycosaminoglycans from the polypeptide-glycosaminoglycan

complexes; h

(v) collecting the dissociated glycosaminoglycans.

The inventors also 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 tissues, the method comprising:
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(i) providing a solid support having polypeptide molecules adhered to the
suppbrt, wherein the polypeptide _compﬁses- a heparin-binding domain;

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

(iii) | partitioning polypeptide-glycosaminoglycan complexes from the remainder of
the mixture;

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

(v) collecting the dissociated glycosaminoglycans;

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

(vii) measurihg one or more of: proliferation of the cells, differentiation of the cells,

expression of one or more protein markers.

The inventors used these methods to identify a GAG capable of binding to FGF2 (which
they called HS8), wherein the polypeptide used in the inventors’ methodology comprised
the heparin-binding domain of GHFKDPKRLYCKNGGF (SEQ ID NO:1).

In the inventoré’ methodology, the mixture comprising GAGs may contain synthetic
glycosaminoglycans. However, GAGs obtained from cells or tissues are preferred. For
example, the mixture may contain extracellular matrix wherein the extracellular matrix
material is obtained by scraping live tissue in situ (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 body of the human or animal. Alternativély, the extracellular
matrix material may be obtained 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. In one embodiment commercially availabie

heparan sulphate from Porcine Mucosa (Celsus HS) was used.

The GAG component may be extracted from a tissue or cell sample or extract by a series
of routine separation steps (e.g. anion exchange chromatography), well known to those of

vskill 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
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GAG mixture contacted with the solid support is enriched for heparan sulphate. A
heparan sulphate-enriched GAG fraction may be obtained by performing column
chromatography on the GAG mixture, e.g. weak, medium or strong anion exchange
chromatography, as well as strong high pressure liquid chfomatography (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 sequénce, or determine structural characteristics of

the GAG. GAG structure 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 hitrous acid or enzymatically with lyases such as
heparinase ‘,lll) to yield saccharide fragrhents that are both characteristic and diagnostic of
the GAG. In particular, digestion to yield disacchérides (or tetrasaccharides) 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
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 techniques 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.

For example, the 1" ‘NMR spectra of HS8, in comparison with Celsus HS (from which
HS8 was derived) and HS3 (a BMP2 binding HS) is shown in Figures 31 and 32. HS8
according to the present invention may have a 1" NMR spectra corresponding to the HS8
spectra of Figure 31 or 32. In some embodiments HS8 according to the present invention
may have a 1" NMR spectra in which the spectra at 4.0-3.5 ppm corresponds to that of
HS8 in Figure 32 (top line between 3.8-3.7 ppm). In some embdodiments HS8 according

to the present invention may: have a peak at about 3.8 ppm and/or a peak at about
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3.7ppm. In some embodiments HS8 can be distinguished from other HS8 by its unique

methine and/or methylene 1"NMR spectra, e.g. as shown in Figure 32.

A high affinity binding interaction between the GAG and heparin-binding domain indicates
that the GAG will contain a specific saccharide sequence that contributes to 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 subjected to treatment with an agent that lyses
glycosaminoglycan chains, e.g. a' lyase. Lyase treatment may cleave portions of the
bound GAG that are not taking part in the binding interaction with the polypeptide.
Pdrtions 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 thé GAG ligand), sulphation pattern, disaccharide and/or
tetrasaccharide digestion analysis, NMR spectra, mass spectrometry spectra and HPLC

spectra may prov’ide a high level of structural characterisation of the GAG ligand.

As used herein, the terms 'enriching’, 'enrichment’, 'enriched’, etc. describes a process (or
state) whereby the relative composition of a mixture is (or has been) altered in such a
way that the fraction of that mixture 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.
GAG:s isolated by enrichment may be pure, ie. contain'substantially only one type of
GAG, or may continue to 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 to

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.
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The functional effect may be to promote (stimulate) or inhibit the proliferatibn of the cells
of a certain type or the differentiation of one cell type into another, or the expression of
one or more protein markers. For example, the GAGs may promote cell proliferation, i.e.
an increase in cell number, or promote differentiation of stem cells into specialised cell
types (e.g. mesenchymal stem cells in connective tissue), 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 |, II., IV, VII, X, osteopontin, Osteocalcin, BSPIl, SOX9, Aggrecan, ALBP,
CCAAT/enhancer binding protein-a (C/EBPa), adipocyte lipid binding protein (ALBP),
alkaline phosphatase (ALP), bone sialoprotein 2, (BSPII), Collagen2a1 (Coli2a) and
SOX9). '

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 rhay be a potentiating effect. The term 'potentiating effect’ is~
uhderstood 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 invention, the
potentiating effect is understood to mean the effect of isolated GAGs on a heparin-binding

factor, wherein the said effect increases the potency of said heparin-binding factor.

As used herein, the process of 'contacting’ involves the bringing into close physical .
proximity of two or more discrete entities. The process of 'contacting' involves the bringing
into close proximity of two or more discrete entities for a time, and under conditions, '
sufficient to allow a portion of those two or more discrete entities tb interact on a
molecular level. Preferably, as used herein, the process of ‘contacting’ involves 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, dissolving, swelling, washing.
In preferred embodiments ‘contact’ 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.



10

15

20

25

30

35

WO 2014/185858 PCT/SG2013/000201
28

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 to folding that may
occur in longer polypeptides leading to 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 peptides. These additional amino acids may enable the addition of linker
or attachment molecules to the polypeptide that are required to attach the polypeptide to

the solid support:

In preferred embodiments of the inventors’ methodology, in addition to the number of
amino acids in the heparin-binding domain the polypeptide contains 1-20, more preferably
1-10, still more preferably 1-5 additional amino acids. In some embodiments the amino

acid sequence of the heparin-binding domain accounts for at least 80% of the amino

“acids of the polypeptide, more preferably at least 90%, still more preferably at least 95%.

In order to adhere polypeptides to the surface of a solid support the polypeptides are
preferably modified to include a molebular tag, and the surface of the solid support is
modified to incorporate a corresponding molecular probe having high affinity for the
molecular tag, i.e. the molecular tag and probe form a binding pair. The tag and/or probe
may be chosen from any one of: an antibody, a cell receptor, a ligand, biotin, any
fragment or derivative of theée structures, any combination of the foregoing, or any other
structdre with which a probe can be designed or configured to bind or otherwise associate
with specificity. A preferred binding pair suitable for use as tag and probe is biotin and

avidin.

The polypeptide is derived from the protein of interest, which in the present case is FGF2.
By “derived from” is meant that the polypeptide is chosen, selected or prepared because
it contains the amino acid sequence of a heparin-binding domain that is present in the
protein of interest. The amino acid sequence of the heparin-binding domain may be
modified from that appearing in the protein of interest, e.g. to investigate the effect of

changes in the heparin-binding domain sequence on GAG binding.

In this specification the protein is FGF2. The amino acid sequences of the preferred
heparin-binding domains is GHFKDPKRLYCKNGGF (SEQ ID NO:1) [which is found at
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~ amino acids 157-172 of humén FGF2], or a sequence having the sequence YCKNGGF

(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. It is also understood that thé 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 ce‘rtain 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 vérsa) 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-butyi groups‘
The term ‘isoelectronic’ refers to an electronic similarity between two entities, an example

being the case where two entities possess a functionali_ty of the same, or similar, pKa.

The polypeptide corresponding to the heparin-binding domain may be synthetic or

recombinant.

The solid support may be any substrate having a surface to which molecules may be
attached, directly or indirectly, through either covalent or non-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 to the attachment of the probes to the
surface and any subsequent treatment, handling, or processing encountered during the
performance of an assay. The materials may be naturally occurring, synthetic, or a
modification of a naturally occurring material. The solid support may be a piastics
material (including polymers such as, e.g., poly(vinyl chloride), cyclo-olefin copolymers,
polyacrylamide, polyacrylate, polyethylene, polypropylene, poly(4-méthy|butene),
polystyrene, polymethacrylate, poly(ethylene terephthalate), polytetrafluoroethylene
(PTFE or Teflon®), nylon, poly(vinyl butyraté)), etc., either used by themselves or in
conjunction with other materials. Additional rigid 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, controlled pore glass beads. Any other materials known in the art that are

capable of having one or more functional groups, such as any of an amino, carboxyl,
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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 into the central space of the column.

The polypeptide may be immobilised on the solid support. Examples of methods of
immobilisation 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. In 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. It is understood that a person
skilled in the art would have a large array of options to choose from to chemically and/or
physically attach two entities to each other. These options are all encompassed within the
scope of the present inventioh. ina 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 Vbinds to streptavidin, 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 to form. These are partitioned from the remainder of the mixture by removing the
remainder of the mixture from the solid support, e.g.‘by washing the solid support to elute
non-bound materials. Where a column is used as the solid support non-binding
components of the GAG mixture can be eluted from the column leaving the GAG-

polypeptide complexes bound to the column.

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 inciuded in, or excluded from the mixture of -
compounds enriched with one or more GAGs that modulate the effect of a heparin- |

binding factor. An example of a non-specific interaction is the temporary confinement |
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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 a 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 concentration) 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
(Kq) 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 in vivo. The GAGs may be provided for use in stimulation or inhibition of cell
or tissue growth and/or proliferation and/or differentiation either in cell or tissue culture in

vitro, or in cells or tissue in vivo.

The GAGs may be provided as a formulation for such purposes. For example, culture

~ media may be provided comprising a GAG obtained by the method described, ie.

comprising HS8.

Cells or tissues obtained from in vitro cell or tissue culture in the presence of HS8 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:
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(é) culturing cells and/or tissues Jn vitro in contact with HS8;
(b) collecting the cells and/or tissues;
(c) implanting the cells and/or tissues into a human or animal subject in need

of treatment.

The cells may be cultured in part (a) in contact with HS8 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 embodiment the HS8 may be formulated for use in a method of medical
treatment, including the prevention or treatment of injury or disease. A pharmaceutical
composition or medicament may be provided comprising HS8 and a pharmaceutically
acceptable diluent, carrier or adjuvant. Such pharmaceutical compositions or
medicavme.nts may be provided for the prevention or treatment of injury or disease. The
use of HS8 in the manufacture of a medicament for the prevention or treatment of injury
or disease is also provided. Optionally, pharfnaceutical compositions and medicaments
according t'o the present invention may also contain the protein of interest (i.e. FGF2)
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 tissue, such as connective tissue (e.g. bone, cartilage, muscle, fat, tendon or
ligament). For the repair of tissue, the pharmaceutical composition or medicament
comprising HS8 may be administered directly to the site of injury or disease in order to
stimulate the growth, proliferation and/or differentiation of new tissue to effect a repair of
the injury or to cure or alleviate (e.g. provide relief to the symptoms of) the disease

condition. The repair or regeneration of the tissue may be improved by combining stem

cells in the pharmaceutical compositioh or medicament.

For the replacement of tissue, HS8 may be contacted with cells and/or tissue during in

- vitro culture of the cells and/or tissue in order to generate cells and/or tissue for

implantation at the site of injury or disease in the patient. Implantation of cells or tissue
can be used to effect a repair of the injured or diseased tissue in the patient by

replacement of the injured or diseased tissue. This may involve excision of
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~ injured/diseased tissue and implantation of new tissue prepared by culture of cells and/or

tissue in contact with HS8.

Pharmaceutical compositions and medicaments according to the present invention may
therefore comprise one of:
(a) HS8; |
(b) HS8 in combination with stem cells;
(c) HS8 in combination with a protein' cohtain_ing the heparin-binding domain bound
by HS8 (e.g. SEQ ID NO:1); ’
(d) HS8 in combination with stem cells and a protein containing the heparin-binding
domain bound by HSS (e.g. SEQ ID NO:1); ‘
(e) Tissues or cells obtained from culture of cells or tissues in contact with HS8.

HS8 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, HS8 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 non-union bone defect

regeneration.

The use of HS8 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 tissue and

tissue grafting. .

In another aspect, the present invéntion provides a biological scaffold comprising HS8. In
some embodiments, the biological scaffolds of the present invention may be used in
orthopaedic, vascular, prosthetic, skin and corneal applications. The biological scaffolds
provided by the present invention include extended-release drug delivery devices,_tissuev
valves, tissue valve leaflets, drug-eluting stents, vascular grafts, wound healing or skin
grafts and orthopaedic prostheses such as bone, ligameht, tendon, cartilage and muscle.
’ln a preferred embodiment of the present invention, the biological scaffold is a catheter
wherein the inner (and/or outer) surface comprises one or more GAG compounds

(including HS8) attached to the catheter.
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In another aspect, the present invention provides one or more GAGs (including HS8)

~ 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 HS8. 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 HS8; and
(i) FGF2,

~ for separate, simultaneous or sequential administration. In a preferred embodiment the

formulation comprises the mixture of compounds comprising one or more GAGs, said
mixture being enriched with respect to HSS and FGF2 in intimate admixture, and is

administered simultaneously to a patient in need of treatment.

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 HS8, and (ii) a

predetermined amount of FGF2.

The compounds of the enriched mixtures of the present invention can be administered to
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 not limited
to, those formed with pharmaceu'tically 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.

It will be appreéiated that the compounds of the enriched mixtures of the present
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 QCOZR').
The term "pro-dfug" specifically relates to the conversion of the —OR' group 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 hpases
and esterases or by chemical cleavage such as in vivo ester hydrolysxs

Medicaments and pharmaceutical compositions according to aspects of the present

invention may be formulated for administration by a number of routes, including but not
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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.

Adrhinistration 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 nat‘ure_and severity of the injury or disease being
treated. Prescription of treatment, e.g. decisions on dosage etc, is within the
responsibility of general practitioners and other medical doctors, and typically takes
account of the disorder to be treated, the condition of the individual patient, the site of
delivery, the method of administration and other factors known to practitioners.

Examples of the techniques and protocols mentioned above can be found in Remington’s
Ph'arrﬁaceutical Sciences, 20th Edition, 2000, pub. Lippincott, Williams & Wilkins.

Stem cells

Cells contacted with HS8 include stem cells.

HS8 may be used in the prolife'ration and/or differentiation of stem cells, and/or the

lineage-commitment of stem cells.

The stem cells cultured and described herein may be stem cells of any kind. They may
be totipotént or multipotent (pluripotent). They may be embryonic or adult stem cells from
any tissue and may be hematopoietic stem celis, neural stem cells or mesenchymal stem

cells. Preferably they are adult stem cells.

In this specification, by stem celi is meant any cell type that has the ability to divide (ie. _
self-renew) and remain totipotent or multipotent (pluripotent) and give rise to specialiied o

cells.
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 multipotency of stem cells may be determined by use of suitable assays. Such

~ assays may comprise detecting one or more markers of pluripotency, e.g. alkaline



10

15

20

25

30

35

WO 2014/185858 PCT/SG2013/000201
36

phosphatase activity, detection of RUNX2, osterix, collagen |, Il, IV, Vil, X, osteopontin,
Osteocalcin, BSPIIl, SOX9, Aggrecan, ALBP, CCAAT/enhancer binding

protein-a (C/EBPa), adipocyte lipid binding protein (A'LBP), alkaline phosphatase (ALP),
bone sialoprotein 2, (BSPII), Collagen2a1 (Coll2a) and SOX9.

In some preferred embodiments the stem cells are mesenchymal stem cells (MSCs), e.g.
capable of differentiation into connective tissue and/or bone cells such as chondrocytes,

osteoblasts, myocytes and 'adipocytes.

Mesenchymal stem cells are easily obtainable from bone marrow by m.inimally invasive
techniques and can be expanded in culture and permitted to differentiate into the desired
lineage. Differentiation can be induced by the application of specific growth factors. The
trénsforming 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. '

Mesenchymal stem cells can be isolated and detected using selective markers, such as
STRO-I, 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.

Suitable mesenchymal stem cells may be obtained or derived from bone marrow

mononuclear cells (BMMNCs) collected from aspirates of bone marrow (e.g. Wexler et al.

~ Adult bone marrow is a rich source of human mesenchymal 'stem’ cells but umbilical 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.
Taetal. Long-'tel"m.Expansion and Pluripbtent Marker Arra'y Analysis of Wharton's Jelly-

Derived Mesenchymal Stem Cells. Stem Cells Dev. 2009 July 20 (Epub)).

Mesenchymal stem cells 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.

Mesenchymal stem cells are pluripotent (multipotent) progenitor cells with the ability to
generate components of cartilage, bone, muscle, tendon, ligament, and fat. These

primitive progenitors exist postnatally and exhibit stem cell characteristics, namély low
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incidence and extensive renewal potential. These properties in combination with fheir
developmental plasticity have generated tremendous interest in their potential use to

replace damaged tissues. In essence these stem cells could be cultured to expand their

‘numbers then transplanted to the injured site or after seeding in/on scaffolds to generate

appropriate tissue constructs.

Thus, an alternative approach for skeietal, muscular, tendon, ligament and blood
repair/regeneration is the selection, expansion and modulation of the appropriate
progenitor cells such as osteoprogenitor cells (e.g. mesenchymal stem cells, '
chondrocytes, osteoblasts, myoblasts, bone sfem cells or bone precursor 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.

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.
Preferably they are human. Optionally they are non-human. Optionally they are non-

embryonic stem cells. Optiohally they are not totipotent.

In yet a further aspect of the present invention, a pharmaceutical composition comprising
stem cells or other cells generated by any of the methods of the bresent invention, or
fragments.or products thereof, is provided. The pharmaceutical composition may be
useful in a method of medical treatment. Suitable pharmaceutical compositions may

further comprise a pharmaceutically acceptable carrier, adjuvant or diluent.

In another aspect of the pres'ent invention, stem cells or other cells generated by any of
the methods of the present invention may be used in a method of medical treatment,
preferably, a method of medical treatment is provided comprising ‘administering toan

individual in need of treatment a therapeutically effective amount of said medicame_ht or '

Stem cells and other cells obtainéd'thrdbﬁéih culture ﬁiéthdds and t_e’Chniches'acco‘fding to
this invention may be used to differentiate into another cell type for use in a method of
medical treatment. 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 techniques
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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.

Mesenchymal Stem Cells

Mesenchymal stem cells (MSCs) were originally isolated from the bone marrow and are
present as only 1 in 104-105 total bone marrow mononuclear cells (BMMNC)
(Friedenstein et al. 1966). These cells are capable of producing colonies derived from
single cell precursors, dubbed the CFU-F (colony forming unit fibroblast) population.
MSCs have now been identified in many other tissues including adipose tissue (Gimble
and Guilak 2003; Zuk et al. 2001), umbilical cord blood (Bieback et al. 2004; Erices et al.
2000; Goodwin et al. 2001; Kogler et al. 2004; Wagner et al. 2005) and muscle (Jiang et
al. 2002). '

The minimal criteria for multipotent human mesenchymal stromal cells (MSC) has been
set out by the Internation Society for Cellular Therapy (Dominici et al Cytotherapy (2008)
Vol.8, No.4, 315-317). They propose three criteria to define human MSC: adherence to
plastic, specific surface antigen expression and multipotent differentiation potential. In
particular they stated that “First, MSC must be plastic-adherent when maintained in
standard culture conditions using tissue culture flasks,. Second, 295% of the MSC
population must express CD105, CD73 and CD90, as measured by flow cytometry.
Additionallty, these cells must lack expression (s2% positive) of CD45, CD34, CD14 or
CD11b, CD79a or CD19 and HLA class Il (HLA-DR). Third, the cells must be able to
differentiate to osteoblasts, adipocytes and chondroblasts under standard in vitro
differentiating conditions.” |

Dominici et al also stated that the biologic property that most uniquely identifies MSC is
their capacity for trilineage mesenchymal differentaion into osteoblasts, adipocytes and
chondroblasts using standard in vitro tissue culture-differentiating conditions. They

- confirmed that differentiation to ostedblaéts can be demonstrated by staining with Alizarin .
" red or von Kossa staining, adlpocyte dlfferentlatton can most readily be demonstrated by

stanmng with QOil red O and chdroblast differentiation can be demonstrated by staining
with Alcian bluse or immunohistochemical staining for collage type Il. Dominici et al state
that kits for such assays are commercially available and that demonstrating differentiation

should be feasible for all investigators.
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Dominici et al also recognise that novel surface markers may be identified in the future
that could also be used to define human MSCs. Three such markers are now known:
CD49a, SSEA-4 and STRO-1.

Rider et al reported that CD49a+ clones have enhanced expression of CD90 and CD105
compared to unsorted cells and demonstrated that CD49a+ clones readily underwent
multilineage differentiation into fat, bone and cartilage compared to unsorted cells,
supporting the use of alpha-1 integrin (CD49a) selection for the enrichment of
mesenchymal stem cells and provided a strategy for selecting the most multipotential
cells from a heterogenous pool of bone marrow mononuclear stem cells (Rider et al.
J.Mol. Hist (2007) 38‘:449-458). Rider et al also report that CFU-F cells are associated
with the expression of CD49a, that CD49a expressing CFU-F cells also co-express -
STRO-1, and CD49a can be used to isdlate MSCs from rats and mice in addition to

humans indicating that it may be conserved marker for enrichment.

Gang et al report that the stage épeciﬁc embryonic antigen SSEA-4, commonly used as a
marker for undifferentiated pluripotent human embryonic stem cells and cleavage to
blastocyst stage embryos also identifies the adult human mesenchymal stem cell
population and can be used to isolate MSCs (Gang et al., Blood 2007; 109:1743-1751).
Gang et al also describe the use of a monoclonal antibody that binds the surface marker
STRO-1 in the enrichment of clonogenic stromal cells (CFU-F) — so-called STRO-1*""9",

Glycosaminglycans

As used herein, the terms 'glycosaminoglycan’ and 'GAG' are used interchangeably and
are understood to refer to the large collection of molecules comprising an
oligosaccharide; whereinéone or more of those conjoined saccharides posséss an amino
substituent, or a derivative thereof. Examples of GAGs are chondroitin sulfate, keratan

sulfate, heparin, dermatan sulfate, hyalur‘onaie and heparan sulfate.

As used herein, the term"GAG"also extendé to encb_mpéss those molecules that are

‘GAG conjugates. An example of a GAG conjugate is a proteoglycosaminoglycan (PGAG,

‘proteoglycan) wherein a peptide component is covalently bound to an oligosaccharide '

component.

Heparan sulphate (HS)
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Heparan sulfate proteoglycans (HSPGs) represent a highly diverse subgroup of
proteoglycans and are composed of heparan sulfate glycosaminoglycan side chains.
covalently éttached to a protein backbone. The core protein exists in three major forms: a-
seéreted 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 extracellular matrices. There are other
proteins such as agrin, or thé amyloid precursor protein, in which an HS chain may be

attached to less commonly 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 (GicA)
and N-acetyl-D-glucosamine (GicNAc). The nascent polysaccharides may be
subsequently modified in a series of steps: N-deacetylatioh/N-sulfation of GlcNAc, C5
epimerisation of GIcA to iduronic acid (IdoA), O-sulphation at C2 of IdoA and GIcA, O-
sulphation at C6 of N-sulphoglucosamine (GIcNS) and occasional O-sulphation at C3 of
GIcNS. N-deacetylation/N-sulphation, 2-O-, 6-O- and 3-O-sulphation 6f HS are mediated
by the specific action of HS N-deacetylase/N-sulfotransferase (HSNDST); HS 2-0O-
sulfotransferase (HS2ST), HS 6-O-sulfotransferase (HS6ST) and HS 3-O-
sulfotransferase, respectively. At each of the madification 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 relétionship between HS structure and function.

Heparan sulfate side'ch‘ains consist of alternately arranged D-glucuronic acid or L-
iduronic acid and D-glucosamine, linked via (1 -> 4) glycosidic bonds. The glucosamine is
oftén N-acetylated or N-sulfated and both the uronic acid and the glucosamine may be
additionally O-sulfated. The specificity of a particular HSPG for a particular binding
partner is creatéd by the specific pattern of carboxyl, acetyl and sulfate groups attached

| 1o the glucosamine and the urb_nic acid. In cdnfrast_ to heparin, heparan sulfate contains

~ less N- and O-sulfate groups' and more N-acetyl groupé. The heparan sulfate side chains

are linked to éﬁserine residue of the core protein through a tetrasaccharide linkage (- .

glUcu'ronosyI;B-( 1— 3)-galactosyl-B-(1 — 3)-ga|actosyI-B-(1 — 4)-xylosyl-B-1 -O-(Ser_ine))

~ region.

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

may ultimately influence their biological activity. Complexity of HS has been considered to
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surpass that of nucleic acids (Lindahl et al, 1998, 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-abetylated sequences, the hexuronate residues rerﬁain as
glucuronate, whereas in the highly sulfated N-sulfated regions, the C-5 epimer iduronate
predominates. Thiﬂsnlimits 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 to 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 hypothesizéd 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 grdwth 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

gvlycosaminoglycan 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 néuroepithelia| cells could specifically activate
either FGF-1 or FGF-2, depending on mitogenic status. Similarly, the capability of a
heparan sulfate (HS) to interact with either FGF-1 or FGF-2 is described in WO 96/23003.
According to this patent 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
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structure may be characterised as a sequence of repeating disaccharide units having
specific and unique sulfation patterns at the present time no standard sequencing
technique equivalent to those available for nucleic acid sequencing is available for
determining HS sequencé structure. In the absence of simple methods for determining a
definitive HS sequencé structure HS molecules are positively identified and structurally
characterised by skilled workersrin the field by a number of analytical techniques. These
include one or a combination of disaccharide analysis, tetrasaccharide analysis, HPLC
and molecular weight determination. These analytical techniqués 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 acid
digestion and lyase digestion. A description 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 to the eventual
degradation of the carbohydrate chain into its individual disaccharide components when

taken to completion.

For example, nitrous acid may be prepared by chilling 250 pl of 0.5 M H,SO4 and 0.5 M
Ba(NO,), separately on ice for 15 min. After cooling, the Ba(NO,), is combined with the
H,S0, and vortexed before being centrifuged to remove the barium sulphate precipitate.
125 pl of HNO, was added to GAG samples resuspended in 20 pl ofszo, and vortexed
before being incubated for 15 min at 25°C with occasional mixing. After incubation, 1 M

Na,CO; was added to the sample to bring it to pH 6. Next, 100 ul of 0.25 M NaBH, in 0.1

M NaOH is added to the sample and the mixture heated to 50°C for 20 min. The mixture

is then cooled to 25°C and acidified glacial acetic acid added to bring the sample to pH 3.
The mixture is then neutralised with 10 M NaOH and the volume decreased by freeze
dryihg. Final samples are run on a Bio-Gel P-2 column to separate di- and |

tetrasaccharides to verify the degree of degradation.

Lyase digestion
Heparinise 1l cleaves sugar chains at glucuronidic linkages. The series of Heparinase

enzymes (I, Il and Ill) each display relatively specific activity by depolymerising certain
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heparan sulphate sequences at particular sulfation recognition sites. Heparinase |

cleaves HS chains with NS regions along the HS chain. This leads to disruption of the
sulphated domains. Heparinase Ill depolymerises HS with the NA domains, resulting in

the separation of the carbohydrate chain into individual suiphated domains. Heparinase Il

- primarily cleaves in the NA/NS “shoulder” domains of HS chains, where varying sulfation

patterns are found. Note: The repeating disaccharide backbone of the heparan polymer is
a uronic acid connected to the amino sugar glucosamine. “NS” means the amino sugar is
carrying a sulfate on the amino group enabling sulfation of other groups at C2, C6é and
C3. “NA” indicates that the amino group is not sulphated and remains acetylated.

For example, for depolymerisation in the NA regions using Heparinase Iil both enzyme
and lyophilised HS samples are prepared in a buffer containing 20 mM Tris-HCL, 0.1
mg/rril BSA and 4 mM CaCl, at pH 7.5. Purely by way of example, 'Heparinase lll may be
added at 5 mU per 1ug of HS and incubated at 37°C for 16 h before stopping the reaction
by heating to 70°C for 5 min. '

Di- and tetrasaccharides may be eluted by column chromatography.

Bone Fracture
In some aspects the present invention is concerned with the therapeutic use (human

and/or veterinary) of HS8 to treat bone fracture.

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 to
discontinuity in the bone. A fracture may be caused by physical impact, or mechanical

stress or by medical conditions such as osteoporosis or osteoarthritis.

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 along a single line, tending to divide the bone in two.

Multi—fragméntary fractures spilt the bone into multiple pieces.

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

comminuted fractures.
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In most subjects bone healing (fracture union) occurs naturally and is initiated following
injury. Bleéding normally leads to clotting and attraction of white blood cells and |
fibroblasts, followed by production of collagen fibres. This is followed by bone matrix
(calcium hydroxyapatite) deposition (mineralisation) transforming the collagen matrix into
bone. Immature re-generated bone is typically weaker than mature bone and over time
the immature bone undergoes a process of remodelling to produce mature “lamellar”
bone. The complete bone healing process takes considerable time, typiCaIIy many

months.

Bones in which fractures occur and which may benefit from treatment using HS8 include
all bone types, particularly all mammalian bones including, but not limited to, long bones
(e.g. femur, humerus, phalanges), short bones (e.g. carpals, tarsals), flat bones (e.g.

cranium, ribs, scapula, sternum, peivic girdlé), irregular bones (e.g. vertebrae), sesamoid

bones (e.g. patella).

Bones in which fractures occur and which may benefit from treatment using HS8 include
skeletal bone (i.e. any bone of the skeleton),. bones of the cranio-facial regioh, 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 behefit from treatment using HS8 also
include those of the head (skull) and neck, including those of the face such as the jaw,
nose and cheek. HS8 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 HS8 may be on cells
within, adjacent to, or caused to migrate into the wound site and may be on the
mesenchymal stem cells, 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.
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HS8 and pharmaceutical compositions and medicaments comprising HS8 are provided
for use in a method of treatment of bone fracture in a mammalian subject.

Treatment may comprise wound healing in bone. The treatment may involve repair,
regeneration and growth of bone.b HS8 facilitates fracture repair by facilitating new bone
growth. HS8 acts to improve the speed of fracture repair enébling 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 asteoporosis or osteoarthritis.
Administration of HS8 is preferably to the tissue surrounding the fracture. This may

include administration directly to bone tissue in which the fracture has occurred.

Administration may be to connective tissue surrounding the bone or fracture or to

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

- directly to the site of injury and may be to a calius formed by initial healing of the wound.

Medicaments and pharmaceutical compositiohs according to the present invention may
be formulated for administration by a number of routes. Most preferably HS8 is

formulated in fluid or liquid form for injection.

In some embodiments the HS8 is formulated as a controlled release formulation, e.g. in a
drug capsule for implantation at the wound site. The HS8 may be attached to,
impregnated on or soaked into a carrier material (e.g. a biomaterial) such as nanofibres

or biodegradable paper or textile.

Pharmaceutical compositions, medicaments, implants and prostheses comprising HS8
may also comprise FGF2. Owing to the ability of HS8 to bind FGF2, the HS8 may act as
a carrier of FGF2 assisting in delivery of FGF2 to the wound site.

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, will depend
on the nature and severity 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 HS8 doses may be administered in
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accordance with the guidance of the prescribing medical practitioner. Purely by way of
example, HS8 may be delivered in dosages of at least 1ng/ml, more preferably at least
5ng/ml and optionally 10 ng/ml or more. Individual HS8 dosages may be of the order less
than 1mg and greater than 1ug, €.g. one of about 5ug, about 10ug, about 25ug, 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, 2000, pub. Lippincott, Williams & Wilkins.

HS8 may be used to treat bone fracture alongside other treatments, such as A
administration of pain relieving or anti-inflammatory medicaments, immobilisation and
setting of the bone, e.g. immobilising the injured limb in a plaster cast, surgical
intervention, e.g. to re-set a bone or move a bone to correct displacement, angulation or
dislocation. If surgery is required HS8 may be administered directly to (e.g. appliéd to)

the fracture during the surgical procedure.

Bioma_terials

Pharmaceutical compositions and medicaments of the invention may take the form of a

biomaterial that is coated and/or impregnated with HS8. An implant or prosthesis may be

- formed from the biomaterial. Such implants or pro'stheseks may be surgically implanted to

assist in transplantion of cells, bone growth, tissue regeneration, tissue restructuring

and/or tissue re-rhodelling.

HS8 may be applied to implants or prostheses to accelerate new tissue formation at a
desired location. »It will be appreciated that heparan sulphates, unlike proteins, are
particularly robust and have a much better ability to withstand the solvents required for

the manufacture of synthetic bioscaffolds and application to implants and prostheses.

The biomaterial rhay be coated or impregnated with HS8. Impregnation may comprise
forming the biomaterial by mixing HS8 with the constitutive components of the
biomaterial, e.g. during polymerisation, or absorbing HS8 into the biomaterial. Coating

may comprise adsorbing the HS8 onto the surface of the biomaterial.

The biomaterial should allow the coated or impregnated HS8 to be released from the
biomaterial when administered to or implanted in the subject. Biomaterial release kinetics

may be altered by altering the structure, e.g. porosity, of the biomaterial.
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In addition to coating or impregnating a biomateriallwith HS8, one or more biologically
aptive 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-B1,
TGF-B2, TGF-B3; VEGF; collagen; laminin; fibronectin; vitronectin. In addition or
alternatively to the above bioactive molecules, one or more bisphosphonates may be
impregnated or coated onto the biomaterial along with HS8. Examples of useful

bisphosphonates may include at least one chosen from the group consisting of:

-etidronate; clodronate; alendronate; pamidronate; risedronate; zoledronate.

Biomaterials coated or impregnated with HS8 may be useful in both medical and

_veterinary purposes. It will be appreciated that the present invention may improve the

quality of life of a patient or potentially extend the life of an animal, for example a valuable

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 administration (e.g. as microcapsules in

solution).

The implant or prosthesis should be biocompatible, e.g. non-toxic and of low
immunogenicity (most preferably non-immunogenic). The biomaterial may be
biodeg'radable such that th'e biomaterial degrades as wound healing occurs, ultimately
Ieaving' only the regenerated bone in situ in the subject. Alternatively a non-
biodegradable biomaterial may be used, e.g. to guide bone regeneration over a large
discontinuity and/or to act as a structural support durihg bone healing, with surgical

removal of the biomaterial being an optional requirement after successful wound healing.

Biomaterials 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 create a three-dimensional open-lattice structure

that entraps molecules of water or other solutions to form a gel. Solidification can occur

by aggregation, coagulation, hydrophobic interactions or cross-linking.

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

materials such as plastics or biologically inert metals such as titanium.
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The biomaterial may have a porous matrix structure which may be provided by a cross-
linked polymer. The matrix is preferably permeable to nutrients and growth factors

required for bone growth.

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

known to those skilled in the art.

Suitable polymer materials for matrix formation include, but are not limited by,

~ biodegradable/bioresorbable polymers which may be chosen from the grodp of: agarose,

collagen, fibrin, chitosan, polycaprolactone, poly(DL-lactide-co-caprolactone), poly(L-
Iactide-co-caprolactone-go-gcholide), polyglycolide, polylactide, polyhydroxyalcanoates,
co-polymers thereof, or non-biodegradable polymers which may be chosen from the
group of: cellulose acetate; cellulose butyrate, alginate, polysulfone, polyurethane,
polyacrylonitrile, sulfonated polysulfone, polyamide, polyacrylonitrile; ‘
pdlymethylmethacrylate, Conolymers thereof.

Collagen is a promising material for matrix construction owing to its biocompatibility and
favourable property of supporting cell attachmént and function (U.S. Pat. No. 5,019,087;
Tanaka, S.; Takigawa, T.; Ichihara, S. & Nakamura, T. Mechanical properties of the
bioabsorbable polyglycolic acid-collagen nerve guide tube Polymér Engineering &
Science 2006, 46, 1461-1467). Clinically éccebtable collagen sponges are one example

of a matrix and are well known in the art (e.g. from Integra Life Sciences).

Fibrin scaffolds (e.g. fibrin glue5 provide an alternative. matrix material. Fibrin glue enjoys
widespread clinical application as a wound sealant, a reservoir to deliver growth factors
and as an aid in the placement and securing of biological implants (Rajesh Vasita,
Dhirendra S Katti. Growth factor delivery systems for tissue engineering: a materials
perspective. Expert Reviews in Medical Devices. 2006; 3(1): 29-47; Wong C, inman E,
Spaethe R, Helgerson S. Thromb.Haemost. 2003 89(3): 573-582; Pandit AS, Wilson DJ,

Feldman DS. Fibrin scaffold as an effective vehicle for the delivery of acidic growth factor

(FGF-1). J. Biomaterials Applications. 2000; 14(3); 229-242; DeBlois Cote MF. Doillon
CJ. Heparin-fibroblast growth factor fibrin complex: in vitro and in vivo applications to
collagen based materials. Biomaterials. 1994; 15(9). 665-672.).
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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 HS8 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), autografts (i.e. grafts derived
from the batient'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 it) with undifferentiated bone precursor cells, e.g. stem

cells such as mesenchymal stem cells, more preferably human mesenchymal stem cells.

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

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

organisms.

Passage of cells

Methods described here may comprise passaging, or splitting of cells during culture. The

methods may involve continuous or continual passage.

The term “passage” may generally refer to the process of taking an aliquot of a cell
culture, dissociating the cells completely or partially, diluting and inoculating into medium.
The passaging may be repeated one or more times. The aliquot may comprise the whole
or a portion of the cell culture. The cells of the aliquot may be completely, partially or not
confluent. The passaging may comprise at least some of the following sequence of steps:
aspiration, rinsing, trypsinization, incubation, dislodging, quenching , re-seeding and
aliquoting. The protocol published by the Hedrick Lab, UC San Diego may be used
(http://hedricklab.ucsd.edu/Protocol/COSCell. html). '

Cells in culture may be dissociated from the substrate or flask, and “split”, subcultured or

passaged, by dilution into tissue culture medium and replating.

The process of passaging may be repeated at least once, for example twice, three times,
four times, five times, etc (as set out below). In some cases, this may be repeated any
number of times, for example indefinitely. Most preferably the process is repeated 3 or

more time, e.g. 5 or more times, 6 or more times, 7 or more times, 8 or more times, 9 or

more times, 10 or more times, 11 or more times, 12 or more times, 13 or more times, 14

or more times, 15 or more times, 16 or more times, 17 or more times, 18 or more times,
19 or more times, 20 or more times, 21 or more times, 22 or more times, 23 or more

times, 24 or more times, 25 or more times.

The cells may be dissociate‘d by any suitable means, such as mechanical or enzymatic
means known in the art. The cells may be broken up by mechanical dissociation, for
example using a cell scraper or pipette. The cells may be dissociated by sieving through
a suitable sieve vsize, such as through 100 micron or 500 micron sieves. The cells may be
split by enzymatic dissociation, for example by treatment with collagenase or trypLE

harvested. The dissociation may be complete or partial.
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“The dilution may be of any suitable dilution. The cells in the cell culture may be split at

any suitable ratio. For example, the celis may be spiit at a ratio of 1:2 or more, 1:3 or
more, 1:4 or more or 1:5 or more. The cells may be split at a ratio of 1:6 or more, 1:7 or
more, 1:8 or more, 1:9 or more or 1:10 or more. The split ratio may be 1:10 or more. It
may be 1:11, 1:12, 1:13, 1:14, 1:15, 1:16, 1:17, 1:18, 1:19 or 1:20 or more. The split ratio
maybe 1:21, 1: 22 1:23, 1:24, 1: 250r1 260rmore

Thus, stem _cells may be passaged for 1 passage or more. For example, stem cells may
be passaged for 2,'3, 4,5,6,7,8,9,10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23,
24, 25 passages or more. The stem cells may be passaged for 25, 30, 35, 40, 45, 50, 55,
60, 65, 701, 75, 80, 85, 90, 95 or more passages. The stem cells may be propagated

indefinitely in culture.

Passages may be expressed as generations of cell growth. Our methods and

compositions are suitable to allow stem cells to propagate for 1, 2, 3, 4, 5, 6, 7, 8, 9, 10,
11,12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25 generations or more. The stem
cells may be grown for 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95 or more

generations.

Passages may also be expressed as the number of cell doublings. Our methods and
compossitions are suitable to allow stem cells to propagate for 1, 2, 3,4,5,6,7, 8, 9, 10,
11,12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25 cell doublings or more. The stem
cells may be grown for 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95 or more
cell doublings. ‘

The stem cells may be cultured for more than 5, more than 10, more than 15, more than
20, more than 25, more than 30, more than 40, more than 45, more than 50, more than
100, more than 200, more than 500 or more than 800 passages, generations or cell
doublings. The stem cells may be maintained for 100, 200, 500 or more passages,

generations or cell doublings.

In some embodiments in each passage cells are contacted with HS8. In other
embodiments HS8 may be present in the culture media only in a selected number of the
passage cultures, e.g. in one of 50%, 60%, 70%, 75%, 80%, 90%, or 95% of the passage

cultures.
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The propagated stem cells may retain at least one characteristic of the initial stem celi(s)
used to seed the culture. The stem cells may retain the characteristic after one or more
passages. They may do so after a plurality of passages. They may do so after the stated

number of passages as described above.

The characteristic may comprise a morphological characteristic, immunohistochemical ‘
characteristic, a molecular biological characteristic, etc. The characteristic may comprise

a biological activity. In particular, stem cells may be characterised by expression, or

 maintenance of expression of, certain molecular markers, such as cell surface markers.

Detection of markers may be achieved through_ahy means known in the art, for example
immunologically. Histochemical staining, flow cytometry (FACS), Western Blot, enzyme-

linked immunoassay (ELISA), etc may be used.

The biological activity may comprise cell viability after the stated number of passages.
Cell viability may be assayed in various ways, for examble by Trypan Blue exclusion. A
protocol for vital staining follows. Place a suitable volume of a cell suspension (20-200
pL) in apprdpriate tube add an equal volume of 0.4% Trypan blue and gently mix, let
stand for 5 minutes at room temperature. Place 10 p! of stained cells in a hemocytometer
and count the number of viable (unstained) and dead (stained) cells. Calculate the

average number of unstained cells in each quadrant, and multiply by 2 x 10* to find

. cells/ml. The percentage of viable cells is the number of viable cells divided by the

number of dead and viable cells.

The viability of cells may be 50% or more, 60% or more, 70% or more, 80% or more, 90%
or more, 93% or more, 95% or more, 97% or more, 98% or more, 99% or more, or
substantially 100%.

The propagated stem cells may retain the capacity to differentiate into lineages that are
characteristic of the stem cell type. Methods qf induction of stem cells to differentiate to
specific lineages are known in the art and may be used to assay the capability of the
propagated stem cells. All or a substantial portion of propagated cells may retain this
ability. This may be 50% or more, 60% or more, 70% or more, 80% or more, 90% or
more, 93% or more, 95% or more, 97% or more, 98% or more, 99% or more, or ‘
substantially 100% of the propagated stem cells.
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The propagated stem cells may retain a normal karyotype during or after propagation. A
“normal” karyotype is a karyotype that is identical, similar or substantially similar to a
karyotype of a parent stem cell from which the stem cell is derived, or one which varies
from it but not in any»substantial manner. For example, there should not be any gross

anomalies such as translocations, loss of chromosomes, deletions, etc.

Karyotype may be assessed by a number of methods, for example visually under optical
microscopy. Karyofypes may be'prepared and analyzed as described in McWhir et al.
(2006), Hewitt et al. (2007), and Gallimore and Richardson (1973).- Cells may also be
karyotyped using a standard G-banding 'technique (available at many clinical diagnostics
labs that provide routine karyotyping services, such as the Cytogenetics Lab at Oakland -
Calif.) and compared to published stem cell karyotypes.

All or a substantial portion of propagated cells may retain a normal karyotype. This
proportion may be 50% or more, 60% or more, 70% or more, 80% or more, 90% or more,
93% or more, 95% or more, 97% or more, 98% or more, 99% or more, or substantially
100%.

Culture Media |

Culture media comprising HS8 (preferably isolated HS8) may be of any kind but is
preferably liquid or gel and may contain other nutrients and growth factors (e.g. FGF-2).
Culture media may be prepared in dried form, e.g. powered form, for reconstitution in fo
liquid or gel. HS8 will preferably be present in non-trace amounts. For example, the
concentration of HS8 in the cultu”re media may range between about 1 ng/ml culture
media to about 1000 ng/ml culture media. Preferably, the concentration of HS8 in the
culture media is about 500 ng/ml or less, more preferably one of 250 ng/ml or less, 100
ng/ml or less, 90 ng/ml or less, 80 ng/ml or less, 70 ng/ml or less, 60 ng/ml or less, 50
ng/ml or less, 40 ng/ml or less, 30 ng/ml or less, 20 ng/ml or less, 10 ng/ml or less, or 5
ng/ml or less.

Dosages of Heparan Sulphate

In both in vitro and in vivo uses, HS8 may be used in concentrations or dosages of about
500 ng/ml or less, more preferably one of 250 ng/ml or less, 100 ng/ml or less, 90 ng/ml
or less, 80 ng/ml or less, 70 ng/ml or less, 60 ng/ml or less, 50 ng/ml or less, 40 ng/ml or

less, 30 ng/mi or'less,‘ZO ng/ml or less, 10‘ng/ml or less, 5 ng/ml or less: or of about 100
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mg or less, 50 mg or less, 40 mg or less, 30 mg or less, 20 mg or less, 10 mg or less, 5
mg or less, 4 mg or less, 3 mg or less, 2 mg or less, or 1 mg or less; or about between
0.3-5ug/ml, 0.3-4, 0.3-3, 0.3-2.5, 0.3-2, 0.3-1.5, 0.3-1.0, 0.3-0.9, 0.3-0.8, 0.3-0.7, 0.3-0.6,
0.3-0.5, 0.3-0.4, 1-2, 1-1 ;75, 1-1.5, 1-1.25, 1.25-2, 1.5-2, or 1.75-2 pg/ml.

FGF2

- In this specification FGF2 refers to fibroblast growth factor 2 (also known as basic

o vv_vvf:ibrovblast ‘growth-fac‘tlo'r (bFGF) or FGF-B) 'which is a member of the fibroblast growth
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 factor family.

FGF2 is present in the basement membranes of many tissues and is thought to stay
membrane bound in the absence of a signal stimulus. FGF2 has been implicated in

wound healing, tumor development and angiogenesis.

Binding of FGF2 to Its tyrosine kinase receptor stimulates a signal cascade involving

- activation of mitogen activated protein kinase (MEK) and phosphorylation of extracellular

signal-related kinases (ERKSs) (e.g. see Ok-Jin Park et al., The Journal of Biological
Chemistry, 285, (2010) 3568-3574).

The amino acid sequence of FGF2 from Homo sapiené is shown in Figure 28 (the heparin
binding domain SEQ ID NO:1 is underlined). This sequence is available in Genbank
under Accession no. NP_001997.5 (G1:153285461).

lh this specification "FGF2" includes proteins or polypeptides having at least 70%, more
preferably one of 75%, 80%, 85%, 90%, 95%, 96%, 97%, 98%, 99% or 100% sequence
identity with the amino acid sequence of FGF2 illustrated in Figure 28.

The FGF2 protein or polypeptide preferably also includes a heparin binding domain
having the amino acid sequence of SEQ ID NO:1, or an amino acid sequence having one
of 75%, 80%, 85%, 90%, 95%, 96%, 97%, 98%, or 99% sequence identity to SEQ ID
NO:1. -

An FGF2 protein or polypeptide may be a fragment or truncate of a full length FGF2
protein or polypeptide.
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The FGF2 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 vertebrate organism; and/or non-human

mammalian animal; and/or human.

Dosages of FGF2

in both in vitro and in vivo Uses, FGF2 rha'y‘be uéed in combinétio‘n with HS8. In some

cell culture methods of the present invention exogenous HS2 is added to the culture.
Suitable concentrations or dosages of FGF2 include about 500 ng/ml orless, more
preferably one of 250 ng/ml or less, 100 ng/mil or less, 90 ng/ml or less, 80 ng/ml or less,
70 ng/ml or less, 60 ng/mi or less, 50 ng/ml or less, 40 ng/ml or less, 30 ng/ml or less, 20
ng/ml or less, 10 ng/ml or less, 5 ng/ml or less; or of about 100 mg or less, 50 mg or less,
40 mg or less, 30 mg or less, 20 mg or less, 10 mg or less, 5 mg or less, 4 mg or less, 3 ‘
mg or less; 2 mg or less, or 1 mg or less; or between about range 0.1-5 ng/mi, 0.1-0.2,
0.1-0.3, 0.1-0.4, 0.1-0.5, 0.1-0.6, 0.1-0.7, 0.1-0.8, 0;1-0.9, 0.1-1.0, 0.1-1.5, 0.1-0.2.0, 0.1-
2.5, 0.1-3.0,0.1-3.5, 0.1-4.0, 0.1-4.5, O.1-5.0Vng/ml.

In some ehbodiments, in vitro and in vivo uses of HS8 exclude the addition of exogenous
FGF2. For example, in some cell culture methods of the present invention exogenous
FGF2 is not added to the culture. '

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

discussed with reference to the accompanying figures in which:

Figure 1. Graph showing preferential binding of HS8 to FGF2 at concentrations of
FGF2 of 0, 25, 50 and 100 ng/ml. Data lines from top of graph down: HS8+ (5pg/ml)
(triangles), Heparin (5ug/ml) (squares), Celsus HS (5ug/ml), HS8- (5ug/ml), No GAG
(diamonds). ’ :

Figure 2. Graph showing specificity of HS8 (5ug/ml) 'for FGF2. Data lines from top of
graph down: HS8+/FGF2 (diamonds), HS8+/FGF 1, HS8-/FGF2, HS8+/FGF7,
HS8+/BMP2, HS8+/VEGF, SAB/FGFZ, HS8+/PDGFBB.

Figure 3. Graph showing dose dependent increase in number of STRO1 human
meSenchymal stem cells at day 6 in response to treatment with HS8. Bars from left to
right represent: Control, HS8+ 50ng/ml, HS8+ 100ng/ml, HS8+ 500ng/ml, HS8+
1000ng/ml, HS8+ 5000ng/ml, HS8+ 10000ng/mil. '

Figuré 4. Graph showing proliferation of STRO1 .huméh mesenchymal stem cells
over 6 days in response to HS8+ 5000ng/ml (squares) and control (diamonds').

Figure 5. Table showing FGF2 Heparin binding domain peptides.

Figure 6. (A) Radioactivity counts per minutes (CPM) for different amounts of
peptide (B) HS8 pull down by affinity chromatography

- Figure 7. Diagram illustrating arrangement of GAG binding affinity assays.

Figure 8. Optimization of different GAGs concentrations binding to FGF2

Figure 9. Graph showing different GAGs binding to FGF2

Figure 10. Graphs showing (A) HS8 (HS8+) and (B) HS8 (-) binding to different

proteins.
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Figure 11.  Graphs showing heparin beads assay (A) FGF2 optimizatioh, (B) heparin

beads competition with exogenous heparin and (C) percentage of competition with
different GAGs.

Figure 12.  Graphs showing STRO1 viable cell counts (A) on respective days (B)

cumulative cell growth.

Figure 13. Graphs showing HM21 viable cell counts (A) on respective days (B)

cumulative cell growth.

Figure 14. | ‘Graphs showing STRO 1 HM21 viable cell counts (A) on respective days

(B) cumulétive cell growth.

Figure 15. Graph showihg binding capacity of different GAGs for FGF2 as assessed
by GAG-binding plates (Iduron). The HS8 (HS8+) fraction binds FGF2 almost as well as
heparin, and better than the raw starting Celsus HS and the HS8- flow through.

Figure 16. - Graphs showing binding capacity of different GAGs for hebarin—binding
growth factors (HBGFs) BMP-2, FGF1, FGF2, FGF7, PDGF-BB and VEGF, as assessed

' by GAG-binding plates (Iduron). (A) Celsus HS, (B) HS8, (C) HS8- fraction, (D) Heparin.

The HS8 (HS8+) fraction preferentially binds FGF2 over all of the other HBGFs and even
better heparin. HS8- and raw starting Celsus HS display. little preference for any of the
HBGFs.

Figure 17.  Graph showing dose-responses of human mesenchymal stem cells to HS8
(HS8+) as monitored by BrdU incorporation over 36 hours. FGF2 is used as a dosing
positive control. The HS8+ fraction provides significantly more stimulus than the other
GAGs tested. |

Figure 18. - Graphs showing dose-responses of human mesenchymal stem cells to
HS8 (HS8+) (top) and FGF2 (bottom) as monitored by Guava ViaCount (FACS-based)
method over the indicated times (in days). FGF2 is used as a dosing positive control’

(bottom graph). HS8 provides significant stimulus.

Figure 19. Graph showing dose-responses of human mesenchymal stem celis to

increasing concentrations of different GAGs as monitored by the Guava ViaCount (FACS-



10

15

20

25

30

35

WO 2014/185858 PCT/SG2013/000201
58

based) method over the indicated times (in days). HS8 (H88+) is trendlng to higher cell

numbers.

Figure 20. Graph showing dose-responses of human mesenchymal stem cells to
increasing concentrations of different GAGs as monitored by the Guava ViaCount (FACS-
based) cell counting method up to 7 passages. FGF2 alone gives highest stimulus; HS8

(HS8+) at both concentrations is trending to higher cell numbers like heparin.

Figure 21.  lllustration of resuits of representétive FACS immunophenotyping of hMSC
(Lonza) stem célls, based on the following markers: (A) Negative markers: CD14, CD19,

CD34, CD45, HLA-DR, and (B) Positive markers: CD73, CD90, CD105, STRO-1, SSEA-
4, CD49a. '

Figure 22. Quantitation Table of FACS immunophenotyped hMSC stem cells grown
for 7 passages in unsupplemented (control), HS8 (HS8+), HS8-, raw Celsus HS (CHS), or

FGF2 alone. Table shows percentage of cells expressing the relevant cell surface

- marker: CD14, CD19, CD34, CD45, HLA-DR, CD73, CD90, CD105, CD49a, SSEA-4,

STRO-1.

Figure 23. Graphical representation of FACS immunophenotyped ‘hMSC stem celis
grown from 4 to 7 passages in unsupplemented (control), HS8 (HS8+), HS8-, raw Celsus

HS, or FGF2 (2.5 ng/ml) alone. (A) CD49a, (B) SSEA-4, (C) STRO-1.

Figure 24. - (A) Graphical representation and (B) micrographs of culture plates of
hMSC CFU assay following culture of h(MSCs grown from 4 to 7 passages (P4, P7) in
culture media containing unsupplemented (control), Heparin, Celsus HS, HS8-, and HS8
(HS8+).

Figure 25. Micrographs showing ability of hMSCs to differentiate into bone (top,
Alizarin red) and fat (bottom, Oil Red O) cells, following culture of h(MSCs grown from 4 to
7 passages (P4, P7) in culture medla containing unsupplemented (control) HS8 (HS8+),

- HS8-, Celsus HS, Heparm and FGF2.

Figure 26.  HS8 enhances FGF-2 mediated MSC growth. Graph showing cell number
of hMSCs following culture in normal maintenance (control) media, or with media

containing varying doses of HS8 (ug/ml) and a fixed dose of FGF-2 (0.'1 56ng/mil).
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Figure 27.  HS8 sustains FGF-2 signaling. Western blots showing ERK1/2
phosphorylation and FRS2a phosphorylation at 30 mins and 24 hours post stimulation
with HS8 and/or FGF-2.

Figure 28.  Amino acid sequence of human FGF2. SEQ ID NO:1 shown in underline.

Figure 29. Nitrous acid-derived disaccharide composition of heparan sulfate from
E10 neuroepithelia (HS2). Radiolabelled HS was depolymerized by deaminitive
cleavage with low pH HNO,. Disaccharides were isolated after HNO, treatment of the

GAGs and the samples then run on a 1 X 120 cm Bio-Gel P-2 column. The resulting

 disaccharides were fractionated by SAX-HPLC. Areas under the peaks were

integrated to give the disaccharide composition and subsequently, the percentage

composition in each sample.

Figure 30. Disaccharide composition of heparan sulfate from E10 neuroepithelium
(HS2) following hebarin lyase treatment. Heparan suifate was completely depolymerized
with a mixture of heparan lyases. The resulting unsaturated disaccharidés were isolated
on a P-2 column and fractionated by strong anion exchange column chromatography.
The area under each resultant curve was integrated to calculate the percentage of each
disaccharide in each sample. Numbers represent the average of two runs (for the
primary GAG samples) and three runs (for the 2.3D derived samples). Over 97%

disaccharides were recovered from each sample.

Figure 31. 1" NMR of Celsus HS, HS8 and HS3 (D,0O solutions).

' Figure 32.  Close-up of 1" NMR of Celsus HS; HS8 and HS3 (D,0 solutions).

Figure 33. HPLC-SEC-RI chromatograms of Celsus HS #10697 and HS8, separated

on 2 x Superdex Peptide columns eluted with 50 mM ammonium acetate.

Figure 34. HPLC-SEC-RI chromatograms of heparan sulfate:. Celsus HS #10697;
BMP2 not retained (848/HS3/001); BMP2 retained (HS3) (848/HS3/001); Initial run (HS3-
001-01); Final run (HS3-001-02). The HS3 preparations show a high peak (0.06-0.08) at

about 15ml.
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| Figure 35.  HPLC-SEC-RI of heparin lyase |, Il and |ll digests of HS preparations HS

#10697 and HS #10595from Celsus. Heparin lyase digests were done in duplicate.
Vertical line indicates the cut off for the elution of disaccharides and oligosaccharides with
a degree of polymerisation (dp) larger than 2. '

Figure 36. HPLC-SEC-RI chromatograms of HS8 (broad peak at 18-20ml), HS3-001-
01 (peak at 19-20ml), on 2 x Superdex Peptide columns, eluted with 50 mM ammonium
acetate.

Figure 37. Graphs showing heparin binding SEQ ID NO:1.
Figure 38. Graph showing ability of HS8 to bind immobilised heparin.
Figure 39. Graph showing ability of FGF-2 to bind HS8 purified by affinity

chromatography (column derivatized with SEQ ID NO:1). This was compared to binding
with the raw starting HS (HS-PM porcine mucosa), or a no sugar control.

Figure 40. Graph showing proliferation of plastic adherent mesen'chymal stem cells

over 6 days in the presence of HSS8.

Figure 41. Graph showing proliferation as measured by BrDU of STRO-1-isolated
mesenchymal stem cells over 36 hours in the presence of isolated HS8, as compared to -
the raw Celsus starting HS (HS-PM), or the non-binding HS flow-through (HS8-).

Figure 42. Graph showing normalized disaccharide composition for Celsus HS.
Figure 43. Graph showing normalized disaccharide composition for HS3.

Figure 44. Graph showing disaccharide composition of Celsus HS, HS8 and HS3.

Figure 45. Table showing percentage disaccharide composiﬁon of Celsus, HS, HS3
and HS8. | |

Figure 46. . Graph showing stability of FGF-2 in the presence of no HS, heparin, HS8,
Celsus HS (HSPM) or HS8-. FGF-2 is stabilized in the presence of HSS.
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Figure 47.  Graph showing SU5402 (FGFR1 inhibitor) blocks HS8 stimulated
proliferation of hMSCs.

Figure 48. | Graph showing IMB-R1 (FGFR1 neutralizing antibody) inhibits HS8
stimulated proliferation of h(MSCs.

Figure 49. Graph showing IMB-R1 (FGFR1 neutralizing antibody) inhibits. HS8
stimulated proliferation of hMSCs.

Figure 50.  Graph showing FGF2 neutralizing antibody inhibits HS8 stimulated -
proliferation of hMSCs.

Figure 51. Graphs showing human MSCs expanded in HS8 supplemented medium

are more clonegenic (3 separate donors).

" Figure 52. Graph and micro CT analysis showing that HS8 significantly enhances

bone healing in rat critical-sized calvaria defects model.

. Detailed Description of the Invention

The details of one or more embodiments of the invention are set forth in the
accompanying description below including speciﬂcvdetails of the best mode contemplated
by the inventors for carrying out the invention, by way of example. It will be apparent to
one skilled in the art that the present invention mayv be practiced without limitation to

these specific details.

Examples

Example 1

We investigated the purification of a new FGF2 binding HS from commercially available
Porcine Celsus Heparan sulphate sources suitable for scale up of heparan sulphate (HS)

preparations that can be readily used in the clinic.

The Heparin binding domain (HBD) peptide sequence GHFKDPKRLYCKNGGF [SEQ ID
NO:1] from FGF2 was selected (The structure of glycosaminoglycans and their



10

15

20

25

30

35

WO 2014/185858 PCT/SG2013/000201
62

~ interactions with proteins; Gandhi NS and Mancera RL., Chem Biol Drug Des. 2008 Dec;

72(6):455-82) and used to purify specific HS species binding to FGF2.

Upon synthesizing the peptide, it was subjected to the *H Heparin assay where specific
binding of *H Heparin to the peptide soaked to a nitrocellulose membrane in a dose
dependent manner was compared to the total counts of the *H Heparin. Once the specific
binding of *H Heparin to the FGF2-HBD peptide was shown the peptide was used to pull
down a specific HS from Porcine Celsus HS which binds to FGF2 by affinity
chromatography. This new HS species was named as HS8 (and was given the variant
name HS8G).

HS8 was analysed for its specificity in binding with FGF2 with glycosaminoglycan (GAG)
binding plates where the specific 'binding of HS8 to FGF2 was measured in comparison to

Heparin, Porcine Celsus HS and HS8 negative fraction.

The GAGs were plated on GAG binding plate (5pg/mi) overnight and later incubated with
recombinant human FGF2 (0-100ng/ml) and an ELISA method was used to check the

" specificity of binding of GAGs to FGF2.

The results clearly showed that HS8 has more binding to FGF2 compared to other GAG
species (Figure 1). The ability of HS8 to bind FGF2 was compared against other growth
factors (VEGF, BMP2, PDGFBB, FGF1, and FGF7) which revealed that HS8 is specific to
FGF2 (Figure 2). ‘ ' ’

HS8 was also subjected to in vitro cell proliferation assay with STRO1 human
mesenchymal sterh cells (hMSCs) to determine the bioactivity of HS8. We used HS8 as a
stand-alone media supplement with different doses (50 ng/mil, 100 ng/ml, 500 ng/ml, 1000
ng/ml, 5000 ng/ml and 10000 ng/ml) in short term growth of hAMSCs compared to the

controls. Without any addition of exogenous growth factors we observed a dose

dependent growth of h(MSCs with HS8 (Figures 3 and 4).

Example 2

Mesenchymal stem cells (MSCs)
MSCs are widely defined as plastic-adherent cells which can be directed to differentiate in

vitro into osteogenic, chondrogenic, adipogenic, myogenic, and other lineages and
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_recently, the name “multipotent mesenchymal stromal cells” was also coined to MSCs by

the International Society for Cytotherapy (Zulma ef al, 2011). MSCs are been found in
bone marrow, adipose tissue, dermal tissue, intervertebral disc, amniotic fluid, various
dental tissues, human placenta and cord blood (Si et al, 2011 and Zulma et al, 2011). The
therapeutic potential of MSCs have been recognized and been used in many clinical
applications such as bone tissue regeneration and non skeletal tiésue regenerations. In-
recent years the immunosuppreséive and anti-inflammatory effects of MSCs were
described. This is due to MSCs weak immunogenicity by expressing low levels of major
histocompatibility compiex- molecules (MHC-1) on their cell surface, ability to suppress
the activation and proliferation of both T and B lymphocytes and modifying the
microenvironment of injured tissues while proteéting 'damaged tissues (Si et al, 2011 and
Zulma et al, 2011). This MSC-mediated immunosuppression which can be affectively
used to treat GVHD has a species variation in mechanism (Ren ef al, 2009 and Shi et al,
2010). The cytokine-primed mouse MSCs is mediated.by nitric oxide (NO) and cytokine-
primed human MSCs is executed through indoleamine 2, 3-dioxygenase (IDO).

Heparin and heparan sulfate glycosaminoglycans (HSGAGSs)

Heparin is produced and stored in mast cells and in Comparison, HSGAGs are found in all
animal tissues and they can occur as a proteoglycan where HS chains are bound to cell
surface or ECM proteins. HS affects metabolism, transport, information transfer, cell
adhesion, cell growth and differentiation, and support in all organ systems (Bishop et al,
2007 and Gandhi et al, 2008). Heparin and HS are linear polysaccharides consisting of
repeatingluronic acid-(1->4)-D-glucosamine disaccharide subunits. Uronic acid can either
be D-glucouronic acid or L-iduronic acid. In addition, modifications at specific places give
rise to different N—sulfated, O-sulfated and N-acetylated complex sequences [Ori et al
2008]. The most abundant disaccharide in heparin is IdoA(2S)-(1-> 4)-GIcNS(6S)
therefore giving rise to highly negative charge throughout the chain length, which makes

. heparin less or no selectivity in binding to proteins. On the other hand, HS has the

unsulfated GlcA-(1->4)-GIcNA disaccharide as the most common form which givi‘ng rise
to segregéted blocks of unsulfated NA domains and blocks of highly sulfated, heparin-like
IdoA-(1->4)-GIcNS disaccharides (NS domain). The NA and NS domain is separated by
NA/NS transition domains. This diversity of HS structure is responsible for wide range of

biological functions.

Fibroblast growth factor (FGF) proteins and heparin binding domains
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Fibroblast growth factors (FGFs) are large family of polypeptide grbwth factors which
comprise of 22 members in humans. They play a major role in development,
differentiation, cell proliferation, angiogenesis and wound healing by binding and
activating a subfamily of FGF cell surface receptor tyrosine kinases known as FGF
receptors (FGFR) (Ornitz et al 1996). Furthermore, the FGFs are among the best-studied
heparin-binding proteins, and HSGAGS regulate FGF signaling by direct molecular
association with FGFRs (Pellegrini, 2001). In additioh, FGF2 signaling through FGFR1 is
important for MSC expansion (Gronthos et al, 1999).

Interactions of heparin/HS with FGF2

~ Various studies have recognized common structural features in the heparin/HS binding

sites of proteins (Gandhi et al, 2008; Hileman et al, 1998 and Ori et al, 2008). Cardin and
Weintraub in1989 made a first attempt to determine the heparin binding domain (HBD)
after analyzing 21 heparin-binding proteins and proposed that typical heparin-binding
sites may have the sequence XBBXBX or XBBBXXBX, where B is a positively charged
amino acid (arginine, Iysiné and rarely histidine) and X is a hydropathic residue. The next
consensus sequence TXXBXXTBXXXTBB, was introduced by Hileman et al in1998 after
Comparing X-ray and NMR of several protéiris. in this sequence T defines a turn, B a

basic amino acid (arginine or lysine) and X a hydropathic residue.

Strong ionic interactions are expected between GAGs and proteins with positively
charged basic amino acids form ionic bonds with negatively charged sulphate or -
carboxylate groups on heparin chains. Their role is determinant for the interaction with
heparin and, possibly, with the highly sulfated regions within HS like NS domains (Fromm
et al, 1997 and Ori et al, 2008). In addition, there are other types of bonds namely van der
Waals forces, hydrogen bonds and hydrophobic interactions. These bonds will come in to
play for the interactions with the more heterogeneous HS, where neutral amino acids are
also required (Fromm et al, 1997 and Ori et al, 2008). In considering FGF2, Glutamine
and asparagine amino acids play an important role for the interaction with HS by forming
hydrogen bonds with the hydrbxyl groups of the sugar in addition to the ionic bonds
(Thompson et al, 1994). ‘

According to the numerous published studies so far, there are different peptide
sequences as the heparin binding domain of FGF2 and those have been compiled in the
table 1. Here we have adopted a numbering system where the amino acids are numbered

according to the full FGF2 sequence (288aa).
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Graft versus Host disease (GVHD)

Haemopoietic-cell transplantation (HCT) is an intensive therapy used to treat
haematological malignant diseases where allogeneic HCT procedures are increasing
annually (Ferrara et al, 2009). The major complication of HCT is GVHD, an
immunological disorder that affects mainly gastrointestinal tract, liver, ékin, and lungs.
According to Billingham, 1966-67 three requirements should be fulfilled if GVHD to occur
namely, 1) the graft must contain immunologically competent cells which are T
lymphocytes, 2) the recipient must express tissue antigens that are not present in the
transplant donor, and 3) the patient must be incapable of mounting an effective response
to abolish the transplanted cells. GVHD pathophysiology starts when myeloablative
conditioning regimes are used to remove the host defective bone marrow. The host'’s
antigen presenting cells get activated because of the cytokines (TNFa, IL1, LPS)
produced by the damaged tissues. Once the allogeneic HCT has been performed at this
stage donor T cells get activated which thereby produce more cytokines leading to
cellular and inflammatory reactions resulting in GVHD. Non-haemopoietic stem cells;
MSCs, can réduce allogeneic T-cell responses due to their potent immunosuppressive
and ameliorate GVHD (Le Blanc et a'l, 2008; Meuleman et al, 2009 and Toubai et al,
2009). |

 Need to scale up of h(MSC for therapeutic purposes

A major drawback of hMSCs usage in cell based therapies is that the difficulty in

| achieving sufficient cell numbers, though they are already been used in the clinics. The

low numbers of hMSCs, where it can be as low as 0.01% to 0.0001% of bone marrow
mononuclear cells hinders the widespread usage of it. According to Caplan, 2009 where
they obtained bone marrow from different aged donors, dispersed, placed on culture
flasks, later counted the CFU-Fs and shown by decade of age versus the MSCs per
nucleated marrow cells. A remarkable decrease in MSCs per nucleated marrow cells was
observed, with a 10-fold decrease from birth to teens and another 10-fold decrease from
teens to the elderly. Clearly, with age the number of MSCs in marrow decreased. In

addition, Cablan pointed out that these decreases paralleled the observed fracture

- healing rates of young and adults. In comparison, the titres of haematopoietic stem cells

in marrow which were around one per 10* nucleated marrow cells, remained constant

throughout the age of the individual.

Current expansion methods of hMSCs
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‘Researchers have thought that, if they can mimic the bone marrow microenvironment in

culturing hMSCs they can achieve therapeutic numbers of hAMSCs for clinical use.
Basically, mimicking can be achieved by two broad ways namely growing hMSCs with
ECM and with exogenous growth factor supplementation. When ECM substrates were
used, increased hMSC attachment and cumulative cell number were observed (Grunert
et al, 2007 and Matsubara et al, 2004) but, the expanded cells were lacking stemness
(Cool et al, 2005). in addition, FGF2 was commonly used as exogenous growth factor
supplementation which also showed marked amplification of cell number (Ling et a/, 2006
and Sotiropoulou et al, 2006) compared to the controls with standard culture media. In
line with the cells Qrown with ECM substrates the cells grown with FGF2 also had
increased amounts of differentiated progenitors compared to multipotént hMSCs in
controls (Gronthos et al, 1999 and Walsh et al, 2000). Hence, identification of a molecule
which prompts the proliferation of hMSCs where we can achieve therapeutic numbers of
hMSCs without adversely affecting the stemness shows a great promise in clinical use of

hMSCs for bone regeneration and bone marrow transplantations to alleviate GVHD.

HS GAGs improve the growth of hMSCs without affecting the stemness of cells
Nurcombe et al in 1993 have shown that, activity of FGF on murine neural precursor celis
regulated by HS GAGs and this interaction is a requirement for the binding of FGF2 to
their receptors. In addition, there was a signiﬁcaﬁt difference in binding of HSGAGs to -
FGFs where at day 9 HS GAGs produced by these cells preferentially bound to FGF2
and by day 11, HSGAGs binding shifted to FGF1. Furthermore, these unique heparan
sulfates mediate the binding of FGF2 to specific receptors via interacting with cell-surface
receptors on neural precursor cells (Brickman et al, 1995). In 1998, Brickman et al further
supported these findings by isolation and characterization of two separate HS pools from
immortalized embryonic day 10 mouse neuroepithelial 2.3D cells. One pool was derived
from cells in log growth phase, which increased the activity of FGF-2, and the other pool

from cells undergoing contact-inhibition and differentiation, which had preference to

- FGF1. As described previously by our lab, an embryonic HS GAG preparation named

HS2 increased the hMSCs growth without significant loss of multipotentiality and lead to

increased bone formation in mice when transplanted in vivo. This evidence suggests that

ECM component HS GAGs improve the growth of the hMSCs without adversely affecting
the multipotentiality. Hence, there is a specific need for a HS variant that is having high
binding affinity to FGF2 and potentiates its activity on cell growth which can be readily
scalable to be used in clinical settings compared to HS2.
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Results

Isolation of the heparan sulfate with higher binding affinity to FGF-2 by column
chromatography (HS8) ‘

In line with the strategy of purifying the FGF2 binding HS2, we seek the possibility of
purifying another FGF2 binding HS from commercially available Porcine Celsus heparan
sulphate sources (Celsus Laboratories,USA) in order to scale up the HS preparation
which could be réadily used in the clinics. Out of these peptides sequences which are
presented in the table 1 "’ GHFKDPKRLYCKNGGF '™ (Gandhi et al, 2008) which was
named FGF2-Gandhi-HBD was used. »

[PH] Heparin Assay
Upon synthesizing the peptides, they were subjected to *H Heparin assay where the
capability of the FGF2-HBD-peptides binding to heparin was tested. Known amounts of

peptides or saturating amounts of peptides were dried onto identical nitrocellulose

~ membranes which were first air dried and then further dried for 45 min in a vacuum oven

at 80°C. Then membranes were washes with 1x phosphate buffered saline (PBS) and
incubated in counting vials for 16 hr with 0.1 pCi of [*H] heparin (Perkin Elmer, Boston,
\USA) in 4% (w/v) bovine serum albumin (BSA)/PBS. After that membranes were washed

and the radioactivity was determined by Perkin Elmer Tri-Carb 2800 TCR Liquid
Scintillation Analyzer. ‘

When known amounts of peptide (SEQ ID NO:1) was used they were showing increaéing
CPM dose dependently, where BMP2-HBD was used as a positive control [Figure 6(A)].
But the highest counts were shown when the nitrocellulose membranes were saturated in
500ug/ml peptide solution. The percentage CPM out of Neat [°H] Heparin was calculated
for each peptide at the 500pg/ml solution level. BMP2-HBD (7.2%) had the highest
followed by FGF2-Gandhi- HBD (4.97%). According to the results obtained from the [*H]
Heparin assay FGF2-Gandhi-HBD wés used to pull down the higher affinity binding HS
(HS8) to FGF2 from Porcine Celsus HS by afﬁnity chromatography. The chromatogram is
shown in the Figure 6 (B).

Characterization of HS8

GAG Binding affinity assays
HS8 was subjected to its affinity in binding to FGF2 and other proteins (R&D Systems)
with 96 well GAG binding plates (Iduron,'UK) where the sbecific binding of HS8+ to FGF2

measured in comparison to heparin (Sigma), Porcine Celsus HS (Celsus Laboratories,
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USA) and HS8 negative fraction. The GAGS were plated on GAG binding plate (2.5-
10pg/ml) overnight and blocked with 0.2% Fish Gelatin (Sigma) in standard assay buffer
(SAB) for 1hour at 37°C. -

Then incmjbated with 200pl/well of 0-100ng/ml of recombinant human FGF2 for 2hrs at
37°C and later incubated with 200pl/well of 250ng/ml primary biotinylated antibody (R&D
Systems) for 1 hour in 37°C. In thé next step plate was incubated with 200ul/well of
220ng/ml ExtrAvidin-AP (Sigma) for 30min at 37°C. From overnight incubation up to this
step plate was washed 3 times with SAB in-between each step. Finally, incubated with
200ul/well SigmaFAST p- Nitrophenyl phosphate (Sigma) for 40min and absorbance was
read at 405nm by Victor® 1420 multi-label counter, PerkinElmer. '

Binding of all the GAGs in all 3 concentrations tested (2.5, 5 and 10 ug/ml) to FGF2
increased similarly with increasing amounts of FGF2 and reached a saturation at
100ng/mi FGF2 (Figure 8). When different GAGs were tested on binding to FGF2, results
clearly showed that HS8+ had the highest affinity of binding to FGFZ fo other GAG
species (Figure 9). When compared the fold difference of Celsus HS: HS8+ at 100ng/ml
FGF2 point, the ratio was 1;1.51. - '

Then we tested the ability of HS8 + and HS8 (-) fractions binding to different proteins
(Figure 10). HS8+ has a higher affinity in binding to FGF2 compared to VEGF, BMP2,

- PDGFBB, FGF1, and FGF7 [Figure 10(A)]. On the other hand, HS8 (-) fraction, has the

most affinity in binding to FGF1 compared to the other proteins [Figure 10(B)).

- Ability of different GAGs competes with heparin with FGF2 tested in this assay, modified

from Ono et al, 1999. A known concentration of FGF2 (R&D Systems) with differing

concentrations of GAGs was mixed for 30 min at room temperature (RT) in a microtube.

To this 40 pi of beads solution [20 pl of heparin-agarose beads. (Type |, Sigma) and |
polyacrylamide gel (Bio-Gel P-30, Bio-Rad)] were added and mixed for 30 min at RT. The
heparin beads were washed 3 times by centrifugation (2000rpm for 1 minute) with BSA-
PBS (1% BSA in PBS) and 3 times with PBST (PBS containing 0.02% Tween) and to
each tube, 100 pl of 1:500 biotinylated anti-FGF2 (R&D Systems) added and incubated
at RT for 1hr. After washing as above, 100 pl of 1:10 TMB substrate (R&D Systems) was
added and mixed for 30 min at RT. Stop solution (50 pl of 2N H,SQ,) was added and 100
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ul of the supernatant after centrifugation was transferred to a 96 well plate. The _
absorbance was read at 450 nm by Victor® 1420 multi label counter, Perkin Elmer.

Firstly, the amount of FGF2 needed for binding with the amount of heparin beads added
was measured by the FGF2 optimization and the FGF2 dose 20ng/ml were chosen for

the next set of experiments [Figure 11(A)].

Then in order to get the range of GAGs to be used in the competition assay we initially
used different amount of heparin. With the addition 50ug of heparin was almost sufficient
enough to compete with the internal heparin attached to the beads [Figure 11(B)]. Hence,
we used a range of 0-50ug GAGS in the competition assay [Figure 11(C)]. When
considered the percentage of competition heparin was the most competitive where by
adding 50pg it reached around 13%, followed by HS8+ 43%, Celsus HS 50% and HS8(-)
63%.

Proliferation Assays

Two varieties of h(MSCs were used in this assays from a 21 year old Hispanic male
donor, where STRO1 positive cells isolated by magnetic activated cell sorting (passage 5-
7) and HM21 cells isolated by conventional plastic adherence (passagé 5) .Cells were
seeded 3000 cells/cm? seeding density and allowed to attach to the plate for 24hrs. Then
the different concentrations of HS 8+ used as stand-alone media supplement ranging
from 50-10000ng/ml and as a positive control 2.5ng/ml human recombinant FGF2 (R&D
Systems) was added to media. Media change was performed either at 2 or 3 days.

in STRO 1 cells, where the media bhange was done every 2 days, with HS8+ with
increasing concentration increased the viable cell count and by day 6 compared to the
controls, 5000ng/mi was giving the highest counts (Figure 12). In comparison HM21 cells
where the media change was done in every 3 days showing slightly higher counts

compared to the controls with 10000ng/ml by day 6 (Figure 13).

Because of the significant difference observed in the viable cell counts with the two cell
types we conducted a proliferation assay with F’assage 5 STRO1 and-HM21 cells for 6
days and compared to the contfols where media change was ddne in every 3 'days.
STRO 1 was showed slight higher proliferation counts compared to the HM21 cells but in
both cell types, controls and the treated cells were giving almost the same cell counts
[(Figure 14(A)]. Then we calculated STRO1 cells, cell counts/cm? at day 6 with the data

from previous experiment, based on the different time iﬁtervals in media change [Figure
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14(B)]. Interestingly, when media change was performed every 2 days compared to every
3 days, gave more cell counts in both controls and in treated cells. In addition, where
media change was performed every 2 days the treated cell counts were higher than the

untreated controls.

Summary _
We used the sequence "’GHFKDPKRLYCKNGGF'" to prepare higher affinity binding

HS (HS8) to FGF2 from Porcine Celsus HS by affinity chromatography.

In the glycosaminoglycan (GAG) binding assay results, which clearly showed that HS8+
had the highest affinity of binding to FGF2 compared to other GAG species. In addition
the fold difference of Celsus HS: HS8+ at 100ng/ml FGF2 point, the ratio was 1; 1.51. In
heparin beads completion assays considering the percentage of competition, heparin was
the most competitive where by adding 50ug it reached around 13%, followed by HS8+
43%, Celsus HS 50% and HS8(-) 63%. STRO1 + hMSCs isolated by magnetic activated
cell sorting and HM21 hMSCs isolated by conventional plastic adherence were used in
cell proliferation assays, where higher cell counts were obtained when HS8+ used as a

standalone media supplement at a concentration of 5pg/ml and when the media change

~done in every 2 days. In_co‘nciu‘sion, we now ha\'/'e'vsucce's_sfully isolated higher binding

affinity heparan sulf'a'tt_é' (HS'8')' to FGF2 from a pool of cdinmercially available h‘é’ba‘ran'r”i -
sulfate source which possess higher binding affinity to FGF2 and increase the ability to
proliferate hMSCs.

In conclusion, we now have successfully isolated higher binding affinity heparan sulfate
(HS8) to FGF2 from a pool of commercially availabie heparan sulfate source and shown
that it has higher binding capacity compared with other GAGs including heparin. In
addition, HS8+ when used as stand-alone media supplement increases the cell
proliferation when media change done in every 2 days. Accordingly, we believe we have
addressed the need for high quality ex vivo expanded MSCs by culturing these cells in a

heparan sulphate (HS8) engineered to have high affinity for FGF2.

Additional Studies

Isolation of specific HS (HS8) to FGF2

Although we have successfully achieved in isolating HS8, a higher binding affinity HS to
FGF2 we would be further testing the other FGF2 HBD peptides sequences (table 1) in
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the means of [*H] Heparin Assay, GAG binding assays and cell attachment assays
according to Lee et al, 2007.

Binding affinity assays

The binding affinity of HS8 has already confirmed by GAG binding plates and will be
further validated by dot blot assaysband kinetic binding with BlAcore T100 (Cain et al,
2005).

Competition assays

- The results from ELISA method will be further confirmed by western blot method.

Proliferation assays

Results of proliferation assays will be further validated by using more hMSC lines and
also with lower passage of cells. In addition, short term proliferation assays will be carried
out by using. BRDU (Roche) and WST-1 (Roche) reagents.

Disaccharide analysis

Disaccharide analysis of HS8 will be carried out usihg anion exchange chromatography -

.- according to Murali et a/, 2009 and the cpmpoSition_of the HS8 can be revealed.

Stability of FGF2

Stability assays will be carried out as SYPRO assays and FGF2 quantikine assays. In the
SYPRO assay, interactions of FGF2 protein with GAGs will be measured as denaturing
temperatures of proteins by a specific Sypro Orange dye (Uniewicz et al, 2010). The

FGF2 quantikine assays will be carried out as with manufacturer’s recommendations

- (R&D Systems Quantikine® ELISA Cat No.DFB50) in order to measure FGF2

concentrations in cell cultures. Results are shown in Figure 46.

Check the biological activity of \MSC grown with HS8 in-vitro

Multipotentiality will be checked for plastic adherence, differentiating to osteogenic,
adipogenic and chrondogenic tissues and FACS for surface markers (Dominici et af
2006). The CFU-Fs assays will be performed from bone marrow aspirates and expanded
hMSCs with or without HS8 (Cawthon, 2002 and Guiliot et al, 2007). Immunomodulatory
activity of hMSCs will be assessed by mixed T lymphocyte assays.

Check the biological activity of hWMSC grown with HS8 in-vivo
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The cells isolated and grown in the presence of HS8 will be used in mouse bohe
regeneration models (Zannettino ef al, 2010) and also will be used in xenogenic human
NOD-SCID mice model of GVHD (Tiasto et a/, 2007 and Toubai et al, 2009)

Example 3

The binding capacity of different GAGs for FGF2 was assessed using GAG-binding plates
(Iduron). The binding capacity of different GAGs for the heparin-binding growth factors

(HBGFs) BMP-2, FGF1, FGF2, FGF7, PDGF-BB and VEGF was also assessed using

GAG-binding plates (Iduron). The materials and methodology used are described below.

HS8 was found to bind FGF-2 almost as well as heparin, and certainly better than the raw
starting Celsus HS and the HS8- flow through fraction (Figure 15) '

HS8 (HS8+) preférentially binds FGF2 over all the other HBGF's tested and has a higher
binding capacity for FGF2 than heparin, i.e. HS8 exhibits specific binding to FGF2. HS-8—
and raw starting Celsus HS displayed little preference for any of the HBGFs tested
(Figure 16).

Materials

1. Standard Assay Buffer (SAB) — 100mM NaCl, 50mM sodium acetate, 0.2% v/v
tween 20, pH 7.2 _

Blocking buffer — 0.4% Fish gelatin (Sigma Cat No. 67041) + SAB

3. GAG binding Plate (Iduron, UK) ‘

4. Proteins from R& D Systems : BMP2 — Cat No. 355 BM, FGF 1 - Cat No. 231
BC, FGF 2 — 233 FB, FGF7 — Cat No, 251 KG, PDGF BB - Cat No. 220 BB,
VEGF — Cat No. 293 VE | -

5. Antibodies from R & D Systems: BMP2 — Cat No. BAM 3552, FGF 1 — Cat No.
BAF232, FGF 2 - BAM233, FGF7 — Cat No. BAF251, PDGF BB — Cat No.
BAF220, VEGF — Cat No. BAF 293
ExtraAvidin-AP (Sigma Cat No. E2636)

7. Sigma FAST p-Nitropheny! phosphate (Sigma, N2770)

Method
1. Dissolve GAG in SAB (5pg/ml)
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Add 200pl of GAG solution/well into GAG binding plate and incubate overnight'at
RT protected from light

3. Wash plate carefully 3x with 250pul/well with SAB

Incubate plate with 250pl/well blocking buffer for 1 hour at 37°C protectéd from
light '

5. Wash plate carefully 3x with 250ul/well with SAB

Dissolve proteins with blocking buffer and perform serial dilution: 0, 0.781, 1.56,
3.125nM

Dispense 200ul/well of diluted protein to GAG coated plate and incubate for 2
hours at 37°C

8. Wash plate caréfully 3x with 250pl/well with SAB ‘
9. Add 200pl/well of 250ng/m! of biotinylated primary antibody in blocking solution

10.
11.

12.
13.

14.

and incubate for 1 hour at 37°C

Wash plate carefully 3x with 250ul/well with SAB

Add 200pl/well of 220ng/ml of ExtraAvidin-AP in blocking solution and incubate for
30 min at 37°C

Wash plate cérefully 3x with 250pi/well with SAB

Add 200ul/well of Development reagent: Sigma F'AST p-Nitrophenyl phosphate in
DI water and incubate for 40 min at RT - ‘

Read absorban»ce at 405nm

Example 4

A BrdU incorporation proliferation assay was conducted to establish the effect of HS8 on

hMSC proliferation (protocol described below).

Dose-responses of human mesenchymal stem cells to HS8 (HS8+) were monitored by

BrdU incorporation over 36 hours. FGF2 was used as a dosing positive control. HS8+

was found to enhance hMSC proliferation and provide significantly more stimulus than the
other GAGs (Figure 17).

Protocol (Cell Proliferation ELISA, BrdU (Colorimetric) Roche)

1.
2.

3.

Cell Seeding - 5000 cells in 190l of media/weli (96 well plate)

Media - DMEM with 1000mg/L + 10% Fetal calf Serum (FCS) + 1% 2mM L-
gluatamine + 1% Penicillin and Streptomycin

Incubate for 6 hours in 37°C and 5% CO,
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4. Add different doses of treatments in 10ul of media for designated wells as in the
layout after 6 hours of incubation o

5. FGF2 (ng/mly and GAGs (ug/ml) - 10,5,2.5,1.25,0.625, 0.3125

6. Incubate for 36hours with treatménts in 37°C and 5% CO,

7. Add BrdU into each well.

8. Label the cells with BrdU for 2 hours in 37°C and 5% CO, (Add-20u! of BrdU
labeling solution/well)

9. Remove labeling medium by tapping off the plate

10. Add 200pl/well FixDenat to the cells and incubate for 30 min at 15-25°C

11. Remove FixDenat solution thoroughly by flicking and tapping

12. Add 100ul/well anti-BrdU-POD wofking solution and incubate for 90 min at 15-
25°C . | |

13. Remove antibody conjugate by flicking off and rinse wells three times with
250pl/well washing solution (1x PBS)

14. Remove washing solution by tapping.

15. .Add 100ul/well substrate solution and incubate for 30 min at 15-25°C

16. Measure the absorbance at 370nm (reference wave length: 492nm)

Example 5

~ AFACS based cell proliferation assay was conducted to establish the effect of HS8 on
 hMSC proliferation (protocol described below).

Dose-responses of human mesenchymal stem cells to HS8 (HS8+) were monitored by

Guava ViaCount (FACS-bésed) method over 6 days. FGF2 was used as a dosing

positive control. HS8 was found to enhance hMSC proliferation and provide a significant

-stimulus.

Cell Proliferation Protoco!

Materials
1. HM20 hMSC - Male Hispanic 20 year old donor (purchased from Lonza)
2. FGF 2 (R & D systems. Cat No. 233-FB-025)
3. Maintenance media: DMEM (10mg/l glucose), 10% FCS, 1% Pen/Strp, 2mM L-
glutamine
4. HSB8(+) Batch 2, HS8(-) Batch 2, Porcine mucosal heparan sulfate (Celsus

laboratories, USA), Heparin (Sigma Cat No. H3149)
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5. Guava Flex reagent (Millipore)
Methods
1. HM20 cells are plated on 24-well plates at 3000cells/cm? in 500pl/well media (Day _
0)

2. Day 1 - Media changed with increasing concentrations of FGF2 (ng/ml) and GAGs
(ug/mi) - 10,5,2.5. 1.25, 0.625, 0.3125, 0.156 in 500l of fresh media.
Media change every 2 days
Cells are harvested.at designated time points (Day 2, Day 4 and Day 6) - with
100yl of trypsin and neutralized with 100ul of media (t=Day 2) or 300! of media
(Day 4 and 6) ' ’

5. Cells were counted in Guava machine (Guava flex reagent : cell suspension is
1:200)

Example 6 ~ Human Mesenchymal Stem Cell Isolation

Preparation of Human Bone Marrow (BM) Mononuclear Cells -

Collection of Human Bone Marrow (BM) and Preparation of BM Mononuclear Cells by
Density gradient separation ' | | '

1. Following iﬁfOrmed consent, approx 40 mL of human bone marrow (BM) is collected
from healthy young volunteers (1 8-40 y) by aspiration from the posterior iliac crest (hip.
bone). BM is placed immediately into a preservative-free, sodium heparin-containing 50-
mL tube (10,000 units/tube).

2. A 10-uL aliquot is removed and diluted 1:20 into White Cell Fluid (WCF) and nucleated

cell content enumerated with a hemocytometer.
3. An equal volume of blocking buffer is then added to the BM aspirate, mixed well, then
strained through a 70-um Falcon cell strainer to remove any small clots and bone

fragments.

4. Then 3 mL of Ficoll-Hypaque (Lymphoprep) solution is dispensed into the bottom of

~ approx. 12 round bottom 14-mL polystyrene Falcon tubes and carefully overlayed with 7.5

mL of diluted BM.

5. Tubes are centrifuged at 400 g for 30 min at room temperature.
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6. Using a disposable plastic. Pasteur pipette, the leucocyte band is recovered from all
tubes and pooled into 4X 14 mL polypropylé'ne tubes.

7. Cells are diluted with HHF wash buffer and the BMMNC pelleted by centrifugation of
the sample at 400 gfor10 min at4 °C.

8. The buffer is aspirated and celis are pooled into one tube.

Isolation of MSCs by adherence

1. BMNC fractions are seeded into 15 cm dishes in maintenance media (DMEM, 1g/l
glucose, 10% FCS, 2 mM L-glutamine, 50 U/ml penicillin and 50 U/ml streptomycin) and

cells allowed to adhere for 3 days before the first media change.

- 2. The cells are cultured in maintenance medium with a media change every 3-4 days

and routinely passaged upon 85% confluence using 0.125% trypsin. On re-plating, cells
are seeded at 3,000/cm?®. All cultures are maintained in a humidified incubator at 37°C
with 5% CO..

3. Cells are removed from culture -using a non;enzymatic cell dissociation solution
(CellStripper, Mediatech, USA) and washed once in PBS before counting. 1 x 10° cells
are then aliquotted into a 96-well plate and cells pelleted at 450 x g for 5 min. Pre-diluted
immunophenotyping antibody solutions in 2% FCS/PBS are subsequently added and
cells incubated on ice for 20 min. Cells are then washed twice in 2% FCS/PBS before
reSuspension in 2% FCS/PBS and analysed on a GUAVA PCA-96 bench-top flow

cytometer (Guava Technologies Inc., USA). All samples are measured in triplicate.

Magnetic Activated Cell Sorting (MACS) of STRO-1 Positive BMSSC
The use of MACS allows for partial purification of the BMSSC population and the

processing of large numbers of BMMNC without compromising high losses in overall
stem cells yield. Following density gradient centrifugation, approx 1-2 x 10® mononuclear

cells are recovered from a BM aspirate of 40 mL. Before immunolabeling, BMMNC are

“resuspended in 0.5 mL blocking buffer and incubated on ice for approx 30 min to reduce

the possibility of Fc receptor-mediated binding of antibodies.

Isolation of STRO-1+ BMSSC Using Magnetic Activated Cell Sorting (MACS)
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1. BMMNC are pelleted by centrifugation at 400 g at 4 °C for 10 min and resuspended in
500 pl of STRO-1 supernatant per 5 x 10" BMMNC and incubated on ice for 60 min with

occasional, gentle mixing.

2. BMMNC are washed twice in HHF wash buffer and then resuspended in 0.5 mL of =
HHF containing biotinylated goat anti-mouse IgM (u-chain specific) at a 1/50 dilution and
incubated at 4 °C for 45 min.

3. The BMMNC are washed three times in MACS buffer and resuspended in 450 pL of
MACS buffer to which 50 L of streptavidin microbeads are added (10 pL of
microbeads/10” cells in 90 yL MACS buffer). The mixture is incubated on ice for 15 min. -

4. After one wash in ice-cold MACS buffer, a small aliqUOt of cells is removed for flow
cytometric 'analysis (pre sample). The remaining cells are then placed onto é mini MACS
column (column capacity of 108 cells, Miltenyi Biotec, MS column). The STRO-1- cells
(negative fraction) are not retained within the column and pass through into a fresh 2 mL
polypropylene tube, under gravity into the effluent, while the STRO-1+ cells remain

attached to the magnetised matrix.

5. The column is washed‘ 3 times with 0.5 mL MACS buffer to remove any nonspecifically

bound STRO-1- cells, which are collected in a fresh 2 mL polypropylene tube.

6. The STRO-1+ cells (positive fraction) are recovered by flushing the column with MACS
buffer into a fresh 2-mL polypropylene tube after withdrawing the column from the

magnétic field. The STRO-1+ cells are then counted and processed for two-color FACS.

7. Small samples (0.5-1.0 x 10° cells) from each of the pre-MACS, STRO-1-, and STRO-
1+ fractions are removed into separate 2 mL polypropylene tubes containing 0.2 mL of
streptavidin-FITC conjugate (1/50). The cell samples are then incubated for an additional
5 min on ice to enable assessment of the enrichment procedure. A sample of (1.0 x10°

cells) unlabeled pre-MACS cells serves as a negative control.

8. These samples are washed twice in HHF, fixed in FACS Fix solution and subsequently

analysed by flow cytometry to assess purity and recovery.

9. At this point, the partially purified STRO-1+ BMSSC can be culture expanded or further
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purified by two-color FACS.

Assessment of Bone Marrow Quality by Colony-Efficiency Assay '

The expected incidence of CFU-F colony in human bone marrow aspirates is approx 5—
10 CFU-F per 10° cells plated.

1. The BMMNC are seeded into 6-well culture plates at 0.3, 1.0, and 3. 0 X 10° cells per
well in a-MEM supplemented with 20% (v/v) FBS, 2 mM I-glutamine, 100 uM l-ascorbate-
2-phosphate, 50 U/mL penicillin, 50 mg/mL streptomycin, and B-mercaptoethanol (5 x
10~ M). Cultures are set up in triplicate and incubated at 37°C in 5% CO2 and >90%
humidity for 12 day_s.

2. Day 12 cultures are washed twice with PBS and then fixed for 20 min in 1% (wiv)

paraformaldehyde in PBS.

3. The fixed cultures are then stained with 0.1% (w/v) toluidine blue (in 1%
paraformaldehyde solution) for 1 h then rmsed with tap water and aIIowed to dry.

Aggregates of greater than 50 cells are scored as CFU-F.

Fluorescence Activated Cell Sorting of Highly Purified BMSSC _
While all measurable CFU-F are contained within the STRO-1+BMMNC fraction, BMSSC
represent only less than 2% of the total STRO-1+ population. The majority of the STRO-

1+ cells are glycophorin-A+ nucleated red cells and some CD19+ B-cells. Therefore, the
selection of BMSSC based on STRO-1 expression alone results in only a partial
enrichment of CFU-F (approx 10-fold). Clonogenic BMSSC are all contained within the
STRO-1%" celj fraction that can be further discriminated by dual-color FACS based on
the expression of markers that are absent on nucleated red cells and lymphocytes,
particutarly CD106 and CD146. The methods described below enable the isolation of a
minor subpopulation of the total STRO-1+ cell fraction, STRO-1"""/ CD106+ BMMSC
(1.4% £ 0.3; n=20), in which 1 in evevry 2-3 cells plated have the capacity to form a
CFU-F. This level of enrichment is almost 5,000-fold higher than the average incidence of
CFU-F observed with unfractionated BMMNC (1 CFU-F per 10,000 cells plated).

Isolation of STRO-1bright/CD106+BMSSC Using Flow Cytometric Cell Sorting (FACS)
1. Before immunolabeling, the MACS-isolated STRO-1+ cell BMMNC (routinely 2-5 x 10°
cells-from 1 x 10 BMMNC) are resuspended in 0.5 mL HHF in preparation for 2-color

immunofiuorescence and FACS.
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2. Approx 3-5 x 10° MACS-isolated STRO-1+ cell are dispensed into 3 appropriately
labeled tubes, to which the following are added:

(i) No primary antibody (double negative control), kept on ice.

(i) Sfreptavidin-FITC conjugate (1/100 dilution in HFF) i_ncubatéd on ice for 30 min
(FITC control). The cells are then washed twice in HHF.

(iii) 0.5 mL of murine IgG anti-human CD106 (VCAM-1) diluted to 20 pg/mL in
HFF. The STRO-1+ cells are incubated on ice for 30 min, washed twice in HHF and
resuspended in 0.2 mL of PE-conjugated goat anti-mouse IgG (y-chain specific), (PE
control). The sample is incubated and washed then resuspended in HFF.

(iv) The remaining 1-2 x 10° MACS-isolated STRO-1+ cells are resuspended in
0.5 mL murine IgG anti-human CD106 (VCAM-1) and incubated as above, washed twice
in HHF and resuspended in 0.2 mL of PE-conjugated goat anti-mouse IgG (y-chaih ‘
specific) and Streptavidin-FITC conjugate (1/100 dilution in HHF), then incubated on ice
for 30 min (sorting sample). bThe cells are then washed as before then resuspended in
HHF.

3. The samples are resuspended at a concentration of 1 x107 cells per mL in HHF before
sorting on any sorter fitted with a 250 MW argon laser emitting light at a wavelength of |
488 nm able to simultaneously detect FITC and PE. Samples (i-iii) are used to establish
compensation for both FITC and PE. 5. Sorted STRO-1"""/\/CAM-1+ cells from sample
(iv) are collected in tubes containing appropriate growth media and mixed. 6. A cell count

is performed as described above. The sorted cells are then cultured.

Ex Vivo Culture of Human BMSSC
Serum Replete Medium
1. The STRO-1*""/CD106+ isolated BMSSC populations (at 1-3 x 10* per cm?) are

cultured in tissue culture flasks or plates containing a-modification of Eagle’s Medium (a-

MEM) supplemented with 20% foetal bovine serum, 100 pM l-ascorbate-2-phosphate, 2

mM I-glutamine, 50 U/mL penicillin and 50 pg/mL streptomycin at 37 °C in 4% CO2 at
relative humidity of >90% for 2 wk. Primary BMSSC populations are passaged when the

cultures achieve 80-90% confluency.

2. Adherent cultures are washed 1x with serum free HBSS and the celis liberated by
enzymatic digestion by the addition of 2 mL of 0.5% Trypsin/EDTA solution per T75 flask
for 5-10 min at 37°C.
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3. Cell viability is assessed by preparing a 1:5 dilution of single cell suspension in 0.4%
trypan blue/PBS, and the number of viable cells determined using a haemocytometer.

4. BMMSC single cell suspensions are pooled and re-seeded at 0.5-1.0 x 10* per cm? in
a-MEM growth medium supplemented with 10% FBS, 100 uM l-ascorbate- 2-phosphate,
2 mM I-glutamine, 50 U/mL peniciliin and 50 pglth streptomycin and incubated at 37°C
in 5% CO; at relative humidity of > 90%. Cultures are fed twice weekly by aspirating out

~ the medium and replacing with an equal volume of freshly prepared medium warmed to

37 °C.

Serum Deprived Medium

This method is a modification of the serum deprived medium (SDM) developed initially for
the growth of hematopoietic progenitor cells.

1. Fibronectin-coated plates or flasks are prepared'by precoating with 5 pg per cmz_
fibronectin solution for 90 min at room temperature. After this, the fibronectin solution is

aspirated off and the culture vessels washed once with sterile PBS before seeding with

cells.

2. The STRO-1"""/CD106+ isolated BMSSC populations (at 1-3 x 10* per cm?) are
cultured in the ﬁbronectin-coated tissuev culture flasks or plates suspended in media
containing u-MEM supplemented with 2% (w/v) bovine serum albumin (Cohn fraction V),
10 pg/mL recombinant human insulin, human low density lipoprotein, 200 pug/mL iron
saturated human transferrin, 2 mM Il-glutamine, dexamethasone sodium phosphate (107
M), 100 uM l-ascorbic acid-2-phosphate, B-mercaptoethanol (5 x 10™° M), 10 ng/mL
platelet derived growth factor-BB, 50 U/mL penicillin and 50 pg/mL streptomycin.

3. The cultures are then incubated at 37 °C in 4% CO, at relative humidity of > 90% for 2
wk. Primary BMSSC populations are passaged when the cultures achieve 80-90%

confluency.

Cryopreservation of Ex Vivo Expanded MSCs }

1. Routinely, single cell suspensions of culture expanded MPC are prepared by
trypsin/EDTA digest as described above. The cells are then diluted and washed in cold
HFF.
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2. The cell pellet is resuspended at a concentration of 1 x10” cells per mL in FBS and

- maintained on ice. An equal volume of freeze mix (20% DMSO in cold FBS) is then

added gradually while gently mixing the cells to give a final concentration of 5 x 10° cells

~per mL in a 10% DMSO/FBS. One-milliliter aliquots are then distributed into 1.8-mL

cryovials precooled on ice, then frozen at a rate of —1 °C per minute using a rate control

freezer.

3. The frozen vials are then transferred to liquid nitrogen for long-term storage. Recovery
of the frozen stocks is achieved by rapid thawing the cells in a 37 °C water bath. The cells
are then resuspended in cold HFF and spun at 280 g for 10 min.

4. To assess viability of the cells, a 1:5 dilution is prepared in 0.4% trypan blﬁe/PBS, and

the number of cells determined using a haemocytometer. Typically this procedure gives

viabilities between 80-90%.

Example 7 — Colony-forming units-fibroblastic (CFU-F) Assay

The CFU-F pro'perty of hMSC was assessed using the methodology described below.
hMSCs were grown in one of unsupplemented control media for 4 passages and then
grown in one of unsupplemented control media, or control media plus one of Heparin
(1.25ug/mi), Celsus HS (1.25pg/ml), HS8- (1.25pg/ml), HS8 (HS8+) (1.25ug/ml) or HS8
(HS8+) (2.5pg/ml). Results are shown in Figures 24A and 24B. '

Materials

1. hMSC - (purchased from Lonza).

2. Maintenance media: DMEM (1000mg/L glucose), 10% FCS, 1% Pen/Strep, 2mM L.-
glutamine. _

3. Crystal Violet 0.5% in 100% Methanol.
Methods

1. MSCs are plated in triplicate in 100 x 15mm petri dishes at 150 cells/cm? with 10
mi/dish maintenance media.

2. Cells were cultured for 14 days with media change at day 7.

3. At Day 14 the plates were stained with crystal violet (0.5% in 100% Methanol) as
below:

a. Remove media and wash twice with PBS
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" b. Add 10mil/dish of crystal violet and incubate for 30 minutes
c. Wash once with PBS and once.with H,0 and dry the plates

d. Colonies with more than 50 cells that were not in contact with other
colonies were counted

Example 8 — Multipotent characteristic of MSCs
Maintenance of the multipotent character of MSCs was tested by assaying for ability of
the MSCs to differentiate into bone (osteogenesis) and fat (adipogenesis), according to

the methodology described below. Results are shown in Figure 25.
Cells
Passage 4 cells (P4) — hMSCs cultured in normal maintenance media

Passage 7 cells (P7) — hMSCs cultured from P4 to P7 in normal maintenance media

containing the one of the following treatments:
o HSB(HS8(+)) 2.5ug/mL
e HS8(-) 1.25ug/mL
o Celsus HS 1.25ug/mL
e Heparin 1.25ug/mL
e FGF2 | 1.25ug/mL

Osteogenic Differentiation

Materials
1. hMSC - (purchased from Lonza)

2. Maintenance media: DMEM (1000mglL glucose), 10% FCS, 1% Pen/Strep, 2mM

L-glutamine

3. Treatment maintenance media: DMEM (1000mg/L glubose), 10% FCS, 1%
Pen/Strep, 2mM L-glutamine, 10nM dexamethazone, 10mM B-glycerol-phosphate
and 25ug/mL L-ascorbate-2-phosphate

4. Paraformaldehyde 4% in PBS
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5. Alizarin Red Solution: 1.37g in 100mL H,O; pH 4.1 -4.3

Methods

1. Cells were seeded (3,OOOCeIIs/cm2) in 6-well plates for 24h

2. Changed media for control wells with maintenance media

3. Changed media for treated wells with maintenance media containing 10nM

dexamethazone, 10mM B-glycerol-phosphate and 25ug/mL L-ascorbate-2-

phosphate

4. Ali cells then cultured for 28 days with media change in every 3 days

5. Cells were then stained with Alizarin Red:

e.

f.

- Wash three times with PBS

Fix cells with 4% Paraformaldehyde for 10 min
Wash three times with ddH,O

Add Alizarin Red solution to the cells and incubate for 30min, slowly
shaking

Wash three times with ddH,0O

Air dry the stained cells

Adipogenic Differentiation

Materials

1. hMSC - (purchased from Lonza)

2. Adipocyte maintenance media: DMEM (4500mg/L giucose), 10% FCS, 1%
Pen/Strep, 2mM L-glutamine

3. Adipocyte treatment media: DMEM (4500mg/L glucose), 10% FCS, 1%
Pen/Strep, 2mM L-glutamine, 1uM dexamethazone, 10uM insulin, 20uM

indomethazine and 115ug/mL 3-isobutyl-1-methylxanthine

4. Paraformaldehyde 4% in PBS

5. Oil Red O Solution: 0.36% in 60% isopropanol
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Methods
1. Cells were seeded (18,000/cm?) in 6-well plates in triplicates
2. Cells were cultured to confluence

3. Changed media for control wells with adipocyte maintenance media (4500mg/L

glucose)

4. Changed media for treated wells with adipocyte treatment media containing 1uM
dexamethazone, 10uM insulin, ZOpM indomethazine and 115pg/mL 3-isobutyl-1-

methylxanthine
5. Subsequently, cultured for 28 days with media change in e\)ery 3 days
6. Cells were then stained with Oil-Red O:
-a. Wash three times with ‘PBS
b. Fix cells with 4% Paraformaldehyde for 60min
c. Wash once with ddH,0
d. Add OilRed O Soiution to the cells and incubate for 1h with slow shaking
e. Wash two times in 60% isopropanol |
f. Wash thrée to five times with dded

g. Leave ddH,O on the plate or air dry the stained cells

Example 9

The effect of HS8 on FGF-2 mediated growth hMSC was investigated using the
methodology described below. HS8 was found to enhance FGF-2 mediated MSC growth
(Figure 26). '

Cells

Paésage 4 cells — hMSCs cultured in normal maintenance media with énd without one of
the following treatments: ‘ '
e FGF2 0.156ng/mL only
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e FGF2  0.156ng/mL with varying doses of HS8(+)

Cell Proliferation Protocol

Materials
1. hMSC - (purchased from Lonza).
2. FGF 2 (R & D systems. Cat No. 233-FB-025).

3. Maintenance media: DMEM (1000mg/l glucose), 10% FCS, 1% Pen/Strép, 2mM L-

glutamine.

4. HS8 (HS§(+)), HS8(-), Porcine mucosal heparan sulfate (Celsus laboratories, USA),
Heparin (Sigma Cat No. H3149). )

5. Guava Fléx reagent (Millipore).
Methods
1. Cells are plated on 24-well plates at 3000cells/cm? in 500pl/well media (Day 0).

2. Day 1 - Media changed to contain maintenance media plus FGF2 (0.156ng/mL) alone |
or FGF2 (0.156ng/mL) with various concentrations of HS8(+): 10, 5, 2. 5, 1.25, 0.625,
0.3125, 0.156 (pg/ml) in 500yl of fresh media.

3. Media change every 2 days.
4. Cells are harvested at Day 4 with 100pl of trypsin and neutralized with 300p! of media.

5. Cells were counted in GUAVA machine (Guava flex reagent: cell suspension is 1:200).

Example 10

The effect of HS8 on FGF-2 signaling via the ERK pathway was investigated using the
methodology described below. HS8 was found to enhance/sustain FGF2 mediated -
signalling of the ERK pathway, as measured by phosphorylation of ERK1/2 and FRS2a
(Figure 27).

Cells

—_——

P4 — hMSCs were cultured in normal maintenance media with and without the following
treatments: |
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FGF2 0.312ng/mL only

HS8 (HS8(+)) 2.5pg/mL

Western Blot

Materials

1. hMSC —(purchased from Lonza)

2. FGF2 (R & D systems. Cat No. 233-FB-025)

3. Maintenance media: DMEM (1000mg/L glucose), 10% FCS, 1% Pen/Strep, 2mM
L-glutamine

4. Serum-free media: DMEM (1000rhg/L glucose), 0.2% FCS, 1% Pen/Strep, 2mM
L-glutamine

5. Antibody against phospho-FRS2a (Cell Signaling. Cat No. 3861) 1:1000 in 5%
BSA in TBST

6. Antibody against phospho-ERK1/2 (Cell Signéling. Cat No. 9106L) 1:2000 in 5%
BSA in TBST '

7. Antibody against total ERK1/2 (Cell Signa[ing.'Cat No. 91 02L) 1:1000 in 5%
BSA in TBST - |

8. Antibody against actin (Millipore Chemicon. Cat No. MAB1501R) 1:8000 in 5%
BSAin TBST '

Methods
1. Cells are plated at 10,000/cm? on 6-well plates in maintenance media

2. Day 1: Change media to serum-free media at 2mL/well

3. Day 3: Add treatment to well. Required amount of HS8(+) and/or FGF2 is dosed in
serum-free media and added at 10pL/well

4. Cells are harvested in 100uL/well with 1.5X laemmli buffer at different time points
(30min and 24h)

5. Lysates were heated for 5min at 95°C and stored at -20°C

PCT/SG2013/000201
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Samples are freeze-thawed only once

7. 20uL/well of sample is loaded into each lane of Novex 4-12% Bis-Tris SDS PAGE
gel, 10well (Invitrogen. Cat No. NP0335BOX) ‘

8. Gelwas run at 180V with 1X MOPS Buffer for 50 min

9. Resolved protein bands were then transferred to nitrocellulose membrane at 100V
in 1X Transfer Buffer for 1h 30min

10. Nitrocellulose membrane was stained with Ponceau S solution and cut into strips

according to the size of the protein of interest

11. Membranes were then blocked in either 5% BSA or 5% Non-fat Milk in TBST for

30min to 1h at room temperature with slow shaking

12. Primary antibodies of recommended dilutions were then incubated overnight at

4°C with slow shaking
13. Blots were then washed three times with TBST for 5min each

14. Secondary antibodies of recommended dilutions were then incubated for 1h to 2h

at room temperature with slow shaking
15. Blots were washed three times with TBST for 5min each

16. Incubate blots with Chemiluminescence reagents and proceed to dark room to

develop x-ray films for band visualization.

Example 11 — NMR analysis of HS8

A sample of HS8 was stored at -20°C prior to analysis. NMR analysis was completed by
dissolution in D20 (600uL) that contained the internal standard tBuOH (200pL, 51.24
ppm) that is used for chemical shift comparison and quantitation. Celsus HS was
weighed accurately in ~1, 4 and 7mg amounts, made up in the working D20 /tBuOH
solution and analysed in the same run as HS8. Line fitting of the standard solutions gave
regression of 0.995 or better for integration of the acetyl methyl region, the region & 3.15-
3.25 ppm and the lowest field portion of the anomeric region & 5.15-5.65 ppm compared

to the internal standard.

Due to the small sample size which results in low signal to noise only the acetyl region

data was used to calculate the amount of HS8 delivering a value of 0.7mg. A second
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experiment was completed comparing signal to noise of the acetyl peak and a value of
0.5mg was recorded. This is an absolute value not related to the internal standard. After
three freeze-dry steps to remove the tBuOH prior to further analysis the mass recorded
was 1.2mg. Of note is the SEC HPLC data can be integrated to give an approximate
purity value and it also recorded 58% suggesting 0.7mg of HS-GAG present in the
material. As this weight discrepancy is not a new phenomenon in small GAG samples
the assumption is made that_ varying humidity and a proportion of salt must be affecting

the recorded mass.

The 1H NMR spectru-m of HS8, Celsus HS and HS3* is displayed in Error! Reference
source not found.31. The difference in intensity of the HS8 (lowest peak at 4.8-4.6 ppm)
compared to other signals (Celsus HS is the highest peak at 4.8-4.9 and HS3 is the
intermediate heighf pe'ak) in the displayed plot is due to normalising all spectra to the
height of the acetyl methyl resonance: in the case of this HS8 sample a slightly better
shimming was observed with narrower fine width ‘céus’ing the acetyl resonance to be
slightly sharper and taller.

The chemical composition change of HS8 compared to Celsus HS is just differentiated by

2-D NMR.

Closer examination of the methine and 'methylene regions of the HS8 1H NMR showed

differences compared to Celsus HS and HS3 (Error! Reference source not found.32).

[*HS3 is an isolated heparan sulphate having specific and high binding affinity for a
heparan binding domain of BMP-2. HS3 is described in W02010/030244]

Example 12 — HPLC-SEC-RI of HS8 and other HS preparations

.Heparan sulfate preparations (approximately 1 mg, weighed accurately) were made up to

2 mg/mL in water. Heparin lyase |, Il and lll digests of these preparations were 2mg/mL
in water. The solutions were centrifuged (14 000 g, 2 min) and 200 uL aliquots were

taken for analysis.

The SEC-RI system consists of a Waters 2690 Alliance separations module and a Water
2410 refractive index monitor (range 64). The dn/dc for quantitation from the RI
chromatograms was set at 0.129 (ref). Samples were injected (50 pL) and eluted with 50

mM ammonium acetate with a flow rate of 0.5 mL/min from two Superdex™ Peptide

10/300 GL columns in series (300 x 10 mm GE Healthcare, Buckinghamshiré, UK). Data
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was collected and analysed using ASTRA software (Version 4.73.04, Wyatt Technology
Corp).

The size-exclusion chromatography of the whole HS8 preparation displayed a distinct
size-exclusion profile. The Celsus HS starting material shows a voiding signal at 15 mL
with additional material of a range of sizes eluting to approximately 23 mL of eluent. As

shown in Error! Reference source not found.33 the HS8 material (retained by the FGF-

- 2 affinity column) shows a size profile enriched in the material that voids the SEC

columns.

This is distinct again from the size profile of the HS3 preparations, showing an
intermediate size profile between the HS8 and Celsus HS profiles (Error! Reference

source not found.34). The HS8 chromatogram shows a large salt signal at

- approximately 36 mL as this sample was prepared in 50 mM sodium acetate buffer (pH 7)

rather than water.

Figure 35 shows the SEC chromatograms for two different batches of the HS from

Celsus. Batch #10697 was used as the starting material for the preparation of both HS3
and HS8. The digestion of both of these batches with the enzymes is similar except that
batch #10595 appears to have a larger amount of material that is not digested at ail and

voids the columns.

~ The size profile of the heparin lyase digest of HS8 (Error! Reference source not

found.36) is quite different from that of the Celsus HS starting material (Error!
Reference sounlce not found.35) or HS3 (Error! Reference source not found.36). The
size profile obtained for HS3 was very similar to that obtained in previous digésts. The
HS8 chromatogram, like that for the HS3 digests, shows littie signal strength at the void
volume (15 mL), suggesting that most of the material is digested to some extent.
However, the two HS3 digests show significant and distinct signal strength at

approximately 19 mL, whereas the HS8 shows a broad signal around 18 mL.
Example 13 — [3H] Heparin Assay
The heparin binding ability of SEQ ID NO:1 derived from the amino acid sequence of

FGF2 was assessed using the protocol described below. Results are shown in Figure 37.

Materials
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(1) Peptides:

Gandhi et al (HS8) — Manufactured by Nanyang Technological University
GHFKDPKRLYCKNGGF-Ahx-(K)Biotin

(2) 3H Heparin 0.1 uCi (Perkin Elmer, Boston, USA)

(3) Nitrocellulose Membrane (Bio-Rad; USA)

(4) Bovine Serum Albumin 4% (w/v) in PBS

(5) Vacuum Oven (Thermo Fisher Scientific, USA)

(6) Tri-Carb 2800 TCR Liquid Scintillation Analyzer (Perkin Elmer, Boston, USA)

Methods ‘ ‘

(1) Make up FGF2-HBD-peptides to desired concentrations (4.66x10-9, 9.32x1 0-9, .
1.86x10-8, 3.73x10-8 moles) with PBS ' ’

(2) Soak identical nitrocellulose membranes in duplicates with known concentrations of
peptides

(3) Air dry the membranes for 1h

(4) Further drying in vacuum oven at 800C for 45mins

(5) Wash membranes 3 times with PBS : _

(6) Add 3H Heparin 0.1 pCi to the membranes and incubate for 16h in scintillation
counting vials '

(7) Wash membranes 4 times with PBS

(8) Determine radioactivity with Tri-Carb 2800 TCR Liquid Scintillation Analyzer (Perkin
Elmer, Boston, USA)

_ Examble 14

The ability of heparin binding domain peptide SEQ ID NO:1 to bind immobilized heparin

was assessed using the protocol described below. Results are shown in Figure 38.

Materials

1. Standard Assay Buffer (SAB) — 100mM NaCl, 50mM sodium acetate, 0.2% v/v tween
20,pH7.2

2. Blocking buffer — 0.4% Fish gelatin (Sigma Cat No. 67041) + SAB

3. GAG binding Plate (Iduron, UK)

4. Peptides:

Gandhi et al (HS8) — Manufactured by Nanyang Technological University
GHFKDPKRLYCKNGGF-Ahx-(K)Biotin

5. ExtraAvidin-AP (Sigma Cat No. E2636)
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6. Sigma FAST p-Nitrophenyl phosphate (Sigma, N2770)

Method ‘

1. Dissolve Heparin in SAB (5ug/ml)

2. Add 200ul of Heparin solution/well into GAG binding plate and incubate overnight at
RT protected from light '

3. Wash plate carefully 3x with 250pl/well with SAB

4. Incubate plate with 250pl/well blocking buffer for 1 hour at 370C protected from light
5. Wash plate carefully 3x with 250ul/weli with SAB

6. Dissolve peptides in blocking buffer and perform serial dilution: 0, 50, 100, 200 nM

7. Dispense 200ul/well of diluted protein to GAG coated plate and incubate for 2 hours at
370C

8. Wash plate carefully 3x with 250ul/well with SAB

9. Add 200pl/well of 220ng/mi of ExtraAvidin-AP in blocking solution and incubate for 30
min at 370C

10. Wash plate carefully 3x with 250pl/well with SAB

11. Add 200pl/well of Development reagent: Sigma FAST p-Nitrophenyl phosphate in DI
water and incubate for 40 min at RT |
12.'Read absorbance at 405nm

. Example 15

FGF-2 was assessed for its ability to bind HS8. This was compared to binding with the
raw starting HS (HS-PM porcine mucosa), or no sugar. Results are shown in Figure 39.

Materials

1. Standard ASsay Buffer (SAB) — 100mM NaCl, 50mM sodium acetate, 0.2% v/v tween
20,pH 7.2

2. Blocking buffer — 0.4% Fish gelatin (Sigma Cat No. 67041) + SAB

3. GAG binding Plate (Iduron, UK)

4. Proteins from R& D Systems : FGF 2 - 233 FB

5. Antibodies from R & D Systems: FGF 2 — BAM233

6. ExtraAvidin-AP (Sigma Cat No. E2636)

7. Sigma FAST p-Nitrophenyl phosphate (Sigma, N2770)

Method

. 1. Dissolve GAG in SAB (5ug/ml)
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2. Add 200pl of GAG solution/well into GAG binding plate and incubate overnight at RT
protected from light

3. Wash plate carefully 3x with 250pul/well with SAB

4. Incubate plate with 250ul/well blocking buffer for 1 hour at 370C protected from light
‘5. Wash plate carefully 3x with 250pl/well with SAB '

6. Dissolve proteins with blocking buffer and perform serial dilution: 0, 0.781, 1.56,
3.125nM

7. Dispense 200ul/well of diluted protein to GAG coated plate and incubate for 2 hours at
370C

8. Wash plate carefully 3x with 250pl/well with SAB

9. Add 200pl/well of 250ng/mi of biotinylated primary antibody in blbcking solution and
incubate for 1 hour at 370C

10. Wash plate carefully 3x with 250pl/well with SAB

11. Add 200ul/well of 220ng/ml of ExtraAvidin-AP in blocking éolution and incubate for 30
min at 370C

12. Wash plate carefully 3x with 250ul/well with SAB

13. Add 200pl/well of Development reagent : Sigma FAST p-Nitrophenyl phosphate in DI
water and incubate for 40 min at RT

14. Read absorbance at 405nm

Example 16
Proliferation of plastic adherent mesenchymal stem cells over 6 days in the presence of

HS8 was analysed. Results are shown in Figure 40.

Cell Proliferation Protocol

Materials

1. HM20 hMSC - Male Hispanic 20 year old donor (purchased from Lonza)

2. FGF 2 (R & D systems. Cat No. 233-FB-025)

3. Maintenance media: DMEM (1000mg/I glucose), 10% FCS, 1% F’en/Strp, 2mM L-
glutamine ’

4. HS8

5. Guava Flex reagent (Millipore)

Methods
1. HM20 cells are plated on 24-well plates at 3000cells/cm2 in 500ul/well media (Day 0)
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2. Day 1 - Media changed GAGs (pg/mi) - 2.5 and 0.5

3. Media change every 2 days _

4. Cells are harvested at designated time points (Day 6) - with 100ul of trypsin and
neutralized with 300u! of media

5. Cells were counted in Guava machine (Guava flex reagent.: cell suspension is 1:200)

Example 17

Proliferation of STRO-1-isolated mesenchymal stem cells over 36 hours in the presence
of isolated HS8, as compared fo the raw Celsus starting HS (HS-PM), or the non-binding
HS ﬂOW«through (HS8-) was measured by BrDU incorporation as described below.
Results are showh in Figure 41 (in which HS8G=HS8).

Protocol (Cell Proliferation ELISA, BrdU (Colorimetric), Roche)

1. Cell Seeding - 5000 cells in 190pl of media/well (96 well plate)

2. Media - Alpha MEM + 10% Fetal calf Serum (FCS) + 1% L-gluatamine + 1% Penicillin
and Streptomycin + 100nM L-glutamate |

3. Incubate for 6 hours in 370C and 5% CO2

4. Add different doses of treatm'ent‘s in 10pl of media for designated wells as in the layout

after 6 hours of incubation

5. GAGs (ug/mi) - 10, 5 ,2.5, 1.25, 0.625, 0.3125

6. Incubate for 36 hours with treatments in 37°C and 5% CO2

7. Add BrdU into each well. .

8. Label the celis with BrdU for 2 hours in 37°C and 5% CO2 (Add 20pl of BrdU labeling
solution/well) . ’

9. Remove labeling medium by tapping off the plate

10. Add 200ul/well FixDenat to the cells and incubate for 30 min at 15-25°C

11. Removei FixDenat solution thoroughly by flicking and tapping -

12. Add 100pl/well anti-BrdU-POD working solution and incubate for 90 min at 15-25°C
13. Remove antibody conjugate by flicking off and rinse wells three times with 250pl/Well
washing solution (1x PBS)

14. Remove washing solution by tapping.

15. Add 100pl/well substrate solution-and incubate for 30 min at 15-250C

16. Measure the absorbance at 370nm (reference wave length: 492nm)

Example 18 — Capillary Electrophoresis (CE) Analysis of Disaccharides
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Heparan sulfate (HS) was from Celsus Laboratories Inc. (HO-03103, Lot #H0-10697).
Disaccharide standards (AUA,2S — GIcNS,6S; AUA,2S — GIcNS, AUA,2S —~GIcNAc,6S,
AUA — GIcNS,6S, AUA — GIcNS, UA - GIcNAc, AUA,2S - GicNAc, AUA — GIcNAC,6S,
AUA,2S - GIcN, AUA,2S — GIcN,8S, AUA - GIcN,6S, AUA — GlcN Cat No. HD001 to
HDO013, Iduron Ltd, Manchester, UK), derived from the digestion of high-grade porcine
heparin by bacterial heparinaées, were purchased from Iduron Ltd, Manchester, UK. A
synthetic derivative of a not naturally occurring disu'l.fated disaccharide (AUA,2S-
GIcNCOEt,69), Was'also purchased from Iduron for use as an internal standard. Heparin
Oligosaccharides (dp4, dp6, dp8, dp10, dp12 (Cat. No. HO04, HO06, HO08, H01'O,
HO12)) and selectively desulfated heparin standards (2-O, 6-O and N- desulfated
heparin‘)' (Cat No. DSH001/2, DSH002/6, DSHO03/N, Iduron Ltd, Manchester, UK) were
also purchased from iduron Ltd, Manchester, UK.

Heparin lyase | (Heparitinase, EC 4.2.2.8, also known as heparitinase 1), heparin lyase I
(heparitinése i, no EC number assigned) and heparin lyase Il (heparinase, EC 4.2.2.7,
also known as heparitinase 1ll) were obtained from Seikagaku Corporation, Japan. The -
enzymes, supplied as lyophilised powders (0.1 U/vial), were dissolved in 0.1 % BSA to
give solutions containing 0.5 mU/u'L. Aliquots (5 uL; 2.5'mU) were frozen (-80 °C) until

needed.

Digestion of HS preparations with heparin lyase enzymes

HS preparations (1 mg) were each dissolved in 500 pL of sodium acetate buffer (100 mM
containing 10 mM calcium acetate, pH 7.0) and 2.5 mU each of the three enzymes was
added. The samples were incubated at 37 °C overnight (24 h) with gentle inversion (9
rpm) of the tubes. A further 2.5 mU each of the three enzymes was added to the samples
which were incubated at 37 °C for a further 48 h with gentle inversion (9 rpm) of the
tubes. Digests were halted by heating (500 °C, 5 min) and then lyophilized. The digests
were resuspended in 500 yL water and an aliquot (50 uL) was taken for analysis by CE.

Capillary electrophoresis (CE)

The capillary electrophoresis operating buffer was made by adding an aqueous solution
of 20 mM H3PO4 to a solution of 20 mM Na,HPO,.12H,0 to give pH 3.5. The column

- wash was 100 mM NaOH (diluted from 50 % w/w NaOH). The operating buffer and

column wash were both filtered using a Millipore filter unit fitted with 0.2 ym cellulose

acetate membrane filters (47 mm @; Schleicher and Schuell, Dassel, Germany).
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Stock solutions of the 12 disaccharide standards were prepared by dissolving the

disaccharides in water (1 mg/mL). To determine the calibration curves for the standards,

~a mix containing all twelve standards was prepared. The stock solution of the 12 standard

mix contained 10 pg/100 pL of each disaccharide and a dilution series containing 10, 5,
2.5, 1.25, 0.625, 0.3125 pg/100 pL was prepared; including 2.5 ug of internal standard
(AUA,2S-GIcNCOEL,6S). The digests of HS were diluted (50 yuL/mL) with water and the

" same internal standard was added (2.5 ug) to each sample. The solutions were freeze-

dried and re-suspended in water (1 mL). The samples were filtered using PTFE

hydrophilic disposable syringe filter units (0.2 pum; 13 mm @; Advantec, Toyo Roshi

~ Kaisha, Ltd., Japan).

The analyses were performed using an Agilent®>CE (Agilent Technologies, Waldbronn,
Germany) instrument on an uncoated fused silica capillary tube (75 um ID, 64.5 cm total
and 56 cm effective length, Polymicro Technologies, Phoenix, AZ, Par’t Number
TSP075375) at 25 °C using 20 mM operating buffer with a capillary voltage of 30 kV. The
samples were introduced to the capiliary tube using hydrodynamic injection (50 mbar x 12

sec) at the cathodic (reverse polarity) end.

Before each run, the capillary was ‘flu‘shed with 100 mM NaOH (2 min), with water (2 min)
and pre-colnditioned with operating buffer (5 min). A buffer replenishment system
replaced the buffer in the inlet and outlet tubes to ensure consistent volumes, pH and
ionic strength were maintained. Water only blanks were run at both the beginning, middle
and end of the sample sequence. Absorbance was monitored at 232 nm. All data was
stored in a ChemStore database and was subsequently retrieved and re-processed using

ChemStation software.

Eleven of the 12 heparin disaccharides in the standard mix were separated using
conditions detailed above. The 12th disaccharide, AUA-GIcN, does not migrate under the
conditions used for these experiments. However, this disaccharide has not been reported
to occur in heparan sulfates. The R2 values for the standard calibration curves ranged
from 0.9949 to 1.0.

~ The heparin lyase |, Il and Il digest of the HS preparations was done in duplicate and

each duplicate was injected twice in the CE. Therefore, the normalized percentage of the
disaccharides in the HS digest is the mean average of the results for the analyses. Of the
11 disaccharides separated in the standard mixes, only eight of these are detected in the
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HS digests. Other small signals are seen on the baseline of the electrophoretograms of
the digests and these may correspond to oligosaccharides >2 dp. As mentioned above,
the larger oligosaccharides will have less UV absorbance compared with the

disaccharides.

Duplicate analyses were completed on a sample of Celsus HS (Lot #10697) and
compared to a previous set of analyses on the same sample: these results are displayed
in Figure 42. Excellent correlation between the two sets of analyses was observed.

The proportion of the eight disaccharides in the Celsus HS digests were similar to other
previous analyses with a large component of AUA-GIcNAc and AUA-GICcNS and lesser
proportions of AUA-GIcNACc,6S, AUA-GIcNS,6S and AUA,2S-GIcNS,6S (Figure 42). This
corresponds to the large proportion of mono- and unsulfated disaccharide lesser
bropo‘rtions of disulfated disaccharide and small proportion of trisulfated disaccharide
consistent with HPLC-SEC profiles. The non-retained HS is enriched in the mono- and
un-sulfated disaccharides compared with the Celsus HS starting material. This pattern for
the non-retained material was also seen quite distinctly in HPLC-SEC chromatograms.
In the case of the analyses of HS8 the sample size permitted only a single analysis and
so no error data is provided for this preparation. Comparison of HS8, HS3 and Celsus
HS is displayed in Figure 44.

The disaccharide composition for HS8 is comparable to that of HS3 (an HS isolated from
Celsus HS through affinity for a heparin bidnding domain from BMP2, as described in
WO02010/030244) in that a more sulfated (charged) fraction has in general been prepared
from the Celsus HS. However; there is a striking difference in that there is a greater
proportion of UA-GIcNS,6s and a lesser proportion of US-GIcNS for HS8 in comparison
to HS3.

Raw Celsus HS from which HS8 was derived has an average molecular weight of 20-25
kDa (compared with ~15 kDa for heparin), and the process of identifying HS8 by affinity
chromatography did not result in a substantial change in the observed molecular weight
of HS chains. Each disaccharide unit is expected to have a molecular weight in the range
~430 to ~ 650 KDa. Using a rough average of 500 daltons per disaccharide (the average
disaccharide in heparin is ~650 daltons, for example), indicates (as a basic
approximation) a chain length for HS8 of about 44 rings per average (22 kDa) HS8.

Example 19
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Having identified that HS8 preferentially binds to FGF2 and increases the growth rate of
hMSCs, we further explored the mechanism of HS8 activity. '

Either FGF2 neutralizing antibody or FGFR1 inhibitors (both kinase inhibitor and
neutralizing antibody) is'able to reduce the proliferative effect of HS8 in hMSCs (Figs. 47-
50), confirming that the mitogenic effect of HS8 in hMSCs is via its interaction with
FGF2/FGFR but not other molecules. In the presence of HS8, the rapid degradation of
FGF2 is delayed (Fig. 46), proving that HS8 interacts with FGFZ,to protect it from being

degraded in culture medium.

We have shown (above) that HS8 enhances hMSC self-renewal while maintaining
multipotency. To test if HS8 supplementation in hMSC routine culture can expand the
culture faster, we grew hMSCs from three individual donors separately in HS8

supplemented medium. We noted that hMSCs exposed to HS8 were able to form more

~ colonies (Fig. 51) and maintain a stem cell-like phenotype as measured by FACS.for the

biomarkers CD14, 19, 34, 45, HLA-DR, CD73, 90, 105, CD49a, SSEA-4 and STRO-1
across 3 donors (e.g. as represented Fig. 22) despite additional cell doublings.
Biomarkers indicative of “stemness” were maintained when hMSCs were expanded in

HS8 supplemented medium.

We also found that these cells are able to readily differentiate into all three mesenchymal
stem cell lineages (including bone, as measured by Alizarin red, Von Kossa, Oil-Red-O
and Alcian Blue staining) and have enhanced osteogenesis, suggesting this strategy may
be effective for orthopedic trauma therapy. HS8 did not adversely affect the ability of
MSCs to differentiate into bone. -

Therefore, we applied HS8 to a calvarial defect model in rats (Fig. 52). Improved bone
healing was evident suggesting that HS8 interacts with FGF2 at the trauma site to
accelerate the activity of endogenous stem and osteoprogenitor cells via an FGF-2
dependent mechanism, thus highlighting the therapeutic possibilities of this approach for

treating calvarial bone defects.
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Claims:

1. Isolated or substantially purified heparan sulphate HS8, wherein the heparan
sulphate HS8 is capable of binding a peptide consisting of the amino acid sequence
GHFKDPKRLYCKNGGF (SEQ ID NO:1).

2. Isolated or substantially purified heparan sulphate HS8 according to claim 1, wherein
following digestion with heparin lyases |, Il and Il and then subjecting the resulting
disaccharide fragments to capillary electrophoresis analysis the heparan sulphate HS8 has a

disaccharide composition comprising:

Disaccharide Normalised weight percentage
AUA,2S-GIcNS,6S 12.743.0
AUA,2S-GIcNS 7.2+2.0
AUA-GIcNS,6S 15.543.0
AUA,2S-GlIcNAc,6S 6.5+2.0
AUA-GIcNS 15.743.0
AUA,25-GIcNAc 1.0+0.5
AUA-GIcNAc,6S 8.9+£3.0
AUA-GIcNAc 32.543.0.
3. Isolated or substantially purified heparan sulphate HS8 according to claim 1 or claim

2, wherein following digestion with heparin lyases I, Il and Il and then subjecting the
resulting disaccharide fragments to capillary electrophoresis analysis the heparan sulphate

HS8 has a disaccharide composition comprising:

Disaccharide Normalised weight percentage
AUA,2S-GIcNS,6S 12.7+1.0
AUA,2S-GIcNS 7.2+0.4
AUA-GIcNS,6S 15.541.0
AUA,2S-GlIcNAc,6S 6.5+0.6
AUA-GIcNS 15.7+3.0
AUA,2S-GIcNAc 1.0 0.4
AUA-GIcNAc,6S 8.9+1.0

AUA-GIcNAc 32.5%1.6.
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4. Isolated or substantially purified heparan sulphate HS8 according to any one of
claims 1 to 3, obtained by a method comprising:

(i) providing a solid support having polypeptide molecules adhered to the support,
wherein the polypeptide consists of the amino acid sequence
GHFKDPKRLYCKNGGF (SEQ ID NO:1);

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

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

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

(v) collecting the dissociated glycosaminoglycans.

5. Isolated or substantially purified heparan sulphate HS8 according to claim 4, wherein
the mixture comprising glycosaminoglycans is a heparan sulphate preparation obtained from

porcine intestinal mucosa.

6. A composition comprising isolated or substantially purified heparan sulphate HS8
according to any one of claims 1 to 5.

7. The composition of claim 6, further comprising a growth factor, preferably FGF2.

8. A pharmaceutical composition or medicament comprising isolated or substantially

purified heparan sulphate HS8 according to any one of claims 1 to 5.

9. The pharmaceutical composition or medicament of claim 8, wherein the
pharmaceutical composition or medicament further comprises FGF2 protein and/or
mesenchymal stem cells.

10. The pharmaceutical composition or medicament of claim 8 or claim 9, for use in a
method of medical treatment.

11. Isolated or substantially purified heparan sulphate HS8 according to any one of
claims 1 to 5 for use in a method of medical treatment.
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12. Isolated or substantially purified heparan sulphate HS8 for use according to claim 11,

wherein the method of medical treatment comprises a method of wound healing in vivo.

13. Isolated or substantially purified heparan sulphate HS8 for use according to claim 11,
wherein the method of medical treatment comprises the repair and/or regeneration of tissue,
preferably bone tissue.

14. Use of isolated or substantially purified heparan sulphate HS8 according to any one
of claims 1 to 5 in the manufacture of a medicament for the treatment of a disease, condition
or injury to tissue, wherein the method involves the repair and/or regeneration of tissue,

preferably bone tissue.

15. Isolated or substantially purified heparan sulphate HS8 according to any one of
claims 1 to 5, for use in a method of treating a disease, condition or injury to tissue in a
patient, the method comprising administration of a therapeutically effective amount of

heparan sulphate HS8 to the patient leading to repair and/or regeneration of the tissue,

preferably bone tissue.

16. Isolated or substantially purified heparan sulphate HS8 for use according to claim 15,
wherein the method comprises administering heparan sulphate HS8 to tissue at or
surrounding a wound or location on the patient’s body at which regeneration or repair of

tissue is required.

17. Isolated or substantially purified heparan sulphate HS8 for use according to claim 15

or 16, wherein the method further comprises administering FGF2 protein to the patient.

18. A biocompatible implant or prosthesis comprising a biomaterial and isolated or
substantially purified heparan sulphate HS8 according to any one of claims 1 to 5 for use in
a method of treating a disease, condition or injury to tissue in a patient, the method
comprising surgically implanting the biocompatible implant or prosthesis into tissue of the
patient at or surrounding the site of the disease, condition or injury leading to repair and/or

regeneration of the tissue.

19. A biocompatible implant or prosthesis comprising a biomaterial and isolated or
substantially purified heparan sulphate HS8 according to any one of claims 1 to 5.
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20. A method of forming a biocompatible implant or prosthesis, the method comprising
the step of coating or impregnating a biomaterial with isolated or substantially purified
heparan sulphate HS8 according to any one of claims 1 to 5.

21. Isolated or substantially purified heparan sulphate HS8 for use in a method of
treating a bone fracture in a patient, the method comprising administration of a
therapeutically effective amount of isolated or substantially purified heparan sulphate HS8
according to any one of claims 1 to 5 to the patient.

22. Isolated or substantially purified heparan sulphate HS8 for use according to claim 21,
wherein the method comprises administering said isolated or substantially purified heparan
sulphate HS8 to the tissue surrounding the fracture.

23. Isolated or substantially purified heparan sulphate HS8 for use according to claim 21,
wherein administration of said isolated or substantially purified heparan sulphate HS8

comprises injection of the heparan sulphate to the tissue surrounding the fracture.

24. Isolated or substantially purified heparan sulphate HS8 for use according to any one
of claims 21 to 23, wherein said isolated or substantially purified heparan sulphate HS8 is
formulated as a pharmaceutical composition or medicament comprising the isolated or
substantially purified heparan sulphate HS8 and a pharmaceutically acceptable carrier,

adjuvant or diluent.

25. Isolated or substantially purified heparan sulphate HS8 for use in a method of
treating a bone fracture in a patient, the method comprising surgically implanting a
biocompatible implant or prosthesis, which implant or prosthesis comprises a biomaterial
and a therapeutically effective amount of isolated or substantially purified heparan sulphate
HS8 according to any one of claims 1 to 5 into tissue of the patient at or surrounding the site
of fracture.

26. A method of culturing stem cells in vitro, the method comprising culturing stem cells
in vitro in contact with isolated or substantially purified heparan sulphate HS8 according to

any one of claims 1 to 5.
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27. A method of enriching for colony forming units (CFU-F) in a culture of mesenchymal
stem cells (MSC), the method comprising culturing MSCs in vitro in contact with isolated or
substantially purified heparan sulphate HS8 according to any one of claims 1 to 5.

28. A method of enriching for colony forming units (CFU-F) in a culture of mesenchymal
stem cells (MSC), the method comprising culturing MSCs in vitro in contact with isolated or
substantially purified heparan sulphate HS8 according to any one of claims 1 to 5, such that
cultured cells proliferate and the population of MSCs expands, wherein the expanded MSC
population is characterised in that:

o < 2% of the MSC population express any of CD45, CD34, CD14, CD19, HLA-DR;

and
e >95% of the MSC population express CD105, CD73 and CD90;

e >40% of the MSC population express CD49a and/or
e >50% of the MSC population express SSEA-4 and/or
e > 20% of the MSC population express STRO-1.

29. A method of enriching for colony forming units (CFU-F) in a culture of mesenchymal
stem cells (MSC), the method comprising culturing in vitro MSCs in contact with isolated or
substantially purified heparan sulphate HS8 according to any one of claims 1 to 5, and
passaging the MSCs, wherein after one or more passages the MSC population is
characterised in that:

e < 2% of the MSC population express any of CD45, CD34, CD14, CD19, HLA-DR,;

and
e >95% of the MSC population express CD105, CD73 and CD90;

e >40% of the MSC population express CD49a and/or
e >50% of the MSC population express SSEA-4 and/or

e >20% of the MSC population express STRO-1.

30. Culture media comprising isolated or substantially purified heparan sulphate HS8

according to any of claims 1 to 5.

31. The culture media of claim 30, further comprising FGF2.
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32. A Kit of parts, the kit comprising a predetermined amount of isolated or substantially
purified heparan sulphate HS8 according to any one of claims 1 to 5, and a predetermined
amount of FGF2.

33. Products containing therapeutically effective amounts of:

(i) Isolated or substantially purified heparan sulphate HS8 according to any one of
claims 1 to 5; and one or both of

(i) FGF2 protein;

(iii) Mesenchymal stem cells,

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

34. A method of increasing the stability of a growth factor, preferably FGF2, the method
comprising contacting a growth factor, preferably FGF2, with isolated or substantially purified
heparan sulphate HS8 according to any one of claims 1 to 5.



