| Methods of proliferating stemcells Field of the invention [ 0001]
The invention relates to nmethods of proliferating stemcells. Mre
particularly, the 5 invention relates tp the use of

gl ycosam nogl ycans or proteoglycans to pronote the growth of stem
cells in ex vivo culture, while preserving their multipotentiality.
Background of the invention n | _tissues of the body there
IS agsub- popul ati on of adul t&%gg% %H@rf)gferaltﬁgsszeqﬁelﬁul tipotent cells
are recruited and activated to take part in tissue regeneration.
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adult stemcells are still hanpered by the |imted nunber of

avai lable cells and the fact that their expansion in vitro, necessary
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mesenchymal stemcells _ constitute ah ‘exciting prospect
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not address the issue of "attai'ning a therapeutic nu _
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regener at i&(ﬁeerR}al‘ﬁBﬁEﬁ&?roﬁf’e[raqgr@#?ﬁgﬁ spont aneous differentiation of

stemcells in culture ts ares a change in the m croenvironnent
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above, the stemcell niche is a sumof signals frominteractiond wit
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' a small volume of bone marrow aspirates, and expanded in vitro for a limited number of
population doublings (PD) (=30) before they reach replicative senescence. It is likely that

this growth arrest is linked to telomere shortening as over-expression of the catalytic

25  subunit of the telomerase (hTERT) is sufficient to increase the life span to several hundred
population doublings. These “telomerized™ cells retain their ability to assume phenotypes

of mesenchymal tissues, thus providing a useful tool for the study of hMSCs. However, it

does not address the issue of attaining a therapeutic number of multipotent stem cells in

culture without severely affecting their regenerative potential.

30 [0004] The spontanecus differentiation of stem cells in culture is a result of a change in the
microenvironment from that normally found in the naive stem cell niche. As mentioned

above, the stem cell niche is a sum of signals from interactions with specific components



[ 0005] Thus, there exists need for nethods and nedi a conpositions
that help to overcone the problens encountered in the expansion of ex
vivo stemcell cultures. 5 Summary of the invention [0006] It is an
obj ect of the present invention to overcone the problens connected to
the ex vivo culture and expansion of stemcells. [0007] It has now

been found in the ent on.th by addin
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deri ved admio}oe]ﬁuﬁaﬁnémsenchynal stemcells, the culture conditions
for growmh and differentiation of these cells can be optim zed.
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cell's. 515[0009] In this conj unctl on it is noted that proteoglycans

general ly represent a special class of glycoproteins that are heavily
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covalently ched cosam nogl ycan (GAG) chain These
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occurrence of sulfate and uronic acid groups. 20 Prot eogl ycans are a
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stability of protejns_and 25 sjgnaling nolecules within the matrix.
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leads to aph%lgf&'g{chf: %Qltldl 19r§s,s (R‘l to the occurrence of sulfate and wronic acid groups.

20  Proteoglycans are a major component of the animal extracellular matrix. Therein,

proteoglycans form large complexes, both to other proteoglycans and also to fibrous matrix
proteins (such as collagen). They are also involved in binding cations (such as sodinm,
potassium and calcium) and water, and also regulate the movement of molecules through
the matrix. Evidence also shows they can affect the activity and stability of proteins and
25  signaling molecules within the mairix. Individual functions of proteoglycans can be

attributed to either the protein core or the attached GAG chain.

[00010] Growth factors binding to proteoglycans of the extracellular matrix have been
shown to regulate both differentiation and proliferation of human stem cells in vitro and in
vivo. These growth factors signal through interaction with specific plasma membrane
30  receptor kinases, an interaction that may involve proteoglycan binding. However, existing
methods of using growth factors, such as FGF, have the drawback that while stimulating

stem cell proliferation, the growth factor addition leads to a significant loss of



3 multipotentiality of the stemcells. In contrast and surprisingly,
t he observed proliferation increase achieved according to the nethods
of the present invention is acconpani ed,by the preservation of the
mul ti potentiality of the stemcells. [0%011] Pr ot eogl ycans can be
used in accordance to the present invention, even though 5 they may

in some enbaodi nents. not. .be as nyeni ently used ,as the correspondi ng
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t hrough a yniquitgus-comstinenisof rpﬁpa@]éan cell surfaces and most extracellular matrices.
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particular binding partner is created by the specific pattern of carboxyl, acetyl and sulfate
groups attached to the glucosamine and the uronic acid. In contrast to heparin, heparan
sulfate contains less N- and O-sulfate groups and more N-acetyl groups. The heparan

25  sulfate side chains are linked to a serine residue of the core protein through a
tetrasaccharide linkage (-glucuronosyl-B-(1 — 3)-galactosyl-B-(1 — 3)-galactosyl-f-(1 —
4)-xylosyl-B-1-O-(Serine)) region.

[00015] Both heparan sulfate chains and core protein may undergo a series of
modifications that may ultimately influence their biological activity. Complexity of HS has
30 been considered to 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 anses from the synthesis of non-random, highly sulfated sequences of sugar



24979; Sugahara and Kitagawa, 2000, Curr. Qpin. Struct. Biol. 10,
518). Variation in HS species arises fromthe synthesis of
non-random highly sul fated sequences of sugar 4 residues which are
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conbi nati on of autocrine, juxtacrine and paracrine feedback m(i oops, SO
controlli rfgfeFQﬂF‘PHbléﬂ QDUF%Y) signaling and thereby the differentiation
of stemcells. For anpl.e, even though heparan su|fate
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3: ycgggi nog ycansI (glgt a?)ﬁn%er‘Fué%\éﬁ%(i%ggg%ﬁéﬁgafe%%%{%Qﬁgﬁs{jl cldngr& 1§g
speci fi Callhb]acaﬁulmvangaahng and thereby the differentiation of stem cells. For example, even
though heparan sulfate glycosaminoglycans may be generically described (Alberts et al.

(1989) Garland Publishing, Inc, New York & London, pp. 804 and 805), heparan sulfate

20 glycosaminoglycan species isolated from a single source may differ in biological activity.

As shown in Brickman et al, 1998, Glycobiology 8, 463, two separate pools of heparan

sulfate glycosaminoglycans obtained from neuroepithelial cells could specifically activate

either FGF-1 or FGF-2, depending on mitogenic status. Similarly, the capability of a

heparan sulfate (HS) to inferact with either FGF-1 or FGF-2 is described in WO 96/23003.

25  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.

[00017] In still another aspect of the invention the heparan sulfate is preferably heparan
sulfate 2 (HS2). HS2 denominates the sugar chains of a HSPG, which have been found to
30  have affinity for FGF-2. HS2 has a molecular weight of approximately 25 kDa and thus,
assuming an average molecular mass of 400 Da per disaccharide, consists of about 60
disaccharides. The disaccharide composition of HS2 is set forth in Brickman et al. (supra),

which is herein incorporated by reference in its entirety.



either FG--1 or FG~-2, depending on mtogenic status. Simlarly, the
capability of a heparan sulfate (HS) to interact with either FG--1 or
FG--2 is described in WD 96/23003. 25 Agcording to this patent
application, a respective HS capable of interacting with FG-1 is
obtainable frommnurine cells at enbryonic day from about 11 to about
13, whereas a HS capable of interacting with FGF-2 is obtainable at

enbryoni c rom ahout 8 t bout 10..[00017] In still anpther
copett of DS EBREn ke Fafe i b Fem S Atk @plipityy HBUGR ol
sul fate 2 (idpeh theldHBR seaes bal BSapplied ¥ dRfapeita) e, of a HSPG  which
have been found to 30 have affinity for FG--2. HS2 has a nol ecul ar

wei ght of [0 xinmahethsr 2SpdcDaofanite tiweatiomsthenidilt afenfvellfg@e preferably
nmol ecul_ar nmss _of 1400 Da]é er di saccharide, consists of about 60
di saccHar i'BeENcHYmel HFRLEthar i de conposition of 14S2 is set forth in
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cells can be a Iiﬁd for_therapeutic use. [ 00019] I n anot her
aspect of W%&ﬂ‘ﬁﬁw ¥B5Nhe adult stemcells are preferably 5

nmesenchy cell.s. [0Q020]. In.a further .aspect, of the jnventiaopn,
the st emn?h?‘?lé?al gop‘*”@?’étg aﬂgl \?e HEREHOS & 2 |B8 W@%p‘ﬁ"ggé&ffmﬂﬁe e Hh
adul t 19t eiaactedlfigunreand nost preferably human adult nesenchynal stem
cells. [ 00021] Enbodi nents of the invention will now be
described with reference to the 10attached figures. Brief description
of the drawi ngs [00022] Figure 1 shows the effect of different

heparan sul fate 2 concentr at i olzie deseniption pbtherdshyings st em cel |

proliferation. Human nmesenchymal stemcells were plated at 3300
[00022] Figure 1 shows the effect of different heparan sulfate 2 concentrations on human

mesenchymal stem cell proliferation. Human mesenchymal stem cells were plated at 3300
15  cells/cm? in 96 well plates (NUNC) and cultured for 9 days in the presence of different
concentrations of heparan sulfate 2. The metabolic activity was determined after 1, 3, 6 and

9 days of culture by WST-1 assay (Roche).

[00023] Figure 2 1llustrates the effect of heparan sulfate 2 on human mesenchymal stem
cell proliferation in short term cultures. hMSC (Cambrex) were seeded in control media
20 (DMEM, 1000mg/] glucose, 10% fetal calf serum (Hyclone), penieillin / streptomyecin, 2
mM L-Glutamine), serum starved for 48 hours in media containing 0.2% FCS and changed
to control media (dotted line and open bars) or media containing 160 ng/ml HS2 (solid line
and grey bars) or heparin (striped line and black bars) the day after (day 0). A. Heparan
sulfate 2 increases the proliferation of human mesenchymal stem cells. Cell numbers were
25  determined every second day using ViaCount software and staining with FLEX reagent
(GUAVA technologies) on GUAVA PCA-96 flow cytometer following the instruction
from the manufacturer. B. Heparan sulfate 2 increases the cell cycle numbers of human
mesenchymal stem cells. hMSC were plated at 5000 cells/em® and analyzed for DNA
content after 1, 2, 3, 4 and 7 days. Cells were lifted with trypsin and counted as above,
30 washed in PBS, ImM EDTA and fixed in 100% ice cold methanol. Cells were washed in
PBA. and stained with a solution of P, RNased, Triton-X and analyzed on GUAVA PCA-

96. C. Heparan sulfate decreases the percentage of cells undergoing apoptosis. hMSC were



15 cells/cnm2 in 96 well plates (NUNC) and cultured for 9 days in the
presence of different concentrations of heparan sulfate 2. The

met abolic activity was determ ned aftergl, 3, 6 and 9 days of culture
by WET-1 assay (Roche). [00023] Figure 2 illustrates the effect of
heparan sul fate 2 on human nesenchynmal stemcell proliferation in
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containing 160 ng/ml HS2 (solid line and grey bars) or heparm (dotted line and black bars)
the day after (day 0). Cells were cultured until sub-confluence and at every passage cells
were lifted with trypsin, counted and reseeded at 5000 cells/cm?. A. Cumulative cell counts
15  from every passage. hMSCs were plated at 5000 cells/cm? and cultured in DMEM + 10%
FCS without (ctrl) or with addition of 160ng/ml HS2 or heparin. At every passage cells
were counted by GUAVA viacount (two samples in triplicate), and reseeded at a density of
5000 cells/em® B. Cells from the three cultures at population doubling 25 to 27 were
seeded at a density of 30 cells/em® in 24 well plates and cultured for 12 days in
20  maintenance media. Cells were fixed in methanol, stained with Giemsa and colonies with
more than 50 cells were counted. Each bar represents the average and standard deviation of
the sum of colonies/cm”. Every point or bar in the figures represents the average and

standard deviation of at least three independent cultures each measured in triplicate.

[00025] Figure 4 illustrates the effects of heparan sulfate 2 on adipocyte and osteoblast
25  differentiation. A. hMSCs from carry on cultures in media with or without 160 ng/ml
heparan sulfate 2 (HS2) or heparin (Hep) were seeded at 18,000 cells/em? in 12 well plates
at passage +4. Cells were cultured to confluence, changed to adipogenic (DMEM with
10% FCS, 10 pg/ml insulin, 0.5 mM methylisobutylxanthine, 1 pM Dexamethasone) or
control media and cultured for 23 days. RNA was isolated and purified using Machery
30 Nagel Nucleospin2 kit, quantified and 250 ul used for reverse transcription using
superscript. 80 ng cDNA were used as template for real time PCR with Tagman primer
probes specific for adipogenic RNA markers adipocyte fatty acid binding protein (ALBP)
and CCAAT/enhancer binding protein alpha (C/EBPca). The relative expression levels



6 plated at 3300 cells/cnR2 and viability and apopotosis was
determned after 9 days. Cells were stained using Annexin kit (GUAVA
t echnol ogi es) and anal yzed on GUAVA PCA; 96 fl ow cytoneter. D. Effects
of different FCS concentrations on proliferation of human nesenchynal
stemcells in the presence or absence of heparan sulfate 2 (HS2).
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meser)chyn-l;a sterm ce survxvglp I’I-ﬁl%lsalnonr}esleg \ﬁymal stem cells were plated at 3300
25  cells/cm” in 24 well plates (NUNC) and cultured for 9 days in the presence or absence of
160 ng/ml heparan sulfate 2, 160 ng/ml of heparin and 10 ng/ml of FGF-2 as well as

combinations of FGF-2 with HS2 or heparin. The viability and apoptosis of the cells in

culture were tested by Annexin V flow cytometry.

[00029] Figure 8 illustrates the effect of heparan sulfate 2 on the multipotentiality of
30  human mesenchymal stem cells. Gene expression signature was used to compare low and
high population doublings (PD) cells cultured in different conditions (with or without 160
ng/ml HS2 or heparin). The signature was constructed using Singular Value
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FG~-2 as well as conbinations of FG-2 with 1152 or heparin. [00028]
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sulfate 2, 160 ng,/nl of heparin and 10 ng/m of FG-2 as well as
conbi nat i o032{ THeFteZn Whiathtdn®RcedTashR@Bhérdin ifhelabrafy thietoyltA@MbS stem cells,

apoptosis of the cells ip cu Luy‘e werg tested by Annexin V flow
cyt onet ry FEEI8I8F PIESHUROneCti the (Hemuase’s Leribe aprimotengalitrepd e vidilitan o
2 on the nwdtdt8RLth abitdy of 30 human nesenchymal stemcells. Gene
expression signature was used to conpare | ow and high popul ation
doubl i209s [06U3B] OBy fisepardh ulffel ortHETi§ afeqittchaias tat breRSitieNy §yhtiREised in the
W thout 160 ng/ml HS2 or hepalgl, ). The signature was constructed )
using Sin 1gi, appgyatys as polysaccharides consisting of tandem repeats of D-glucuronic acid
(GlcA) and N-acetyl-D-glucosamine (GlcNAc). The nascent polysaccharides may be
subsequently modified in a senes of steps: N-deacetylation/N-sulfation of GlcNAc, C5
epimerisation of GlcA to iduronic acid (IdoA), O-sulphation at C2 of IdoA and GlcA, O-
25  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 of HS are mediated
by the specific action of HS N-deacetylase/N-sulfotransferase (HSNDST), HS 2-O-
sulfotransferase (HS2ST), HS 6-O-sulfotransferase (HS6ST) and HS 3-O-sulfotransferase,
respectively. At each of the modification steps, only a fraction of the potential substrates
30  are modified, resulting in considerable sequence diversity. This structural complexity of
HS has made it difficult to determine its sequence and to understand the relationship

bhetween HS structure and function.
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potential use of mesenchymal stem cells to replace damaged tissues. In essence

mesenchymal stem cells could be cultured to expand their numbers then transplanted to the

30  injured site or after seeding in/on scaffolds to generate appropriate tissue constructs.

{00037} Thus, an alternative approach for skeletal, muscular, tendon and ligament repair

is the selection, expansion and modulation of the appropriate progenitor cells such as
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human mesenchymal stem cells could optimize the culture conditions for growth and

differentiation of these cells.

[00042] For the experiments carried out, a specific heparan sulfate glycosaminoglycan
(HS) heparan sulfate 2 (HS2) as defined above was used. However, the heparan sulfate 2

25  used in the invention may be isolated from any suitable source, for example from precursor
cells other than murine (e.g. human, rat, chicken, drosophila, Xenopus, zebra fish, dog to
name only a few illustrative examples) using, for example, the method of isolating as
described in WO 96/23003 or by Brickman et al. (supra).

[00043] It has been demonstrated in the present invention that adding heparan sulfate 2
30  (HS2) to mesenchymal stem cells is able to increase proliferation of human mesenchymal

stem cells. HS2 was purified by standard chromatographic and enzymatic procedures from
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ref erence SH%Y’%W@“‘[@(?@MM To test the effect of specific hepar an
sulfate eﬁbﬁ(ﬁ%} toﬁne 111t1a1 S(;[ogcr‘.rén géialm of HS2, the increase in proliferation of human

mesenchymal stem cells is comparable to the effect observed in the presence of 10 ng/ml

of FGF-2, a known mitogen (Figure 6). In addition to its mitogenic properties, FGF 2 is
20  also known to protect against apoptosis. Because Heparan sulfate 2 (HS2) displayed
properties similar to FGF-2 it was investigated if protection against apoptosis contributed
to the increase in cell number observed. It could be demonsirated that the increase in

proliferation is associated with a decrease in apoptosis (Figure 7).

[00047] Also investigated was the importance of FCS supplementation in mediating HS2
25  effect. As shown in Fig. 2D, HS2 has a mitogenic effect even at FCS concentration as low
1%. However, HS2 was not able to significantly increase the number of cells in serum

starve condition over a short period of time.

[00048] The overall increase in proliferation of the hMSCs cultured in the presence of
HS2 implicates that for a given period of time they undergo more population doubling
30 (PD). Since PD is limited in these cells, it was expected that they reach replicative
senescence earlier if kept in culture for a long term. Surprisingly, it was demonstrated that

cells proliferation slowed down after a similar time in culture as the control but yielded
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associated with a decrease in apoptosis (Figure 7). [Q0047] Al so

i nvest i gat®FMEmpaed t ?t‘é’ﬁE@p lgFégfsﬁﬁlﬂp n%ﬁ@‘&??‘br‘ls igreatas oif o nff-S
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that for ga@ingnngrrdnedis asrsayafmg}t; 8Y d&HRGIREEI0 PRI BheRABKbALE AR2GMAR!J: Y
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mesenchymal stem cell differentiation, proving that although HS2 increases hMSC
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impaired.
[00051] The results obtained with surface markers of the stem cells, and STRO-1 in
25  particular (Figure 5) suggest that HS2 helps maintaining a “stem-like” phénotype by
increasing the proliferation of the most undifferentiated cells. Figure 5 demonstrates that
human mesenchymal stem cells cultured in the presence of HS2 proliferate while
maintaining their pluripotency while those human mesenchymal stem cells cultured with
FGF-2 are able to proliferate but the cells loose some of their pluripotency. The
30  maintenance of the mutipotentiality of mesenchymal stem cells is indicated by high level
of STRO-1 expression, whereas the enhanced proliferation of the stem cells is hinted at by

higher level of CD71 expression which is an iron transporter and important for
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Figure 5 cthmidhereﬂeetedmhﬂ]bdiﬁﬁamiaﬂmsmmynal stemcells cultured in
the presence of HS2 proliferate while maintaining their pluripotency
while t hosi@()%ﬁlrdn the peesehty inyEntine ih bas| besn clginoustatednfar thé@fst Xirae ¢hatbhe

to prolif b C eir tenc
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expr essi ort Ah{HEFa5% ‘%Hf‘] YA HAS par ?%P‘“%\tﬁ‘g i BF?I fhte fosy of stem cells,

measured by colony forming units, expression of stem cell markers and multipotentiality

assays.

[06054] Thus, heparan sulfate 2 may prove to be a valuable tool for the ex vivo
25  propagation of stem cells, maintenance of “stemness” and specific cell differentiation and

thus help unlock the potential use of stem cells for therapy and tissue repair.

[00055] As heparin binding prowth factors have been shown to be involved in both
differentiation and proliferation of human stem cells i vitro and in vivo, the use of specific
glycosaminoglycans for the control of stem cell proliferation and fate may provide for a

30  useful and reliable method for medicinal applications such as cell based therapy in the
future.



13 proliferation. Sinultaneously, cell nmobility is increased

i nplicated by decreased expression |evel of cell adhesion nol ecul es
CD49a and CD 146. Fromthe results it gapears that the H32 nedi ated
mechani sm of proliferation may include FG--independent signaling
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and t hus h@, @rﬂﬁn@gﬁ’i@@?? IRGHSRE M ‘éigliowé‘f% M8 |s for therapy and
ti ssue repair. [00055] As heparin binding growh factors have been
shown to be involved in both differentiation and proliferation of
human stemcells in vitro and in vivo, the use of specific

gl ycosam nogl ycans for the control of stemcell proliferation and
fate may provide for a 30 useful and reliable nmethod for nedicinal
applications such as cell based therapy in the future. 14




[ 00056] The inventions illustratively described herein nmay suitably

be practiced in the absence of any elenent or elenents, limtation or
limtations, not specifically disclosed herein. Thus, for exanple,
the ternms "conprising”, "including", '‘jgontaining", etc. shall be read

expansively and without limtation. Additionally, the terns and
expressions enployed 5 herein have been used as terns of description
and not oflalhén tation, and there is no intention in the use of such
ternms and expressions of excluding any equival ents of the features
shown and described or portions thereof; but it is recognized that
various ngGliaf isCRiil@Ass:ar € possible within the scope of the invention
claimed. Thus, it should be understood that although the present

i nvention;.has Aepivigyesliire 68dté cllilSialcomaet wih iol3@d BERIAT fu@fhate 2 (HS2),
enbodi ment, nodification and variation of the invention herein

di scl osedvhaaginfee sten gpliscue mesapghymdsemssdlsi ed in the art, and that
such nodi fications and variations are considered to be mnthin t he
scope of this i nvention. [ 00057] The invention has been descri bed

broadly erically her ch of,.t arro ecj es and
Subgensr (- of GUEMGES PHIE hERh R A e Eingun ER | G B LB ST or m
15 part qmun@@miamgntlon. [ 00058] O her enbodinments are within the
following clainms. 15 Clains What is clained is: 1. Anin vitro
culture of stemcells in contact with isol ated heparan sul phate 2
(HS2), wherein the stemcells are nesenchymal stemcells. 2. Anin
vitro cul3.ure Aof instimnzldeirct of don oelth avgortimgad alamm | onB evheram theetest cxhis
cells are agult ten1@$l 3. Anin vitro culture of stemcells
accor di gt BUBFLTHR LS 2 wherein the stemcells are human stem
cells. 4. Use of isolated HS2 in the culture of stemcells in vitro,
wherein the stemcells are nesenchymal stemcells. 5. Use of

i sol ated 4iS2 %%%&c@s'o%m ln%ghﬂtd OoREATBLING Ve WA e O EmSlefifhre
cells in vitro. . I SO HS2 according'to ¢ a|n1 or in
mai nt ai nlmgsen@efmm*ttmp@tlantl ality of stemcells in vitro. 7. Use of
i solated HS2 according to any one of clainms 4 to 6 in enhancing
proliferation of stemcells in vitro. 8. A nethod of culturing stem
cells in vitrq, the nethod conprising culturing stemcells in contact
with isolft ed Yrephisainted Hihagcerding osiaim %@F@F‘Pflftgﬁbe growh elyiem celjsdn

mesenchyngl.,stem cel | s.

6. Use of isolated HS2 according to claim 4 or 5 in maintaining the multipotentiality

of stem cells in vitro.

7. Use of isolated HS2 according to any one of claims 4 to 6 in enhancing

proliferation of stem cells in vitro.

8. A method of culturing stem cells in vitro, the method comprising culturing stem
cells in contact with isolated heparan sulphate 2 (HS2), wherein the stem cells are

mesenchymal stem cells.



16 9.An in vitro method of preventing or reducing the |oss of

mul ti potent status of nultipotent stemcells during stem cel
expansion in in vitro culture, the nethod conprising culturing the
stemcells in contact with isolated hggaran sul phate 2 (HS2), wherein
the stemcells are nesenchymal stem cells.

9. 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, the method
comprising culturing the stem cells in contact with isolated heparan sulphate 2 (HS2),

wherein the stem cells are mesenchymal stem cells.



