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(57) Abstract: The invention relates to methods of culturing and/or proliferating stem cells such as progenitor cells, multipotent
and induced pluripotent stem (IPS) cells. More particularly, the invention relates to the use of macromolecular crowding created
using carbohydrate-based macromolecule to promote the growth of the stem cells in an ex vivo culture, while preserving their
multipotentiality.
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CULTURE ADDITIVES TO BOOST STEM CELL PROLIFERATION AND
DIFFERENTIATION RESPONSE

| _RELATED APPLICATION(S)

_ This apphcatlon cla1ms the benefit of U.S. Prov1s1ona1 Apphcatlon No
61/3 09,509, filed on March 2, 2010. The entire teachings of the above application are

1ncorporated herein by reference.

BACKGROUND OF THE INVENTION

| In all t1ssues of the body there is a sub-population of adult stem and progemtor
cells These mu1t1potent cells are recruited and activated to take part in tissue
regenerat1on - Adult stem cells are a promising resource for therapy, but their numbers
| vare very low and they need extensive propagatlon in vitro to be of therapeut1c use.
- When these cells are cultured ex-vivo it has proven difficult to recreate their natural
" microenvironment, which is thought to be a sum of sigrlals from interactions with the
extracellular matrix, soluble macromolecules, neighboring cells and the hormonal status
of the microenvironment. Therefore, regenerative therapies using adult stem cells are
still hampered by the limited number of available cells and the fact that their expansion
in vitro, necessary to attain therapeutic numbers, compromises their differentiation and
proliferative Apotential The same applies for induced pluripotent stem cells cells, that are
derived from somatic differentiated cells that are reprogrammed into pluripotency.
Thus, a need exists for methods and media compositions that help to overcome

the problems encountered in ex vivo stem cell culture.
SUMMARY OF THE INVENTION

In the ex vivo culture of stem cells a major disadvantage arises from the fact that

a change in the microenvironment from that normally found in the naive stem cell niche

v results-in the spontaneous differentiation of stem cells in culture. The microenvironment
- of the stem cell niche is a complex péttern of signals from interactions with specific

- components of the extracellular matrix (ECM), neighbouring cells and growth factors.
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The biochemical cues directing the fate of a cell in the niche are composed of
growth factors and their co-factors. The microenvironment is dominated by the presence
of macromolecular crowding. It has been found that re-emulation of a crowded

_environment in differentiafed cells stimulates and induces extracellular matrix
deposition, thus augmenting pericellular crowding (Lareu, RR. etal, T i&sue ’
Engineering; 13(2):385-391 (200751); Lareu, RR, et al., FEBS Leit, 581(14):2709-2714
(2007b)). While these effects were achieved with negatively charged macromblecular
crowders, proliferation was usually slowed down. | N

As shown herein, addition of macromolecular crowders to a culture of cells
(e.g., stem and progenitor cells such as bone marrow derived adult human mesenchymal
stem cells, fibrocytes) enhances or optimizes the culture conditions for propagation and
(‘ii‘iffferentia‘tioh of these cells.

Specifically, it has been demonstrated that the presence of Ficoll cocktail
increases fhe proliferation without shortening the lifespan of hMSCs compared to -
cbntrol cultures. This increase ih proliferation was not associated with a relative loss of
stém cells, as measured by colony forming units assays, expression of stem cell markers
and multipotentiality assays. |

| Accordingly, a first aspect of the invention relates to a method of proliferating
stem cells and progenitor cells comprising the addition of macromolecular crowders to
ex vivo culture of stem cells.

Thus, macromolecular crowders such as the Ficoll cocktail are valuable tools for

" the ex vivo propagation of stém éells, maintenance of "stemness", ability to ' _
differentiated and thus help unlock the potential use of stem Cellsf for the'r_.ap’y. and tissiié
répair. | , | |

Human mesenchymal stem cells (MSCs) and other stem cells are a crucial cell
source for tissue regeneration and for therapeutic applications. For example, MSCs
isolated from the adult bone-marrow are capable of differentiating into multiple
lineages such as adipocytes, osteoblasts and chondrocytes (Pittenger, MF, et al.,
Science, 5411:143-147 (1997)). The maintenance of their phenotype or differentiation

are governed by specific cues within each unique local microenvironment that arise
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from secreted factors, neighboring cells and the extracellular matrix (ECM). When
administered back to the human body they home into niches like the bone-marrow and
become quiescent or attain the phenotype of the tissue microenvironment into which
they are introduced (Lemischka, IR et al., Nature, 425:778-779 (2003)). These
miCroenVirohments are cdmplex and composed of a ﬁlultitude of interacting
éXtracellular matrix (ECM) components that carry ligands which in turn present stored
gfowt_h factors like fibroblast growth factor 2 (FGF2) and transforming growth factor-
beta (TGF-p). Besides specific growth factor receptors, these biochemical cues are
sensed by ECM receptors such as integrins, membrane protéoglycans and non-integrin
'rebéptors (discoidins). |

In addition to being very complex, the physiological tissue microenvironment is
also crowded and exhibits an Excluded Volume Effect (EVE) that is generated by the
iﬁﬁtual impehetrability of s‘blute molecules. This situation is maintained in both the intra
and extracellular space by the high total concentration of ECM macromolecules which
occupy vast parts of a given volume and exclude like-sized molecules by steric
exclusion and additional electrostatic repulsion. This high level of fractional occupancy |
has been shown to greatly influence equilibria and rates of biochemical reactions that
deperid on non-covalent associations and/or conformational changes, such as protein |
and nucleic acid synthesis, intermediary metabolism, cell signaling and gene expression
(Ellis JR, Curr Opin Struct Biol, 1:114-119 (2001)). The in vitro addition of various
polymeric macromolecules exert the excluded volume effect (EVE), speed-up specific .
éﬁzymatic steps required for collagen deposition and result in the deposition of an ECM
that contained 20-30 fold higher concentration of collagen possessing thé correct =
crosslinks. (Lareu, RR, et al., FEBS Letters,14:2709-2714 (2007)); | |

~ Although many of the intracellular events that occur during stem cell

differentiation are now understood, it is not generally appreciated that a key step
involves the remodeling of the matrix of naive MSCs to generate the matured and
lineage-speciﬁc matrix of the differentiated phenotypes (Lilla J, et al., Am J Pathol,
5:1551-1554 (2002)) which has been shown to provide positive feedback and promote
differentiation of many cell types (Hay, Cellular Biology of Extracellular Matrix, ed.
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E.D. Hay, New York , Plenum (1991)). For example, it has been demonstrated that the
ECM is involved in initiating the transcription of differentiation-épeciﬁc genes in
differentiated cells (Caron JM, Mol Cell Biol, 3:1239-1243 (1990), DiPersio, CM, Mbl,
Cell Biol, 9:4405-4414 (1991)), and the remodelled matrix is a key playet in the
ja(:li:pogenic developmental_process enabling differentiéting cells to undefgo
irlorphological and cytoskelet_al reerganizations, which are required Efor iuduction of
expression of lipogenic mRNAs (Lilla J, et al,, Am J Pathol, 5:1551-1554 (2002)).

‘ ‘As described herein, it was observed that EVE generated by application of one
or more macromolecules (e.g., the negatively charged Dextfan Sulfate 500 (500kDa),
njeutral polyanions, Ficoll 70 (70kDa), Ficoll 400 (400kDa)) during adipogenic and
Eoisteogenic induction of MSCs was able to increase the efficiency of differentiation
(épeed) and enabled them to attain a more matured phenotype. It was hypothesized that
thlS was due to EVE speedmg up the numerous enzymatic processes involved in. matnx
remodehng that occurs during d1fferent1at1on thus generatmg a more favourable
microenvironment that resembles the matured niche.

Accordingly, in one aspect, the invention is directed to a method of culturing
stem cells comprising contacting the stem cells with one or more carbohydrate-based
macromolecules, thereby producing a cell culture. The cell culture is maintained under
conditions in which the stem cells proliferate, thereby culturing the stem cells. Ina
particular aspect, the stem cells are contacted with a mixture of carbohydrate—based ‘
macromolecules comprisiug Ficoll™70 and Ficoll™400 and the stem cells are
mesenchymal stem cells. |

7 In another aspect, the invention is directed to a method of producmg an
extracellular matrix comprising contacting fibroblasts with one or more carbohydrate-
based macromolecules, thereby producing a cell culture. The cell culture is maintained
uuder conditions in which the fibroblasts proliferate and produce an extracellular
matrix. In a particular aspect, the method can further comprise contacting the cell
culture w1th one or more agents that lyse the cells, thereby producmg a cell-free

extracellular matrix.
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A cell-free extracellular matrix produced by the methods described herein is also
encompassed by the invention.

In another aspect, the invention is directed to a method of culturing stem cells
compr1s1ng contacting the stem cells with a cell free extracellular matrix produced asi
descnbed herein, thereby producing a stem cell culture. The stem cell culture is .
mamtamed under conditions in which the stem cells proliferate, thereby culturing the
stem cells. _ | |

In yet another aspect, the invention is directed to a kit comprising a cell-free -
extract produced using the methods described herein and, optionally, instructions for

use of the extracellular matrix.

BRIEF DESCRIPTION OF THE DRAWINGS

Fxgs 1A-1C show the effect of macromolecular crowding on human _
mesenchymal stem cell prollferat1on in short term cultures at different seeding dens1t1es
5000, 10,000, 25000 and 50000 cells per well (l.Scm ) for 2, 4 and 7 days in culture,
respectively. | ,

Figs. 2A-2B show the long term effect of macromolecular crowding on the
population doubling rate of human mesenchymal stem cell seeded at (Fig. 2A) 5000
cells per well and (Fig. 2B) 1000 cells per well (1 8cm?).

Figs. 3A-3E illustrate the long-term effect of macromolecular crowding on the
cumulat1ve population doubling and fold-change of human mesenchymal stem cell .
seeded at (Fig. 3A, C) 5000 cells per well, (Fig. 3B, E) 1000 cells per well and 2000
cells per well (Fig. 3D) (well area = 1.8cm?).

- Fig. 4A-4B illustrate the projected cell numbers that would be obtained under :
macromolecular crowding if they were propagated under current density of (F 1g 4A)
5000 cells per well and (Fig. 4B) 1000 cells per well (1 .8cm?) after 70 days and 28 days
respectively.

Fig. 5 shows the effects of macromolecular crowding on the colony forming unit
(CFU) ability of the hurnan mesenchymal stem cells after being cultivated in the
absence - FC) or presence of crowders (+FC) for 56 days (d56) and 70days (d70).
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Fig. 6 shows the effect of macromolecular crowding on human mesenchymal
stem cell surface marker expression.
Fig. 7 shows the effect of macromolecular crewding for pre-propagation of
f human mesenchymal stem cells prior to adipogenic differentiation and dembnstrat:in_g» :
| pr_eserved differentiation abilify on a higher level.
Fig. 8 shows the effeet of niacromolecular crowding on the relative telomere "
1ength of the human mesenchymal stem cells during the course of ex vivo cell culture;
Fig. 9 illustrates the effect of macromolecular crowding during the first 3 days
efa seven day culture on the cell numbers of vﬁbrocyt_es gron/ing on fibronectin-coated
; 1n 24-well plate wells. -
Fig 10 shows phase' contrast photographs ( 10x magnification) of fibrocytes
; growmg on ﬁbronectm—coated dishes for seven days
Fi 1g 11 shows flow. cytometry analysis for stem cell marker CD105, leukocyte
marker CD45, hematopoetic stem cell marker CD34 and for monocyte marker CD14,
all markers for fibrocytes, after one week of culture. |
Fig. 12 shows flow cytometric analysis of a cell population cell colony
coexpressing fibrocyte markers after 1 week of cuiture.
Fig. 13 shows adherent cytometry of in situ MSC monolayers after 10 days in
culture under macromolecular crowding using a ternary mixture of Ficoll and PVP. _
| Figs. 14A-14D shoW that macromolecular crowding enhances adipogenesis by -
increasing the amount of cytoplasm1c lipid droplet accumulation (the effect of
macromolecular crowding (MMC) on lipid droplet formation). (14A) & (14B): Nile red
staining of lipid droplets in hBMSC cells at passage 5 after induction at 100% and 25% :
strength induction in the absence or presence of MMC for 7 and 14 days and viewed at
10x magniﬁcation. (14C) & (14D): Comparisons in differences in lipid droplet
aecumulation was quantified with a Metamorph imaging software at 2x after staining
with Nile Red and normalized to nuclei via DAPI staining. With crowding, an increased
fold change of 1.68+0.79 and 7.4ﬂ:0.89 was observed after 7 days of induction at 25%
and 100% strength, respeeti\)ely; a similar trend at 2.95+0.14 and 2.2+0.13 was

 observed after 14 days of induction.
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Figs. 15A-15D show the effects of macromolecular crowding on the population'
percentage of hMSCs that undergo adipogenesis. Results of flow cytometric analys1s on
N11e Red staining of hBMSCs cultures at passage 4 and 8 after adipogenic 1nduct10n by
a commerc1a1 induction k1t at half- or full- strength kit in the absence or presence of
MMC (21 days). (15A) & (lSC) Quantrﬁcatlon of lipid accumulatlon w1th F ACScan
ﬂow cytometry based on Nile red staining. Analysis was presented using a forward
scatter (FSC) versus fluorescence in the FL2 channel, where the percentage of
adipocytes was calculated based on the cells stained with high FL2 values (>102). (1 SB)
& (15D) An increased fold change was observed under both induction condition in the
presence of MMC. A pos1t1ve fold change was observed in the percentage of events
exh1b1t1ng hlgher FL2 for’ half-strength 1nduct10n with crowding compared to standard
strength induction in the absence of crowding, th1s indicates a more effectlve use of less
induction ingredients with crowding in causing ad1pogenes1s ’

Figs. 16A-16D show that crowding increased the expression. of key ad1pogen1c
genes, PPARg and aP2. A decrease in collagen IV gene expression was observed
although this is accompanied by an increase in actual protein deposited.

Fig. 17 shows that crowding increased the deposition of collagen IV in the cell
layer (western bl'ot), this is accompanied by decreased expression of col IV
mRNA . Results of western blot analysisof hBMSCs cultures at passage 5 after
adipogenic induction at 25% or 100% in the absence or presence of crowding after 7: or .
14 days. An increase in the collagen IV band with crowding at both 1nduct10n strength :
with the addition of crowdmg was observed.

Fig. 18 shows effects of macromolecular crowding on the amount, of
calcification in MSC monolayer cultures. Alizarin red staining of osteogenically
induced MSC monolayers in the absence or presence of crowding over 4 weeks
indicates that crowding dramatically enhances the amount of calcification in
monolayers in week 3 and week 4, and thus, the extent of differentiation.

Fig. 19 shows effects of macromolecular crowding on the expression level of

li:pid rafts on monolayer. Cholera Toxin B-FITC staining of monolayers cultured for 7
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days in the absence or presence of crowding indicates that crowding dramatically
-enhances the amount of lipid rafts expressed in the monolayer.

Fig. 20 shows ad1pogenes1s at passage 4. Human bMSC (at P3): propagatlon
‘ urrder Ficoll mix gives s1gmﬁcant increase of cell number in fold change. At passage
| +4 244% increase in cell numbers was noted. Cells at this passage showed significantly
i'ricreased.adipogenes_is when chemically induced.

Fig. 21 shows increased proliferation rate under mixed macromolecular
crowding (two or three macromolecular species).

Figs. 22A-22D shoi_v macromolecular crowdirlg enhances adipogenesis of
; hMSCS. (Fig. 22A) Naive MSCs at passage 4 were induced to undergo adipogenesis in
th’e absenee (ctrl) or preserice of macromolecular crowding (MMC) for 21 days, and
i (F1g 22B) stained with nile red; assessed via in-situ adherent cytometry to quantlfy area
of nile.red stalmng per cell; via (Fig. 22C) flow activated cytometry to assess
percentage of the cells that had dlfferentlated, and (Fig. 22D) by real-time PCR for the
expression of the early adipogenic marker PPAR-gamma, late marker leptin and ECM
marker Collagen IV. (n=3; error bars are + s.d.; ** P<0.01; * P<0.05).

Figs. 23A-23B show macromolecular crowding increases extracellular matrix.
deposition and remodeling by adipogenically induced MSCs and ligands sequestered.

Fig. 23A shows 1mmunochem1cal staining of cell layers for collagen IV (Col
IV) fibronectin (FN) and heparan sulfate at 10x magnification in adipogenically
induced hMSC monolayers. Crowding (+MMC) is seen to enhance the deposition of
collagen IV and heparan sulfate indicating a more enriched matrix. There is less
fibronectin seen in the crowded monolayer which is in agreement with enhanced
degradation during the adipogenic matrix remodeling process.

- Fig. 23B (i) shows immunoblotted for cleaved procollagen C-propeptide (C3;

red arrows) in medium samples from adipogenically induced monolayers after 4 days in
'edlture,’ with or without MMC. MMC resulted in a more efficient processing of the
‘ procollagen as seen in the deerease of the procollagen bands and an increase in the
procoilagen C-propeptide: detectable in the media as visualized in the darker band. (ii)

MMC increased C3 by 3 fold based on densitometry.
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Figs. 24A-24C show different matrices affect potency of adipogenic induction |
cocktail over 21 days. Matrices were deposited by naive mesenchymal stem cells
(hMSCs) and adipogenically-induced hMSCs (adip) in the absence (-MMC) and
presence of crowder (+MMC); decellularised then reseeded with naive hMSCs which
'W_ere induced to undergo adipogenesis for 3 weeks (no crowding). As a control, cells
Were seeded on tissue culture polystyrene (TCPS) and adipogenically induced for 3
weeks. j |

Fig. 24A shows adipocyte matrix deposited under MMC shows the highest
amount of_ nile red staining. MSCs on TCPS and induced adipogenically positively stain
for nile red, denionstrating; the capacity for the cells to differentiate.

' F1g 24B shows reséeded monolayers afe assessed via in-situ adherent cytometry
to quantify area of nile red sfaining per cell. h(MSC matrices show a restraining effect
with reseeded hMSCs expressing less lipid droplets than the positive benchmark A
(Induced on TCPS). Adipocyte matrix results in more staining than TCPS and the effect
is potentiated by MMC; 40% vs 7%.

.Fig. 24C shows real-time PCR was used to assess the expression of the early
adipogenic marker PPAR-y in the reseeded monolayers (n=3; error bars are + s.d).
hMSC matrices show a restraining effect with reseeded hMSCs expressing less PPAR-y
than the positive benchmafk (Induced on TCPS). Adipocyte matrix that was deposited
under crowding fesults in 33% more PPAR-y mRNA expression thah TCPS. -

Figs. 25A-25D show the adipogenic property of decellulaﬁsed adipocyte
extracellular matrices is sensitive to salt-elution. Decellularised matrices were deposited
by fully differentiated adipocytes (adip) in the absence (-) and presence (+) of
niacromolecular crowding (MMC). One group of matrices were additionally treated
With 0.5 M NaCl (+salt elution). Salt-treated and non-treated matrices were then re-
séeded with ha‘ive hMSCs. After 3 weeks in basal media, cells were assessed for
features of adipogenic differentiation. _

F 1g 25A shows adipocyte matrix deposited under MMC shows the highest

amount of nile red staining. As a control, cells were adipo_genicaHy induced (or not) for
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-3 weeks on tissue culture polystyrene (TCPS), demonstrating the capacity for the ceils j
: to differer_itiate. |

F1g 25B shows reseeded monolayers are assessed via in-situ adherent Cytometry L
to quantify area of nile red staining per cell. Adipocyte matrix results in ~5-10% nile
'fcd staining compared to those on TCPS. This inductive property of the matrix was lost
upon salt elution. (n=3; error bars are + s.d; ** P<0.01; * P<0.05).

Fig. 25C shows real-time PCR was used to assess the expression of the early

j aglipogenic marker PPAR-y in the reseeded monolayérs (n=3; error bars are + s.d). '

i Adipocyfe niatrix results m 5% PPAR-y mRNA expféssion 6f that on TCPS. This
1nduct1ve property of the matrlx was lost upon salt elution. (n=3; error bars are + s. d *ok
. P<0. 01; * P<0.05). ‘

Flg. 25D shows real-time PCR was used to aésess the expression of the late
adipogenic marker leptin in the reseeded monolayersv(n=3; error bars-are + s.d).
Adipocyte matrix results in 50-70% PPAR-y mRNA expression of that on TCPS. This

- induétive property of the matrix was lost upon salt elution. (n=3; error bars are + s.d; **
P<0.01; * P<0.05). |

Figs. 26A-26B show macromolecular crowding speeds up the appearance of
cytoplasmic lipid droplets and elevates expression of PPARy during early adipogenesis
of hMSCs. (Fig. 26A) Oil fed O staining of monolayers at 10x magnification showing
cytoplasmic iipid droplets (stained red) at days 2,4 and 7 post—induction in the absence -
and presence of MMC. (Fig. v26B) Relative mRNA expression levels of PPARg at days
2: 4 and 7 post-induction in the absence and presence of MMC (n=3; error bars are +

s.d.; #* P<0.01; * P<0.05). -

Figs. 27A-27B show ECM Deposited in the presence of MMC more stable in
th’e face of detergent Lysis.

R Fig. 27A shows immunochemical staining of cell layers for ECM key protéins -
: Cbllagen IV (col IV), coll-égen I (Col 1) and fibronectin (FN and cellular components -

' ER nuclei and actin; at 10x magnification. ECM proteins deposited under MMC are
"more resistant and retained during detergent lysis. Lysis is successful at decellularlsmg

ECM.
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Fig. 27B shows pfotein- gel analysis confirms the presence of more proteins
retained under MMC (+MMC) post-lysis.

Fig. 28 shows characterisation of matrices. Inmunofluorescence stainings
showmg the presence of several ECM proteins in DxSDOC and DxSDOCDOC
'matrlces Bar 100pm. '

Figs. 29A-29B show hESCs propagated on NoDxSDOC, DxSNP40 and FcNP40
matrices differentiated or did not attach. (29A) Population doublings of hESCs
propagated using on NoDxSDOC, DxSNP40 and FcNP40. (29B) Phase contrast images
showmg hESCs dlfferentlated morphology and non-attachment during propagatlon
Bar S00um.

'Figs.f3OA-3OB shdw hESCs propagated on Ma_trigel, DxSDOC or DxDOCDOC
matrices for up to 20 pass‘ages'. (30A) Population doublings of hESCs prbpagated uSihg
either collagenase IV or dispase on Matrigel, DxSDOC or DxSDOCDOC. (30B) Phase
cbn&aét images showing hESCs’ morphology during propagation. Bar 500um.

Figs. 31A-31C show hESCs propagated on DxSDOC or DxSDOCDOC matrices
for 18 passages retained karyotypic stability and differentiation capacity. (31A)
Karyograms of hESCs propagated on Matrigel, DxSDOC or DxSDOCDOC using
collagenase IV or dispase. (3 1B) hESCs were positive for neural marker {3 III Tubuli_ﬁ )

“ when induced to undergo neural differentiation, showing that hESCs retained neural

| differentiation capabilitiesjaﬁer long term passaging.. Bar 100um. (31C) hESCs formed |

teratomas with differentiated structures representative of tissues of the three germ .
layers, indicating the retention of pluripotency. Bar 50pm. |
Fig. 32 shows flow cytometry of SSEA-3 and SSEA-4 expression in of hESCs
showing expression of pluripotency markers in hESCs propagated on Matrigel,
‘ DxSDOC or DxSDOCDOC matrices for 20 passages.
- Fig. 33 shows adherent immunofluorescence analysis for Oct 4, SSEA 4, TRA-
' 1::60 ‘TRA-1-81 and SSEA 3 expression in hESCs (Bar 100pum) showing expression of
f plurlpotency markers in hESCs propagated on Matrigel, DxSDOC or DxSDOCDOC

 matrices for 20 passages. -
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Fig. 34 shows complete decellularization to obtain matrices.

Immunoﬂuorescence stainings for intracellulaf structures reveals the removal of ER, F-
- actin and nuciei aﬂer DOC., DOCDOC and NP40 lysis. Bar 100um.

Fig. 35 shows hESCs cultured on ECM made by 293T cells and NT2 cells
differentiated within 12 passages. The ECM were made by crowding 293T cells and
NT?2 cells using DxS for 3 days and subjecting the ECM to detergent lysis DOC |

: ffeatment. o

F1g 36 shows (a) As hMSCs differentiate into the adipogenic lineage, (b) they
a‘s‘sume a fnore cuboidal merphology followed by (c) accumﬁlation of lipid droplets
w1th1n their cytoplasm. v

Fig. 37 shows adipogenic differentiation was. stlmulated via three cycles of
induction medlum (IM)/maintenance medium (MM) either at full- or half-strength IM.
Half-strength adipogenic IM is 1:1 ratio of IM and MM. Non-induced controls were
maintained in MM on the same schedule. At three time points corresponding to the end

. of each induction cycle, monolayers in 24-well plates were assessed via FACS, adherent
cytometry and RT-PCR. Lipid droplets were stained with Nile Red (Greenspan, P., et
al., J Cell Bio. 100:965-973 (1985)) then analyzed with FACS to count the number of
differentiated MSCs and imaged with adherent cytometry to measure lipid
accumulation. v v

Fig. 38 shows hMSCs (p8) after 21 days induction, stained with Nile Red (2x
mag). Larger and more numerous lipid droplets were observed in the presence of EVE
at half-strength (e) and full strength (f) compared to controls without EVE (b,c).
Neghglble staining was observed with no induction (a,d).

Fig. 39 shows automated adherent cytometry (Chen, C., et al unpublished)

ﬁ quantlﬁed in-situ area of Nile Red stained lipid droplets, normalized to cell number of
j 1nduced hMSCs (p8). EVE was observed to increase lipid accumulation con51stent1y
| over 3 weeks at both half- and standard induction strength. EVE also enabled more
j effectlve use of less induction ingredients at half-strength (+EVE) compared to standard

s&ength (-EVE). Negligible staining was observed with no inductien.
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Fig. 40 shows FACS analysis of hMSCs stained with Nile Red at late passage .i
(p8) after 21 days incubation in maintenance inedia (a,d), half-strength induction (b,e) '
aﬁd full strehgth induction (c,f) in the absence (a,b,c) or presence (d,e,f) of EVE. Cell
populati‘on in upper right quadrant are considered positive for adipogenesis. EVE .
_'lﬁcfeased the percentage of hMSCs undergoing adipogenesis by 1.8 fold and 2 fold at
half- and standard strength respectiVely. EVE also enabled more effective use of less
induction ingredients at half-strength (+EVE) compared to standard strength (-EVE) by
515.27_fold :

F1g 41 isa schemat1c of an experlmental overview. _

F1g 42 shows 1mmunocytochemlca1 staining for collagen I & IV of monolayers'
after 3and 7 days of adlpogemc induction (10x mag). With crowdmg, we observed
enhanced depos1t10n of collagen IV and enhanced reticular structuring of collagen I;
wllicharekey steps during adipogenic matrix remodeling.

' Fig. 43 shows automated adherent cytoinetry (C. Z.C. Chen, et al., (2009) Brit.
J Pharmacol (in press)) quantified in-situ area of Nile Red stained lipid droplets,
normalized to cell number of induced MSCs. Crowding was observed to increase
cytoplasmic lipid accumulation after 3 weeks induction at induction strengths of 50%'
(E) and 100% (F) compared to uncrowded (B&C). Neg11g1ble stammg was observed ‘
with no induction (A&D).

Fig. 44 shows FACS analysis of Nile Red stained hMSCs after 21 days
incubation at 0% (A,D), 50% (B,E) and 100% induction (C,F) in the absence (A,B,C) or
fhe presence (D,E,F) of crowding. Cell population in upper right quadrant are
considered positive for adipogenesis. Crowding increased the percentage of hMSCs
uhdergoing adipogenesis by 1.8fold and 2 with induction at 50% and 100%
respectwely |

Fig. 45 shows quant1tat1ve PCR for aP2 gene express1on 7 days post-ad1pogen1c
iliducnon at 20% and 100%. With crowding we observed, a 2.4 fold i increase inaP2
eXpression at 20% induction strength and 2.6 fold increase at 100% induction.

Fig. 46 shows adherent cytometry of MSCs seede on three different substrates —

plastic, matrix deposited (over 3 weeks) by adipocytes in the absence (-crowding) or
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presence of crowding (+cf0wding); followed by 100% induction for 10 days. A4 feld
increase in cytoplasmic limid accumulation was observed with monolayers seeded on
matrix deposited in the presence of crowding (c) compared with those on seede on

tnatﬁx deposited in the absence of crowding (b).

DETAILED DESCRIPTION OF THE INVENTION

Human adult Stem_ eells (from bone marrow and many other sources) have been
utilized for in vivo tissue engineering to generate novel clinical modalities for
antologoue repair or for evaivo culture and re-administration into patients. Currently,
the1r use is limited by the attenuation of their differentiation potential following
e;_itensive ex vivo expansion. ‘The maintenance of their phenotype oridifyferentiation are
gqvemed by specific cues within each unique local microenvironment that arise from
secreted factors, neighboring cells and the extracellular matrix (ECM). Described herein
nre methods which use Macromolecular Crowding (MMC) to recapitulate the crowded
physiological environment in vitro using a cocktail e.g., a neutral polyanion cocktail. As
shown herein, MMC enhanced proliferation of undifferentiated stem cells and enhanced
differentiation of stem cells upon lineage-specific induction. The methods described
herein were exemplified using a‘polyanion cocktail comprising Ficoll ™70 (Fc70;
70kDA), Ficoll™400 (Fc400; 400kDa), neutral dextran 670 (Dx670; 670k1_)a),
p(')lyvinylvpyr.rolidone 360 (PVP; 360kDa) and combinations thereof to proliferate
hBMSCs and induce adipogenic and osteogenic differentiation of the hBMSCs.

The data provided herein shows that the methods of the present invention
pfovide a faster response as visually observed by the earlier onset of a more
differentiated phenotype (adipogenic lipid droplets) at day 5 of the induction cycle. The
dé_lta alée show an increased proportion of hbMSCs at passage 5 post-adipogenic
induction :(14d) fhat expreésed the differentiated phenotype increased from 3.45+0.46%
to 12.4+1.8% at 25% induétion strength (a 3.6 fold change increase); at 100% induction
pepulation differentiated increased from 9.54+0.89 to 22.24+8.9 (a 2.3 fold change
increase). In addition, a more matured phenotype was attained when hbMSCs at passage

4 were differentiated for 14 days under crdwding as measured by the area of
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cytoplasmlc lipid droplets expressed exhibited a fold change i increase with crowdlng of-
2.95+0.14 and 2.2+0.13 at 25% and 100% 1nduct10n strength respectively. Also 1
observed was an increased proliferation of stem cells prior to induction of
differentiation as well as a stronger differentiation push in a higher MSC passage
nnmber (passage 8), and a strong differentiation response even in the presence of 50%
or 25% strength of induction eocktail Surprisingly, MSC’s also show an enhanced
prohferatlon rate on cell culture plastic while retaining their differentiation potentlal
over several passages as demonstrated by the retention of STROl marker, preserved
telomere length and dlfferentlatlon potential. This is an 1mportant issue 1ncreas1ng MSC
cell numbers as this is currently a bottleneck. '

The data are provided herein derived from expression of key differentiation |
markers, cytometry, FACS analyses. MMC appears two work via two pathways (a)
increasing the density of cell surface receptors housed in lipid rafts (b) inducing
extracellular matrix deposition and accelerating its lineage-specific remodeling.
Macr(_)moleeular crowding is a tool that can be utilized to generate novel tissue culture
conditions for more efficient stem cell differentiation by recapitulating the in vivo
physiological environment: and enhanced deposition of key ECM proteins involved in :
the differentiation pathway. - | | : ' o

Accordingly, in one aspect, the invention is directed to a method of culturing |
stem cells comprising contacting the stem cells with one or more carbohydrate-based
macromolecules, thereby producing a cell culture. The cell culture is maintained under
condltlons in which the stem cells proliferate, thereby culturing the stem cells.

The methods described herein can be used to culture a vanety of stem cell
populatlons As is known to those of skill in the art, stem cells include embryonic stem .
cells adult stem cells (e. g hematoporetlc stem cells, bone marrow stromal stem cells
(mesenchymal stem cells), neural stem cells, ep1the11a1 stem cells blood-borne
pr_ogenltor cells such as ‘ﬁbrocytes and induced pluripotent stem cells any of which can
be used in the methods described herein. Methods of obtaining stem cells are also well
known to those of skill in the art. In addition, stem cells can be derived from a variety of

sources. In particular aspects, the stem cells are mammalian stem cells (e.g., primate,
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_ canine, feline, bovine, murine, and the like). In a particular aspeet, the stem cells are’
human stem cells.

Due to their capacity to form cartilage, bone, fat and other connective tissue,
human mesenchymal stem cells (hMSCs) and blood-borne mesenchymal progenitor

‘ eells, also known as fibrocytes or reprogrammed monocytes (®-monocytes, MOMC, |
PZCMO) as reviewed by Seta and Kuwana Keio J Med, 56(2):41 (2007), constitute an

I excmng prospect for cell-based therapy in regenerating diseased or injured tissues.

These adult stem cells can be readily purified from a small volume of bone marrow

asplrates or peripheral blood respectively, and expanded in vitro for a limited number of

‘ p(_)pulatlon doublings (PD) before they reach replicative senescence. Induced pluripotent
cells (IPS) cells are derived from progenitor/stem cells or somatic cells that are derived
either from skin biopsies, liposuction material or bone marrow. Due to their capacity to
form to generate cells of the red and white blood cell lineage, including platelets,
hematopoietic stem cells constitute an exciting prospect for cell-based therapy in
leukemia and deficiencies in regenerating diseased or injured tissues. Mesenchymal
and hematopoeitic stem cells can be readily purified from a small volume of bone
marrow aspirate, ﬁbrocytes from peripheral blood, and IPS from harvested tlssue
respectlvely, and expanded in vitro for a limited number of population doublmgs (PD)
before they reach replicative senescence meaning growth arrest.

Fibrocytes are cells from monocyte origin which express mesenchymal and
haematopoieitic markers such as (but not limited to) CD34, CD14, CD45, CD105,
Collagen I and Vimentin. These cells express mesenchymal progenitor properties and
afe able to differentiate into adipocytes, osteoblasts, chondrocytes, endothelial cells etc.

Mesenchymal stem cells or human bone marrow stromal stem cells are
pluﬁpotent progenitor eells with the ability to generate cartilage, bone, muscle, tendon,
iigament and fat. These pﬁmitive progenitors exist postnatally and exhibit stem cell
ch_aracteristics, namely low incidence and extensive renewal potential. These properties
in combination with their developmental plasticity have generated tremendous interest

in the potential use of mesenchymal stem cells to replace damaged tissues. In essence
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mesenchymal stem cells could be cultured to expand their numbers then transplanted to
the injured site or after seeding inion scaffolds to generate appropriate tissue constructs.

Thus, an alternative approach for skeletal, muscular, tendon and ligament repair
is the selection, expansion and modulation of the appropriate progenitor cells such as
osteopro genitor cells in the case of bone.

'Human bone marrow mesenchymal stem cells can be isolated and detected usmg

selectlve markers 1nd1cat1ng their potential for marrow repopulation. The panel of -

| . pos1t1ve cell surface markers are deﬁned as CD29, CD90, CD105 and CD166. Negative
: markers are CD34 and CD45 These markers are found on the cell surface of
| mesenchymal stem cells and are an indication of their pluripotency. _

Human blood-borne mesenchymal progenitor cells/fibrocytes can be isolated .
and detected using selective marker combinations. Fibrocytes express CD45 and
CD105, Collagen I and Vimentin and CD14 and CD34 to some extent. They were also

-described to be positive for HLA-DR, CD11 a and b (reviewed by Bellini and Mattoli,
- Lab Invest, 87:858 (2007)).

Human bone marrcw;derived haematopoietic stem cells can be isolated and
detected using selective marker combinations such as CD34 and CD133. Additionaliy, |
haematopoietic stem cells have low levels or absent lineage committed markers like
CD33, CD38 and CD71.

| Human IPS can be generated by viral introduction of typical embryonic stem
| cell genes like Octd, Sox2, K1f4, c-Myc and Nanog into somatic cells. They resemble

embryonic stem cells in morphology and growing behavior, form dense cell colonies in

: i}itro, differentiate into cells of all three germ layers and form teratomas, when injected
-into SCID mice. They can be distinguished from non-reprogrammed somatic cells by

‘ using selective pluripotency marker such as Tra-1-81, Tra-1-60, SSEA3 and SSEA4.

: “The stem culture method according to any aspect of the invention may relate to

| adult stem cells, human embryonic stem cells, induced pluripotent stem cells, in
monolayer, feeder-layer culture or three dimensional cultures. Further, the method

according to any aspect of the invention may further comprise any variety of additional
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culture medium that are used to proliferate stem cells which are Wcll known to those of
skill in the art.

In the methods of the invention, the stem cells are contacted with one or more
carbohydrate based macromolecule, also referred to herem as a crowder macromolecule
or a macromolecular crowder. In one aspect, the stem cells are contacted with two or
more carbohydrate-based macromolecules referred to herein as mixed macromolecular
crowdmg In particular aspects the stem cells are contacted with two, three, or four, etc.
carbohydrate-based macromolecules

The spontaneous differennatron of stem cells in culture isa result of a change 1n'
the microenvironment from that normally found in the naive stem cell niche. The stem
cell niche is a sum of signals from interactions with specific components of the
extracellular matrix (ECM) and neighboring cells, and the hormonal status of the
microenvironment.

A characteristic of the microenvironment of all cells is the high total

- concentration of macromolecules. Such media are termed 'crowded' rather than
'_concentrated' because, in general, no single macromolecular species occurs at high ~
concentration but, taken together, account for.a volume occupancy of _20-3 0% of a _
given specific volume. As pointed out by Ellis (2001) and Minton (2000) crowding by
macromolecules has boththermodynamic and kinetic effects on the properties of other

" macromolecules that are not generally appreciated (Minton, AP, Curr Biol, 10(3):R97-9
(2000); Ellis, RJ, Trends Biochem Sci, 26(10):597-604 (2001)). Biological
macromolecules such as enzymes have evolved to function inside such crowded
environments. For example, the total concentration of protein and RNA inside bacteria

I llke E. coli is in the range 0f300-400 g/l. Macromolecular crowding causes an excluded
' volume effect (EVE), because the most basic characteristic of crowding agents is the
: mutual 1mpenetrab111ty of all solute molecules. This nonspecific steric repulsion is
: always present, regardless of any other attractive or repulsive interactions that might |
occur between the solute molecules. Thus, crowding is an inevitable hallmark of the
intracellular milieu of all carbon-based life-forms on earth (reviewed in Ellis, RJ,

Trends Biochem Sci, 26(10):597-604 (2001)). The effects resulting from
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macromolecular crowding are so large that authorities in the field state that many
estimates of enzyme catalyzed reaction rates and equilibria made with uncrowded
solutions in the test tube differ by orders of magnitude from those of the same reactions
operating under crowded conditions within cells (Ellis, RJ, Trends Biochem Sci,
26(10):597-604 2001).
De_splte this knowledge, biochemists still commonly study enzymatic reactions
I in solutions with a total macromolecular concentration of 1-10 g/l or less, in which
i crowdmg is negligible. A partlcular example is the polymerase chain reaction WhJCh is
i performed in a diluted aqueous environment. If crowdedness in 1ntroduced into such a
~system emulating an 1ntracellular environment, the kinetics shift dramatrcally, the
reaction is accelerated, more amplicons are generated, the enzyme is h‘eat-protected, and
primer-template interactions are enhanced (Lareu, RR, et al., Biophy Biochem Res
. Comm, 363(1 ):171-177 (2007¢), Harve, KS, et al., Nucleic Acids Res; epub (Oct. 23,
2009) Raghunath, M ez al. WO 2008/018839 Al) '
~ The pnnmple of macromolecular crowding also relgns in the extracellular
environment. Cells are surrounded by soluble and immobilised macromolecules which
form their native microenvironment. Again, contemporary cell culture consists of
placing adhering cells on a support (tissue culture plastic or other materials) or keeping
tlr'em in suspension in aqueous media under conditions that do not reflect the crowded
environmentfrom which they have been originally derived. Thus, they cannot exert
they physiological function to the fullest potential. In fact, it has been shown that when
fibrogenic cells are grown under crowded conditions using negatively charged
crowders, enzymatic steps.are accelerated that control the deposition rate of collagen
| (I;areu RR., et al., Tissue Engineering, 13(2):385-391 (2007a); Lareu, RR., et al,,
FEBS Lett, 581(14):2709- 2714 (2007b)). The issue of the current artificial environment
| of cell culture becomes even more pressing with ex vivo stem cell culture which is
necessary to propagate stem and progenitor cells derived from tissue environments to
achieve large enough numbers that are therapeutically efficacious. Current stem cell
culture is hampered by a sharp decrease in proliferative and differentiative capacity, and

as shown herein, it is most likely that lack of crowdedness plays a role.
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Macromolecular crowders in the extracellular space in culture have been shown
to drive the enzymatically gated deposition of extracellular marix. The most effective:
crowder species were negatively charged (Lareu, RR., et al., Tissue Engineering, |
13(2) 385-391 (2007a); Lareu, RR., et al., FEBS Lett, 581(14):2709-2714 (2007b))

3 whlle neutral crowders proved inefficient. In addition negatively charged v
macromolecular crowders hke dextran sulfate and polystyrene sulfonate slowed down
: prohferatlon of drfferentlated cells. In contrast, and surprisingly, it was found herein
: that neutral macromolecular crowders drive the prohferatlon of stem cells and
pro genitor cells The observed proliferation increase achieved accordmg to the methods
of the present invention is accompanied by the preservation of the multipotentiality of
the stem cells and progenitor cells.

These findings are in contrast to prior art in which recommends negatively
charged saccharide chains of glycosaminoglycans of a molecular size substantially
smaller than 50 kDa, namely reachg 25 kDa maximally (Nurcombe and Cool 2005,

- PCT/IB2006/000278; WO?2005/107772).

Thus, in a further aspect of the invention the macromolecular crowders are
preferably a neutral and/or hydrophilic carbohydrate-based macromolecule

As described herein, one or more carbohydrate-based macromolecules can be
used in the methods of the invention. For example, multiple macromolecular crowders

~ can be used in the methods of the invention and either individually added to the stem

cell culture or added as a mixture or cocktail of macromolecular crowders (e.g., a binary
or ternary cocktail).
‘ Macromolecular crowders are inert macromolecules with a molecular wei ght

| ahovc about 50 kDa. These macromolecules are carbohydrate based, and can be of

i 'spheriCal shape, and of neutral surface charge. The macromolecules according to the
lrrvention may have a molecular weight of from about 50kDa to about 1000kDa. In -
speciﬁc aspects, the molecular weight of the macromolecule is about 50, 100, 200, 300,
400, 500, 600, 700, 800, 900, or 1000 kDa. In a particular aspect, the organic-based
macromolecule according to the invention is a carbohydrate-based hydrophilic

macromolecule. For example, the carbohydrate-based macromolecule of the invention
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may be a polymer of glucose and/or sucrose. Particular examples of the macromolecule
according to the invention include Ficoll™ 70, Ficoll™400, polyvinyl pyrrolidone
(PVP), glycosaminoglycans, sugar chains of glycosaminoclycans, cellulose, pullulan or
az_mixture thereof. Speciﬁcally, the carbohydrate-based macromolecule can be
"Ffi'collTM7,0 or FicollTM400,j neutral dextran, PVP, pullulan or a mixture thereof. It has |
been demenstrated in the present invention that adding a Ficoll cocktail to mesenchymal
stem cells inereased proliferation of human mesenchymal stem cells. Ficoll can be
'oi)tained from commercial sources such as Amersham Biosciences as FicollTM7 0 (Fc70;
70kDA) under catalogue number 17-0310 and Ficoll™400 (Fc400 400kDa) under
catalogue number 17-0300.

In other aspects, of the methods provided herein, the solution contaihing the
macromolecule according to the invention may have a viscosity of less than about
2mPa—s. For example, a viscosity of about 1.75 mPa-s, 1.5 mPa-s, 1.25 mPa-s, ImPa-s

0. 75 mPa-s, 0.5 mPa-s, or 0.25 mPa-s. | _

In yet other aspects the macromolecule can have a hydrodynamlc radius range

of from about 2nm to about 50nm. '
| In soine aspects, the total macromolecular concentration is about 2.5-100mg/m1,

and in other aspects, about 5-90mg/ml, about 10-80mg/ml, about 20-70mg/ml, about
30-60mg/ml, about 40-50mg/ml, and in yet other aspects about 10-40mg/mlor about 10-
62.5mg/ml. In particular aSpects, the macromolecule may be FicellTM7O present at a
concentration of 2.5-100 mg/ml, and/or Ficoll™400 at a concentration of 2.5-
100mg/ml, or a mixture thereof. In other particular aspects, the macromolecule may be

ﬁ FlCOll 70 present at a concentratlon of 2.5-37.5mg/ml and/or FlCOll 400 ata

X concentratlon of 2.5- 25mg/m1 or a mixture thereof. In a partlcular aspect, the stem cells
'are contacted with a carbohydrate-based macromolecule comprising Ficoll ™70 ata :
‘c‘encentration of about 37.5mg/ml and Ficoll™400 at a concentration of about |
25mg/ml. . |

The concentration of macromolecules for use in the present invention can also
be calculated based on the volume fraction occupancy. As known to those of skill in the

art, the composition of a solution containing very large molecules (macromolecules)
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such as polymers, is most conveniently expressed by the “volume fraction (®)” or
;‘:volume fraction occupancy” which is the volume of polymer used to prepare the
solution divided by the sum of that volume of macromolecule and the volume of the
‘ solvent. In the methods described herein the cells are contacted with the one or more
'in'acromolecules ata biologically relevant volume fraction occupancy. In some aspect,
o the blologlcally relevant volume fraction occupancy is from about 3% to about 30% In
other aspects the blologlcally relevant volume fractlon occupancy is from about 5% to
a_bout 25%, from about 10% to about 20% and from about 12% to about 15%. Thus, in
fhe methods of the invention, the volume fraction ocCupancy is about 3%, 4%, 5%, 6%, '
7%, 8%, 9%, 10%, 11%, 12%, 13%, 14%, 15%, 16%, 17%, 18%, 19%, 20%, 21%,
22%, 23%, 24%, 25%, 26%, 27%, 28%, 29% or 30%. In a particular aspect, the
biologically relevant volume fraction occupancy is about 15%.
The macromolecule can be added to the stem cell culture in a variety of ways.- -
~For example, the macromolecules are added as a powder or liquid into culture mediufn.
Preferably, the addition of the macromolecule does not significantly increase t_he: .
viscosity of the cell culture medium. The medium can then be sterilized, e.g. via
ﬁitrat_ion, if desired. In one aspect, the crowdihg cocktail contains a COmbination'of Fe
70 and Fc 400. '

As also shown herein additional macromolecular crowders can be added to the
cell culture medium. In one aspect, the additional crowder(s) is either a neutrally
charged compound (e.g., PVP) or a negatively charged crowder (e.g., Dextran sulfate

500 kDa).

Invparticular aspecﬁs, the method comprises contacting the stem cells with at

_least two organic-based hy_drophilic macromolecule of neutral surface change. In other

; aepecté, the method compﬁses contacting the stem cells with (a) ut least two organic-
based hydrophilic macromolecule having a molecular weight of 50kDa to 1000kDa and
neutral surface charge, or (b) at least one organic-based hydrophilic macromolecule
having a radius range of 2 to 50nm and neutral surface change, or (c) at least two
organic-based hydrophilic macromolecule having a molecular weight of 50kDa to

1000kDa and neutral surface charge combined with a third organic-based hydrophilic
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macromolecule having a molecular weight of 50kDa to 1000kDa and neutral surface, or
(d) at least two organic-based hydrophilic macromolecule having a molecular weight of
SOkDa to 1000kDa and neutral surface charge combined with a third organic-based
hydrophilic macromolecule having a molecular weight of 50kDa to 1000kDa and
havrng a negatrve or neutral surface charge. | '

In the methods of the invention, the cell culture is maintained under condltlons

ﬁ m which the stem cells prohferate.A variety of methods for maintaining the cell culture

under conditions in which the stem cells proliferate can be used and are known to those

| of skill in the art. Such methods include introducing agents such as serum (e.g., fetal .

“bovine serum (FBS) or human serum), growth factors, antibiotics and the like into the
crllture, maintaining the cell culture under serum starved conditions or in an expansiovn‘
medium etc. ' :

As used herein, the expression "proliferation" or "proliferating” is used in its
regular meaning and relates to the expansion of cells. or tissue, including cell growth
and cell division.

The term "maintenance" as used herein in relétion to the eulture of stem cellsv,
refers to the preservation of the "stemnness", i.e. the multi potentiality, and the viability =
o:f said stem cells and progenitor cells in culture.

| As also described herein, the cell culture can be further contacted with an agent
that induces differentiation of the stem cells in culture into any number pf desired
lineages such as adipocytes, osteoblasts, chondrocytes, neurons, muscle cells, blood
'eells and the like. That is, the method according to any aspect of the invention may
‘c:<')mprise .an.y kind of induction cocktail to differentiate stem cells into desired lineages.
:In partrcular the method accordmg to any aspect of the invention may be for the
induction of any lineage. Agents that can be used to 1nduce drfferentlatron of stem cells
:are known in the art and avarlable from commercial sources.
| In another aspect,' the invention is also directed to a method of producing an
extracellular matrix comprising contacting fibroblasts with one or more carbohydrate-
based macromolecules, thereby producing a cell culture. The cell culture is maintained

under conditions in which the fibroblasts proliferate and produce an extracellular
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matrix. In a particular aspect, the fibroblasts are human fibroblasts (e.g., Wi-38
ﬁibroblasts). As shown hereih the method can further comprise contacting the cell
culture with one or more agents that lyse the cells, thereby producing a cell-free
K eitracellular matrix. Agents that can be used to lyse the cells are known to those of skill
I '1n the art and include deoxycholate (DOC), NP40 or a combination thereof.
Another aspect of the invention is a cell-free extracellular matrix produced by
- the methods provided herein.
In a particular aspect, the invention is directed to a method of culturing stem
_ cells comprising contacting the stem cells with the cell free extracellular matrix -
pfovided herein, thereby pfoducing a stem cell culture. The stem cell culture is
rr_iaintained under conditions in which the stem cells proliferate, thereby culturing the
stem cells. '
There is also provided a kit for stem culture for improving the efficiency,
'ac_tiyity -and/er stability of stem cells in vitro or ex vivo, the kit comprising at least tW_o
ofgan_ic-baséd hydrophjlie macromolecule of heutral surface charge, and (I)ptionally‘ a
third neutral or negatively charged macromolecule. However, the cell type to be treated
is not limited to adult stem cells. In particular, the kit according to the invention may be
a kit for boosting the efficiency, activity and/or stability also of differentiated cells the
kit comprising (a) at least two organic-based hydrophilic macromolecule of molecular
Weight 50kDa to 500kDa and neutral surface charge, or (b) at least two organic-based
hydrophilic macromolecule of radius range of 2 to 50nm and neutral surface charge; or
(c) and optlonally at least one more organic-based hydrophilic macromolecule of radius
range of 2 to 50nm and neutral surface charge; or negative charge.The macromolecule
used in the kit of the invention is as defined throughout the whole content of the present
apphcatlon | _ ‘
In one aspect, the kit comprising a cell-free extracellular matrix produced by the :
methods described herein, and optionally, instructions for use thereof.
There is also provided a method of preparing a macromolecule solution for use
in stem cell culture, comprising of preparing a solution comprising at a mixture of at -

least two macromolecules as defined throughout the whole content of the present
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application. In particular, the macromolecule(s) solution may have a viscosity of less

than 2 mPa-s, more in particular, a viscosity of about 1 mPa-s.

EXEMPLIFICATION
Example 1
Methods/Materials

For Figs. 1A-1C which illustrate the effect of macromolecular crowding on
human mesenchymal stem cell proliferation in short term cultures at different seedlng
dens1t1es 5000, 10,000, 25000 and 50000 cells per well (1.8¢m?), h(MSC (Cambrex)
were seeded in control media (DMEM, 1000 mg/1 glucose 10% fetal calf serum
(G1bco) penicillin/streptomycin, 2 mM L- Glutamine), then changed to control media or
media containing ficoll cocktail (37.5mg/ml FC70; 25mg/ml FC400) the day after (day
0). Ficoll cocktail increased the proliferation of adult bone marrow human
mesenchymal stem cells. Cell numbers were determined by adherent cytometry on day
2 (Fig 1a), 4 (Fig 1B) and 7 (Fig 1C) using Metamorph software and stammg with
DAPI (4',6-diamidino-2-phenylindole). Every bar in the figures represents the average
and standard deviation of triplicate sampling. Abbreviations : FC = ficoll cocktail.

For Figs. 2A-2B which illustrate the long-term effect of macromolecular
crowding on the population doubling rate of human mesenchymal stem cell seeded at
(Fig. 2A) 5000 cells per well and (Fig. 2B) 1000 cells per well (1 .8cm?), hMSC
(Cambrex) were seeded in control media (DMEM, 1000 mg/1 glucose, 10% fetal calf
serum (Gibco), pemcﬂhn/streptomycm 2 mM L-Glutamine), then changed to control
medla or media containing ficoll cocktail (37.5mg/ml FC70; 25mg/ml FC400) the day
aﬂer (day 0). Cell numbers were determined every 7 days aﬁer seeding, for 70 and 28
days respectrvely using Metamorph® software and staining wrth DAPI Every point in
the line represents the average of triplicate sampling.

- For Figs. 3A-3B which illustrate the long-term effect of macromolecular
crowding on the cumulative population doubling of human mesenchymal stem cell
seeded at (Fig. 3A) 5000 cells per well and (Fig. 3B) 1000 cells per well (1 8cm?),
hMSC (Cambrex) were seeded in control media (DMEM, 1000 mg/1 glucose, 10% fetal
jcalf serum (Gibco). penicillrn/streptomycin, 2mM L,:-Glutamine), then changed to _
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control media or media containing Ficoll cocktail (37.5mg/ml FC70; 25mg/ml FC400)
the day after (day 0). Cell numbers were determined every 7 days after seeding, for 70
and 28 days days respectively using Metamorph® software and staining with DAPL
Every point in the line represents the average of triplicate sampling.
"For Figs 3C-3E Wh;iChv illustrate the long-tenn effect of macromolecular
“crowding on the fold changejincrease in cell numbers of human mesenchymal stem cell
| éeeded at (Fig. 3C) 5000 cells per well and (Fig. 3D) 1000 cells per well and (Fig. 3E)
2000 cells per well (well area = 1. 8cm?). Fold change was calculated by dividing ﬁnal

- cell number of each passage by initial seeding density. : ‘

For Figs. 4A-4B which illustrate the hypothetical cell numbers that would be :

obtained in the absence or presence of macromolecular crowding if they were
propagated under the current density of (Fig. 4A) 5 OOO cells per 1.8 cm® (2 800/cm2.). .
well and (Fig. 4B) 1000 cells per 1.8cm? (560/cm ) after 28 days and 70 days R
respectlvely : g

For Fig. 5 which 1llustrates the effect of macromolecular crowdmg on the colony ‘
forming unit (CFU) ability of the human mesenchymal stem cells after being cultivated |
in the absence (-FC) or presence of crowders (+FC) for 56 days (d56) and 70days (d70),
hMSC (Cambrex) were propagated in control media (DMEM, 1000 mg/1 glucose, 10%

fetal calf serum (Gibco), penicillin/ streptomycin, 2 mM L-Glutamine), then changed to
control media or media containing ficoll cocktail (37 :.5mg/ml FC70; 25mg/ml FC400)

: tlle day after (day 0). Cells were passaged every 7 days after seeding and were reseeded

: at 5000 cells per well (1 .8cm2) and changed to the respective medium the following

day At day 56 (d56) and day 70 (d70), some cells were seeded at 100 cells per 10cm? in

' control medium and allowed to proliferate for 7 days. The wells were then methanol b_
ﬁXed and then stained with either crystal violet (0.5%) or DAPI and colonies bigger' )

than 1mm in diameter were counted visually under 10x magniﬁcation. Every bar »
represents the average of tnphcate sampling. |

For Fig. 6 which illustrates the effect of macromolecular crowdmg on human
| mesenchymal stem cell surface marker expression, h(MSCs (Cambrex) were plated at

3300 cells/cm? in T175 culture flask (celstar) and cultivated in the absence (-FC) or
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presence of crowders (+FC) for 7 days (d7), 28 days (d28) and 70 days (d70) before
a‘s’sessing cells for cell surface markers CD29, CD34, CD45, CD90, CD105, CD166 (all
from Pharmingen) by antibody staining based flow cytometry. Each point represents the
average and data of triplicate experiments.

For Fig. 7 which 111ustrates the effect of macromolecular crowdmg during pre-
propagatlon of human mesenchymal stem cells and the subsequent effect on their -
adrpogenlc differentiation ability, hMSCs (Cambrex) were plated at 3300 cells/cm in
Il7 5 culture flask (Celstar) and propagated in control med1a (DMEM, 1000 mg/1
glucose, 10% fetal calf serum (Gibco). penicillin/streptomycin, 2 mM L-Glutamine),
then changed to control media or media containing ficoll cocktail (37.5mg/ml FC70;
25mg/ml FC400) the day after (day 0). Cells were passaged every 7 days after seeding
and reseeded at same density and change d to their respective medium the following -
day At day 28 (d28), celljs: were trypsinised and s'eeded at 35000 cells per well (1. 8crr12)
and 1nduced to adrpogemcally differentiate as descrrbed previously (Prttenger MF., et
al., Sczence 5411:143-147 (1999)) for 3 weeks. Monolayers were then ﬁxed in 4%
formaldehyde (30min; RT) then stained with Nile red (Sigma-Aldrich; 0.05mg/ml in
water; 1hr), a fluorescent lysochrome specific for cytoplasmic lipid droplets and co-
stained with 4‘,6¥diamidino-2-phenylindole (DAPI; 0.5pg/ml; 30min). Adherent
fluorescent cytometry was based on a montage of 9 sites per well taken by a coolSNAP
HQ camera attached to a Nikon TE2000 microscope at 2x magnification, covering 83%
of total well area. Nile red was viewed under a single rhodamine filter [Ex 572nm/Em
630nm] while DAPI ﬂuoreSCence was accessed with a single Dapi filter [Ex 350nm/Em
465nm] Measured nile red events were thresholded and lipid accumulation was
measured by an image analysrs software (MetaMorph 6. 3v3) The extent of adlpogemc
differentiation was quantified by area of nile red fluorescence from thresholded events
then normalized to nuclei count based on detected DAPI fluorescence. End data
correspond to total area of lipid droplets present per well relative to cell number. The
area measurements were imported into Microsoft Excel, and the mean + SD of the areas

v;vas calculated for control and crowded cells.
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For Fig. 8 which illustrates the effect of macromolecular crowding on the
relative telomere length of the human mesenchymal stem cells, hMSCs (Cambrex) were
plated at 3300 cells/cm? inz T175 culture flask (CellStar) and propagated in control
'nfle'dia (DMEM, 1000 mg/l glucose, 10% fetal calf serum (Gibco)
i)ehicillin/streptomycin, 2. mM L-Glutamine), then changed to control media or media
containing ficoll cocktail (37.5mg/m1 FC70; 25mg/ml FC400) the déy after (day 0). E
Cells were passaged every 7 days after seeding and reseeded at same density and
changed to their respective medium the following day. Followmg the method described
by Cawthon RM, Nucleic Aczds Res, 10:¢47 (2008)), relative telomere lengths was
determined by quantitative PCR by measuring the factor by which each DNA sample
differed from a reference DNA sample in its ratio of telomere repeat copy number to - .
smgle copy gene copy number (T/S ratio). The T/S ratlo is approx1mately o
[2Ct(‘°l°me’“)/2Ct(3éB4)]‘ = 2‘ACt the factor difference in T/S ratio between test and control
samples gives rise to relat_rve_ difference in telomere length. At day 7 (d7), day 49 (d49)~ :
and day 70 (d70), total genomic DNA was extracted using the DNeasy Blood & Tissue
Kit (Qlagen) following the manufacturer’s protocol. Real time polymerase chain |
reactions was performed and monitored on a Stratagene real-time PCR instrument
(Stratagene) with a PCR master mix based on Platinum Taq DNA polymerase
(fermentas). Data analysis was performed using the MxPro software (Stratagene). For
each sample, the Ct value was defined as the cycle number at which the fluorescence
irltensity reached the amplification based-threshold fixed by the instrument-software.

For Fig. 9 which illustrates the effect of macromolecular crowding on the cell
numbers of fibrocytes after seven days in 24-well plate wells ﬁbrocytes were cultured
under conditions described by Kuwana, M, et al., J Leukoc Biol, 74(5 ): 833 845
_((2003)). Shortly, isolated per1pheral blood mononuclear cells were seeded onto
fibronectin-coated dishes at a cell density of 1 million cells per well in low glucose
DMEM supplemented with 10% FBS under crowded conditions (Ficoll-cocktail) for
seven days. Cells were grown in crude culture for three days, after which the medium
was renewed and non-adherent cells were removed. The remaining cells were grown for

4 further days. Cells were grown either under uncrowded conditions (-Fc) or in the - :
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p_resence of Ficoll-cocktail during the first 3 days (+3d Fc). On day seven adherent cells
y&ere washed with twice yvith PBS and fixed with ice-cold methanol. Wells were
blocked w1th 3%BSA in PBS and incubated with Dapi for 30 minutes. After incubation.
wells were washed thrice w1th PBS and stored in 500ul PBS. Dapi stained nuclei were
'counted by adherent cytometry and represent the cell number per 24-well plate well.

For Fig. 10 which shows phase contrast photographs (10x magnification) of
fibrocytes growing on fibronectin-coated dishes for seven days (Kuwana, M,etal., J.
Leukoc Biol, 74(5):833-845 ((2003)), isolated peripheral blood mononuclear cells were
seeded onto serum-protein coated dishes in low glucose DMEM supplemented with
10% FBS in the absence of crowders (-Fc) or with the addition of Ficoll-cocktail during
the first 3 days (+3d Fc). Non-adherent cells were removed during the-media change on
day three. After seven days adherent spindle-shaped cells were present in culture. These
cells represent ﬁbrocytes

For F1g. 11 whlch:shoWs flow cytometric analysis of the adherent -
partion/ﬁactlon of peripheral blood mononuclear cells after 1week of culture, isolated
peripheral blood mononuclear cells were seeded onto fibronectin-coated dishes in low
glucose DMEM supplemented with 10% FBS without the addition of crowders (-Fc) or
in the presence of Ficoll-cocktail for the first 3 days (+3d Fc). Non-adherent cells were
removed during the media change on day three. Adherent cells were removed from the
culture dishes, resuspended in PBS buffer supplemented with 0.5% FBS and incubated
vt‘/:ith FITC- or PE-conjugated antibodies (BD sciences) for 30 min. Cells were washed
once wrth PBS buffer supplemented with 0.5% FBS and fixed in 1% formladehyde in
PBS Samples were analysed with the Cyan flow cytometer (Dako Cytomation). Cells

were tested for stem cell marker CD105, monocyte marker CD14 and leukocyte marker - -

CD45, and hematopoetic stem cell marker CD34.

For Fig. 12 which shows the flow cytometric analysis of the adherent
partion/fraction of peripheral blood mononuclear cells after 1week of culture, isolated
perrpheral blood mononuclear cells were seeded onto fibronectin-coated dishes in low
glucose DMEM supplemented with 10% FBS wrthout the addition of crowders (- Fc) or

in the presence of Ficoll- cockta11 for the first 3 days (+3d Fc). Non-adherent cells were
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rémoved during the media change on day three. Adherent cells were removed from the
colture dishes, resuspendéd in PBS buffer supplemented with 0.5% FBS and incubated
with FITC- or PE-conjugated antibodies (BD soiences) for 30 min. Cells were washed
o;lce with PBS buffer supblemented with 0.5% FBS and fixed in 1% formladehyde in
PBS Samples were analysed with the Cyan flow cytometer (Dako Cytor_nation). Cells
wore tested for CD105, CD14 and CD45. Populations with the highést percentage of
oolls' positive for ﬁbrocyté markers were géted. |

For Fig. 13 which illustrates the effecf of a ternary combination of
macromolecular crowders (Ficoll and PVP) on human mesenchymal stem cell
proliferation in culture for 10 days, hMSC (Cambrex) were seeded at 10,000 cells pef
well in control media (DMEM, 1000 mg/1 glucose, 10% fetal calf serum' (Gibco),
i)onicillin/stfeptomycin, 2 mM L-Glutamine),fthen changed to control media or médl;a» .
oontaining ficoll cocktail (37.5mg/m1 FC70; 25mg/nﬂ FC400) or media containing
ﬁcoll cocktail (37.5mg/ml FCV7Q; 25mg/ml FC400) spiked with p'olyvinylpyrrolidoné‘
(100pg/ml) or media containing ficoll cocktail (37.5mg/ml FC70; 25mg/m1' FC400)
spiked With polyvinylpyrrolidone (500ug/ml) (purple bars); the day after (day 0). Ficoll
cocktail increases the proliferétion of adult bone marrow human mesenchymal stem
cells. Cell numbers were determined by adherent cytometry using Metamorph®
software and staining with DAPI (4',6-diamidino-2-phenylindole). Every bar in the
figures represents the averégé and standard deviation of triplicate sampling.

Abbreviations : FC = ficoll cocktail, PVP = polyvinylpyrrolidone.

Results : ‘

Macromolecular Crowding with Ficoll cocktaiil is effecti\fe in increasing the
prolifefation of adult bone marrow human mesenchymal stem cells at different seediog
densities ranging from 5000, 10,000, 25,000 and 50,000 cells per well (1 .8cm2) or
(2800, 5600, 13900 and 27,800 cells/cm?, respectively) compared to control after 2, 4
and 7 days in culture (Figs. 1A-1C). Although it was observed that after 7 days - all
wells reach confluence at ~35,000 cells/well regardless of initial seeding or the presence
of crowding due to surface area limitations, this indicates that it is likely more effeofive

to use macromolecular crowding with a lower seeding density or larger surface area. 3':, ‘
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The overall increase in proliferation of the hMSCs cultured in the presence of
macromolecular crowdmg 1ndlcates that for a given period of time the hMSCs undergo
more populatlon doublmgs (PD) Since PD is limited in these cells, it was expected that
the cells would reach rephcatlve senescence earlier if ‘kept in culture for a long term
'Surpnsmgly, it was demonstrated that cell proliferation slowed down aﬂer a 51m11ar '
tlme in culture as the control to ~0. 25PD/day in 70 days (Fig. 2A), but yielded 30%
more cumulative population doubling after 70 days in culture in that time window(Fig.
3A). v _

‘The actual population doubling data at a seeding density of 5000 cells/well
indicate that this method allows one to obtain 3.4x10"° cells with macromolecular B
crowdmg compared to 1.3 xlO with current culturing conditions aﬂer 70 days in .
culture (F1g 4A). Ata seedmg dens1ty of 1000 cells/well itis 11ke1y one can obtain 4 4
x103 cells w1th macromolecular crowding compared to 6.5 x10° w1th current cultunng
'cond1t1ons after 28 days in culture (Fig. 4B). Under both conditions, a magmtude more:
cells under macromolecular crowding compared to control condxtlons was obtained,
indicating that the methods provided herein can be used for generating more cells for
translational_ purposes. |

The hallmark of the most "stem-like" cells in :the heterogeneous hMSC
population is their ability to form colonies when seeded at low density thus providing a
phenotype to confirm the effect of macromolecular crowding. Therefore, a colony
formmg assay in control medla was set up and the results showed that hMSCs that were
pre-propagated under macromolecular crowding for 56 days and 70 days were able to
form 2 times and 1.7 times as many colonies as the control, respectively (Fig. 5).

The results obtained with surface markers of the stem cells, indicate that the-
human mesenchymal stem cells cultured in the presence of macromolecular crowding
'a're true mesenchymal stem cells exhibiting the following surface characteristics,
CD29+ CD34-,CD45-, CD90+, CD105+ and CD166+ even aﬁer culturing in the
presence of macromolecular crowding for 7, 49 and 70 days (Fig. 6).

Interestingly, it was observed that aﬁer 28 days in culture in- the presence of

macomolecular crowding, hMSCs were 2x more responsive to ad1pogen1c induction ;
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than those cultured over the‘ same time period in the absence of crowding, indicating
that macromolecular croWding may have a pre-priming effect. Adipogenic induction
was carried out in DMEM with 10% FCS, 10 pg/ml insulin, 0.5 mM
methhsobutylxanthme 1 ﬂM Dexamethasone), proving that macromolecular crowdmg
'not only increases hMSC prohferatlon but also preserves their "stemness" thus the1r |
capab111ty to differentiate is not impaired (Fig. 7).

Using a novel method of determining relative telomere lengths as descnbed by
Cawthon RM, et al., Nucleic Acids res, 10:¢47 (2002) it was determined that hMSCs
cultured under macromolecular crowding for 7 days, 49 days and 70 days had telomeres
that were 2.06%, 12.64% and 30.39% longer that those in control medium respectively':
(FIG 8). This is a surpnsmg ﬁndmg as the stem cells.in the prescence of a crowder
cockta11 had undergone more population doublings then the controls and with a 31m11ar
t1me window of a slowing prohferatlon rate. This demonstrates that desplte a faster
populatlon doublmg rate senescence is not only kept at bay but slowed done in -
comparlson to non-croweded MSC’s.

For fibrocytes, the highest cell numbers are yielded when cells were cultured
under crowded conditions. An increase of 1.5 fold in cell number is induced by the Fc-
c'ocktaill (Figs. 9). As the percentage of cells expressing fibrocyte markers are about the
same under crowded and non-crowded conditions, whereby fibrocytes markers are
coexpressed'(Figs 10, 11 and 12), there is a huge increase in fibrocytes number after 1
week when cultured under crowded conditions.

A tertiary cocktail compnsmg addition of PVP at 100pg/ml to the ongmal ficoll
cocktail (37.5mg/ml FC70; 25mg/ml FC400) results in better prolrferatlon compared to

just the ficoll cocktail alone and 48% better than control conditions.

Example 2
Invention disclosure
Material & Methods
Mesenchymal Stem Cell Culture ‘
Human bone-marrow derived mesenchymal stem cells (MSCs) were obtalned

commer01ally (Cambrex Bio Scrence Walkersville) at passage 2 (p2) and cultured 1n a
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basic culture medium'composed of low glucose Dulbecco’s modified Eagle’s medium
(LG DMEM, Gibco-BRL;)gs_upplemented with Glutamax, 10% fetal bovine serum, 100
ﬁhits/ml penicillin and 100ul/ml streptomycin. Cells were maintained at 37°C ina
hpmidiﬁed atmosphere of 5% CO,/95% air, with medium change twice per week. To
'prevent spontaneous differentiation, cells were maintained at subconfluent levels prior
to being detached using 0.5% trypsin/ 1mM EDTA, passaged at 1:4 and cultured to
generate subsequent passages. Directed differentiation was carried out with cells at
passage 4 (p4) and 8 (p8). |

Adipogenic Induction of Mesenchymal Stem Cells (MSC)
Inductlon '

MSCs at an early passage (p4) and late passage %) were seeded at an 1n1t1al
densﬁy of 5x10%cells/well in 24-well plates (Celstar) Adlpogemc dlfferentlatlon was
stimulated 48 hours post-seeding as descrlbed (Pittenger, MF et al., Science, 5411:143-
147 (1999)) via three cycles ef induction/ maintenance, feeding with induction medium .
for 4 days (37°C, 5% CO,) followed by 3 days of culture in basal medium. Non-induced
control MSC were fed only basal medium on the same schedule. Basal medium wass
eOmposed of high ghicose Dulbecco’s modified Eaglze’s medium (HG DMEM, Gibco-
BRL) supplemented with 10% fetal bovine serum, 100 units/ml penicillin, 100ul/ml
streptomycm and insulin (0 01mg/mL) while induction medium was supplemented with
3 -Isobutyl-1-methylxanthine (0.5 mM), dexamethasone (10-7M) and indomethacine
(0.2 mM). Crowding is effected by the addition of a crowdmg cocktail during both the
induction and maintenance phase. Induction cocktail was diluted at the following ratios
—1:0 (100%), 1:4 (20%) and 0:1(0%) to assess the potential of crowding to cause a
more effective use of less inductive iﬁgredients. EVE was created by supplementation
of media with a cocktail of macromolecules Ficoll™70 (Fc70; Sigma-Aldrich, St Louis)
at 37.5mg/m1 and FicollTM400 (Fe400; Sigma-Aldrich, St Louis) at 25mg/ml. |

N11e Red Adherent Cytometry to assess area of cytoplasmlc lipid accumulatlon
At three time points (7, 14, 21 days) corresponding to the end of each 1nduct10n

cycle, monolayers in 24-well plates were rinsed with PBS, fixed in 4% formaldehyde
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 (30min; RT) then stained with Nile red (Sigma-Aldrich; 0.05mg/ml in water; 1hr), a
tluorescent lysochrome specific for cytoplasmic lipid droplets and co-stained with 4',6-
diamidino-2-phenylindoleE(DAPI; 0.5pg/ml; 30min). Adherent fluorescent cytometry
was based on a montage of 9 sites per well taken by a coolSNAP HQ camera attached
jto a Nikon TE2000 microscope at 2x magnification, covering 83% of total well area.
Nile red was viewed under a single rhodamine filter [Ex 572nm/Em 630nm] while
DAPI fluorescence was accessed with a single Dapi filter [Ex 350nm/Em 465nm)].
Measured nile red events were thresholded and lipid accumulations were measured by
an image analysis software (MetaMorph 6.3v3). The extent of adipogenic :
dxfferentlation was quant1ﬁed by area of nile red ﬂuorescence from thresholded events
then normalized to nucle1 count based on detected DAPI fluorescence: End data
corresponded to total area of lipid droplets present per well relative to cell number The :
area measurements were imported into Mlcrosoﬁ Excel and the mean + SD of the areas

‘was calculated for control and crowded cells.

Nile Red Flow Activated Cytometry to assess percentage differentiated

Monolayers were washed twice in PBS, trypsinized and pelleted by
centrifugation for Smin at 2000 rpm at room temperature. Resuspended pellets were
_then stained‘with Nile red f0.0Smg/ml in water; 1hr) then fixed by adding PFA to a
concentration of 0.5% as described previously (Gimble et al). The samples were then
analyzed with a FACScan™ flow cytometer (Becton Dickinson, Basel, Switzerland).
N_ile Red fluorescence was measured on the FL2 emission channel through a 585+21
nm band pass filter, following excitation with an argon ion laser soUrce at 488 nm.
Using a forward scatter (FSC)/side scatter representation of events, a gating region was
defined to exclude cellular debris from the analysis. The upper ﬁght (UR) quadrant was
then established on the FL2/ FSC blot of the gated population in order to count cells
with high FL2 values (adipocytes). Data analysis was performed using CellQuest1 3‘.1
_softwa_re (Becton Dickinson). For each sample l0,000 events were collected. The results

are expressed as the percentage of cells appearing in the upper right quadrant (UR). 3

Gene expression of Fatty Acid Binding Protein-4 and Leptin
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'Tdtal RNA was eXtra;cted using the RNAeasy single step column spin following
the mahufactvurer’svprotocjo‘l. cDNA will be synthesized from isolated mRNA using
| Sﬁperscﬁpt reverse transcﬁptase II. RT-PCR reactions will be performed and monitored
| ona Stratagene real-time PCR instrument (Stratagene) with a PCR master mix based on
Platinum Taq DNA polymerase (Invitrogen). Data analysis was performed using the
MxPro software (Stratagene). For éach c¢DNA sample, the Ct value was defined as the
éycle number at which the fluorescence intensity reaéhed the amplification based-
threshold fixed by the instrument-software. Relative expression level for fatty acid
binding protein-4 (aP2/FABP4) and leptin (Lp) was calculated by normalizing the
q}iéntiﬁed cDNA transcript level (Ct) to the housekeeping gene, RLPO.

- Osteogenic Induction of Mesenchymal Stem cells
Iﬁdﬁction
MSCs at an early passége (p4) and late passage (p6) were plated in 24-well .
plates (Celstar) at an initial density of 7.5 x 10 cells/well in basai medium composed of
: high glucose Dulbecco’s modified Eagle’s medium (HG DMEM, Gibco-BRL)
supplemented with 10% fetal bovine serum, 100 units/ml penicillin, 100ul/ml
sfrept’omyvcin‘and insulin (0.01mg/mL). Osteogenesis was stimulated was stimulated 24
| hburs post-séeding as descﬁbed previously (Jaiswal, N, et L.,J Cell Biochem, 64(2):295-
: 312 (1997)) with basal média supplemented with ascorbate-2-phosphate (10uM), b-
gil'ycerophosphate (IOmM); 1.,25-dihydroxy Vitamin D (0.01uM) and dexamethasone
(10-7M). Media changes were performed twice Weekiy. Non-induced control h(MSC |
were fed only basal media on the same schedule. Induction cocktail was diluted to the
following concentrations — 100%, 20% and 0% to assess the potential of crowding to
cause a more effective use of less inductive ingredients. EVE was created by v
“supplementation of media with a cocktail of macromolecules Ficoll™70 (Fc70; Sigma-
j Aldrich, St Louis) at 37.5mg/ml and Ficoll™400 (Fc400; Sigma-Aldrich, St Louis) at
: 2$mg/ml. See Figure 47. - .

A’iizarin Red staining for Calcium
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Monolayers in 24-well plates were washed with PBS, fixed in 4% methano-free
fonnaldehyde solution (1 Ozmin; RT), then washed twice with PBS and incubated with
4me ARS (20min; RT) with gentle shaking. Unincorporated dye was removed and
u:}_ells were washed three times in water and air-dried, then visualized by bnght ﬁeld -

microscopy.

Results
MACROMOLECULAR CROWDING ENHANCES ADIPOGENESIS BY
INCREASING THE AMOUNT OF CYTOPLASMIC LIPID DROPLET
ACCUMULATION

Induced dlfferentlatlon of hMSCs toward adxpogenes1s resulted ina larger cell
morphology and a time-dependent increase in intracellular lipid- ﬁlled droplets stalned
by nile red. To analyze the effect of EVE on the amount of lipid accumulatlon dunng
ad1pogen1c induction, hMSCs at passage 4 and 8 were seeded into celstar 24-well plates
and cultured for 21 days as described under materials and methods. Subsequently, plates
at days 7 and 14 days were fixed, co-stained with nile red and DAPI then subjected to
adherent fluorescent cytometry. Results depicted in Figs. 14A and 14B, showed that by
day 7, cultures of hMSCs at p4 and 8 exhibited h1gher accumulation of lipid droplets in’
the presence of EVE at both full-strength and half-strength induction. Quantifying the
area of nile red stained llpld droplets by adherent fluorescent cytometry, it was found
th_at EVE caused a fold increase of 2.7+0.005 and 2.6+0.006 for passage 4 at half-
strength and full strength respectively (Fig. 14B). A similar trend of 2.2+0.04 and
2:.6i0.06 fold increase at half-strength and full strength was observed for hMSCs at
passage 8 (Fig. 14D). ‘ '

CROWDING INCREASES THE PROPORTION OF MSCS UNDERGOING
ADIPOGENESIS |

It was next determmed whether crowding was not only able to mcrease the '
amount of lipid accumulated w1th1n the cytoplasm of differentiated hMSCs but also -
1ncrease the proportion of MSCs that exhibit these droplets, as there is low efﬁcwncy in

dlfferentlauon especially with cells obtained from older donors (Minguell JJ, et al.,
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Bon‘e 6:919-926 (2003)). FlOw cytometric data observed at end of 21 days (Figs. 15A-
15D) showed that treatment of confluent cultures with induction media in the absence
of crowding resulted in 20. 96% and 22.4% of the population becoming adipocytes
under half- and full-strength induction respectively. In the preserice of crowding, this
'was shifted up to 37.03%and 45.14%, corresponding to an increase of 1.8 fold and 2
fold under half- and full-strength induction respectively.

CROWDIN_G INCREASED THE EXPRESSION OF KEY ADIPOGENIC GENES,
PPARG AND AP2. |

F1g 16 shows the effects of macromolecular crowdmg on ad1pogemc gene
express1on Crowding enhanced the express1on of key adlpogemc genes PPARg and
Leptm Interestmgly, a decrease in collagen IV gene express1on was observed although

this was accompanied by an increase in actual protein deposited.

CROWDING INCREASED THE DEPOSITION OF COLLAGEN IV IN THE CELL
LAYER (WESTERN BLOT) THIS IS ACCOMPANIED BY DECREASED
EXPRESSION OF COL4 MRNA

Fig. 17 shows the 'e_ffects of macromolecular crowding on the amount of
collagen IV deposited. Results of western blot analysis of hBMSCs cultures at passage
S'-Eaﬁer adlpogenic induction at 25% or 100% in the absence or presence of crowding
after 7 or 14 days. An increase in the collagen IV band with crowding at both induction

strength with the addition of crowding was observed.

EFFECTS OF MACROMOLECULAR CROWDING ON THE AMOUNT OF
CALCIFICATION IN MONOLOAYER |

Flg 18 shows the effects of macromolecular crowding on the amount of
calcification in monolayer. Alizarin red staining of osteogenically induced monolayers
1n the absence or presence of crowding over 4 weeks indicates that crowding ;
d_famatically enhanced the amount of calcification in monolayers, at week 3_-and'w_e’ek, 4,

and thus, the extent of differentiation.
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CTB-FITC STAINING OF RAFTS

Fig. 19 shows the effects of macromolecular crowding on the expression level of
lipid rafts on monolayer. Cholera Toxin B-FITC staining of monolayers cultured for 7
days in the absence or presence of crowding indicates that crowdmg dramatically

‘enhances the amount of 11p1d rafts expressed in the monolayer.

MIXED MACROMOLECULAR CROWDING INCREASED PROLIFERATION
RATE OF MSC ON CELL CULTURE PLASTIC
See Figs 21 and 3A-3c.

RETAINED DIFFERENTATION POTENTIAL AT INCREASED PROLIFERATION -
RATE UNDER MIXED MACROMOLECULAR CROWDING = v o
hMSCs (Cambrex) were plated at 3300 cells/ cm2 in T175 culture ﬂask (celstar)‘
and propagated i in control media (DMEM, 1000 mg/1 glucose, 10% fetal calf serum - |
(Gibco), penicillin/streptomycin, 2 mM L-Glutamine), then changed to control media
(Fig. 7) or rrledia containing ficoll cocktail (37.5mg/ml FC70; 25mg/ml FC400) (Fig. 7)
the day after (day 0). Cells were passaged every 7 days after seeding and reseeded at
same. densrty and change d to their respective medium the following day. At day 28
(d28), cells were trypsmrsed and seeded at 35000 cells per well (1.8cm?) and induced to
adipogenrcally differentiate as described previously (Pittenger MF, et al., Science _
5411:143-147) for 3 weeks. Monolayers were then fixed in 4% fcrmaldehyde (30min;
RT) then stained with Nile red (Sigma-Aldrich; 0.05mg/ml in water; 1hr), a fluorescent
lysochrome specific for cytoplasmic lipid droplets and co-stained with 4',6-diamidino-2-
phenylindole (DAPI; 0.5ug/ml; 30min) as described previously [Greenspan P, et al., J
Cell Biol (3):965- 973.]. Adherent fluorescent cytometry was based on a montage of 9
s1tes per well taken by a coolSNAP HQ camera attached to a Nikon TE2000 mrcroscope
at 2x magmﬁcatlon covermg 83% of total well area. Nile red was viewed undera -
smgle rhodamine filter [Ex 572nm/Em 630nm] while DAPI fluorescence was accessed
with a single Dapi filter [Ex 350nm/Em 465nm]. Measured nile red events were
thresholded and lipid accumulations were measured by an image analysis software

(MetaMorph 6.3v3). The extent of adipogenic differentiation was quantified by area of
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nile red fluorescence from thresholded events then normalized to nuclei count based on
detected DAPI fluorescence. End data correspond to total area of lipid droplets present
per well relative to cell number. The area measurements were imr)orted into Microsoft

Ekcel, and the mean + SD of the areas was calculated for control and crowded cells.

’ | Interestingly, it was observed that after 28 days in culture in the presence of
macomolecular crowding, hMSCs Were 2x more responsive to adipogenic induction
that those cultured over the same time period in the absnce of crowding, indicating that
m'acromolecular crowding may have a pre-priming effect Adipogenic induction was - :
camed out 1n DMEM w1th lO% FCS, 10 ug/ml 1nsulln 0.5 mM methllsobutylxanthme
l ﬂM Dexamethasone), provmg that macromolecular crowding not only 1ncreases '
hMSC proliferation but also preserves their ' stemness", their capability to dlfferentrate

iisvnot impaired (Fig. 7).

DISCUSSION
The attenuation of human MSC differentiation potentials following extensive ex
vivo expansion is a major hurdle in their utilization during MSC-based tissue
engmeerrng applications. In this present study, the ability of macromolecular crowding
; Was 1nvest1gated via appllcatlon of a neutral polyanionic cocktail to augment the
: ad1pogen1c & osteogenic d1fferent1at1on on hBMSCs at passage 5. Evaluatron of several
| key markers associated with human MSC adipogenic differentiation such as expression
leptin (Rosen, et al., Annu Rev Cell Dev Biol, 145-171 (2000)) and PPAR-gamma
(Gregoire, FM, et al., Physiol Rev, 3:783-809 (1998)), and the ability to accumulate
lipids (Azain, et al., Annu Rev Cell Dev Biol, 145-171 (2004)) were analyzed to
quantify the extent and efﬁclency of differentiation. It was hypothesized that this was
due to EVE speeding up the numerous enzymatic processes involved in matrix
; remodeling that occurs during differentiation thus generating a more favourable
" microenvironment that resembles the matured mche o :
Demonstrated herein i is that EVE 1mposed in culture enhanced the ad1pogemc :
differennatron of MSCs at p5, both in amount of lipid accumulated and the percentage
of cells undergoing differentiati‘on. Interestingly, more lipid droplet accumulation was

_cbserved at half-strength induction with EVE at both passages compared full strength
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ﬁ 1nduct10n in the absence of EVE demonstrating that EVE enables more effective use of
less active ingredients. In the controls, Ficoll did not cause adipogenesis, indicating that
1t does not have adipogenic inductive capability. ’

In conclusion, evidence that crowding augments the adipogenic induction of
hbMSCs by augmenting the deposition and remodeling of the ECM, thus generating a
more condusive microenvironment, is presented. Since MSCs represent a potential cell

- source for clinical repair of adipose tissue defects, the ability to enhance adipogenic ’

dlfferentlatlon of MSCs by increasing the amount of lipid accumulatlon and proportlon

of MSCs that undergo dlfferentlatlon likely leads to the productlon of functional tlssue

, equlvalents in vivo. This technology also likely ass1sts in augmentmg the dlfferentlatlon
_of late passage MSCs for tissue engineering purposes and reduce costs by decreasing

the amount of active ingredients needed.

‘Example 3 Mixed macromolecular crowding is a biophysical driver of mesenchymal
stem cell microenvironment formation and amphﬁes adipogenic differentiation through
 cell- matrix reciprocity

| In vzvo, stem cell microenvironments are characterized by macromolecular .
crowdlng In vitro, this feature is absent and thus stem cells lose scientific and

- therapeutic potential. Dern_onstrated herein is that re-introducing crowdedness with
mixed macromolecular crowding (mMMC) at a biologically relevant volume fraction
occupancy of 12-1 5% substantially improves the adipogenic differentiation response of -
human bone marrow-derived mesenchymal stem cells (1M SCs) compared to standard
protocols (adipocyte yield, lipid content per cell). This amplification was blfought about
by the mMMC-enhanced deposition and supramolecular assembly of ECM components
and subsequently enhanced differentiation stage-speeiﬁc remodeling of the ECM. The

biochemical cues contained m cell-free matrices formed under crowding _Were capa_bjle
of driving" naive hMSCs inte'adipogenesis without chemical induction and induced -
liﬁeage-typical CpG methylation patterns. This indicates that mMMC is not only an
importaht biophysical driver for microenvironment creation, it also underlines the

importance of matrix reciprocity in maintaining and modulating stem cell phenotypes.



WO 2011/108993 PCT/SG2011/000081
o -41-

Specifically shown.herein is that MMC potentiates adipogenic differentiation
yield and extent in human MSCs, Macromolecular Crowding (MMC) is a driver of
cellular microenvironment formation and enhances deposition/rernodeling of lineage-
directing ECM by adipogenically differentiatiated MSCs, and a potentiating effect of
'MMC works via biochemical cues incorporated into generated ECM.

Mesenchymal stromal or stem cells (MSCs) are multipotent precursor cells in
the bone marrow. Clinical applications of MSCs require ex vivo expansion to generate -
therapeutrcally relevant cell numbers, but extended propagatlon results in a loss of self-
renewal capa01ty and multlpotentlahty (Banfi, A., et al., Exp Hematol 6 707 715 - o
(2000)) Itis 1ncreasrngly recognized that the microenvironment — including growth
eondrtrons and substrata — differ greatly from the original tissue microenvironments
from which these cells are derived. MSCs reside in a physiologically crowded
rnicroenvironment composed‘of soluble factors, cellular components and dense arrays
of solid extracellular matrix (ECM); which is crucial in maintaining their self-renewal,
rnultipotentiality via cell fate determination and preconditioning of progeny daughter
cells (DiGirolamo C.et al Br J Haematol, 275-281 (1999)). Maintenance of their
vphenotype or dlfferentlatron is governed by specific cues within each unique local -
mlcroenv1ronment (D1G1rolamo C., et al.,Br J Haematol, 275-281 (1999)). Current
strategies aim to-mimic the in vivo conditions by accounting for the cell—cell, cell-
rnatr'ix and celngrowth factor interactions via gel systems, surface coatings of cell
culture plastic and nano-texfun'ng of cell culture supports (Blow, N, Nature Meth,
8:619-622 (2009)). However, the capacity of progenitor cells to build their own
microenvironments has long been underutilized if not neglected. One reason for this is
the apparent inefficiency of cells to produce large amounts of extracellular matrix
within a useful time window (Lareu RR ., et al,, FEBS Lett, 14:2709-2714 (2007)).

As shown herein, the hlghly dilute aqueous condmons and lack of crowdedness
of contemporary cell culture is a key reason for the apparent lack of efﬁc1ency for ECM
Eformatlon in vitro (Lareu, RR, et al., FEBS Lett, 14:2709-2714 (2007)). With 5-20%
ffetal bovine serum content or special formulations for serum replacement and xeno-free

media, the solute content does not reach the necessary level of fraction volume
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‘occupancy that would constitute a macromolecular crowded state (Ellis RJ, Curr Opin
Struct Biol, 1:114-119 (2001)). While the ECM provides macrornolecular confinement,
the interstitial spaces contain macromolecular solutes, which create an excluded volume
effect (EVE) that is generated by the mutual impenetrability of solute molecules. The

' ECM molecules and the macromolecular solutes in the interstitial spaces occupy vast
parts of a given volume and exclude like-sized molecules by steric exclusion and

‘ add1t10na1 electrostatic repulsion. This high level of fract1ona1 occupancy has been -

shown to greatly influence equ111br1a and rates of blochemlcal reactions that depend on '
non-covalent associations and/or conforrnatlonal changes such as prote1n and nuclelc ﬁ -
ac1d synthesis, 1ntermed1ary metabohsm cell s1gna11ng and gene express1on (Elhs RJ .
Curr Opin Struct Biol, 1:114-119 (2001)). Even blood plasma shows a solute content of |
80 mg ml and represents a macromolecularly crowded body fluid (Ellis, RJ, Trends
Biochem Sci, 10:597-604 (2001)). It has recently been shown that introducing negatively
or neutrally charged macromolecules to a culture of fibroblasts, drives the deposition of
extracellular matrix; which in turn enhances microenvironment formation as a result of
enhanced conversion of procollagen to collagen (Lareu, RR, et al., Tzssue Engineering,
13(2) 385- 391 (2007a), Lareu, RR et al., FEBS Letters, 581(14):2709-2714 (2007b),
Chen etal, BrJ Pharmacal, 5:1196-1209 (2009)), enhances supramolecular assembly
of collagen (Chen et al. Adv Drug Deliv, in preparation) and enhances enzymatic
crosslinking (Chen et al., Br J Pharmacol, 5:1196-1209 (2009), Chen et al. Adv Drug

Deliv, in preparation).

As described herein, the crowdedness of the bone marrow in approximation was
emulated by creating a defined volume fraction occupancy using mixed macromolecnlar
crowding composed of a mixture of Ficoll70 and Ficoll400 with a hydrodynamic radius
of ~4nm and ¥13nm, respectlvely, resulting in a biolcgically relevant volume fract}ion ,
cccupancy of ~15% on human bone-marrow derived mesenchymal stem cells with the
intention to facilitate endogenous microenvironment building. Demonstrate herein is '
lhat MMC (e.g., mixed MMC) not only enhances the matrix formation of
nndifferentia_ted MSCs but also enhances the differentiation speciﬁcjremodeling steps

dnring chemically induced adipogenesis so that the microenvironment of the finally
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resulting adipocyte is not only significantly different in its ECM composition, but is

quantitatively richer in its overall components. Under these conditions, MSC

undergoing chemically induced adipogenesis respond by a tripling of individual lipid.

content of generated adipocytes, and simultaneously a 2.5 fold increase of cells that

undergo differentiation at all. Moreover, it is shown that the resulting adipocyte matrix -

as created under MMC - is adipogenic per se to undifferentiated MSCs even in the

absence of chem1ca1 1nducers The combined results reveal that biochemical cues 1n the

matnx give rise to cell-matnx rec1pr001ty and demonstrate the importance of a nch and

cemplex microenvironment.

Materials & Methods

Calculation for emulating bone marrow crowdedness

1

Calculate the Volume of each Ficoll 70

molecule considered as a sphere with a
radius of 4 nm (4¢” m) at 37.5mg/ml

.| (Harve, KS, Biophys Rev Lett 1(3):317-
| 325 2006)) - |

Calculate the Volume of Each Ficoll 400
molecule considered as a sphere with a radius
of 8 nm (8¢® m) (Harve, KS, Biophys Rev Lett
1(3):317-325 (2006))

o Volume ofa sphere 4/nr

=4/3n (4e®)

=268 x 10"’ cubic meter — 1 '

Volume of a sphere = 4/nr’
=4/3n (13¢”)’
=2144.66 x 10"’ cubic meters — 1

Calculate the number of Fc70 molecules in

Calculate the number of Fc70 molecules

in 37.5 mg 37.5mg

From literature it is known that the MW From literature it is known that the MW of

of Fc70 is ~70,000 Da Fc400 is ~40,000 Da

That means, 70,000 grams of Fc70 That means, 400,000 grams of Fc400 contain -

contain Avogadro number of molecules Avogadro number of molecules o
| From this, the number of nlolecules of From thls the number of molecules of Fc400
| Fe70 present in 3.75 mg is calculated as present in 25 mg is calculated as follows: ;"’ ‘
| follows: | (25x107) x (6.023x1023)/400,000 =376x10'®

(3.75x10%) x (6.023x10%)/70,000 = —2 ' -
[32.2x10" -2
3 | Calculate the Fraction volume Occupancy | Calculate the Fraction volume Occupancy in
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Tin 1mi Tml
Now, the volume occupied by these -1 Now, the volume occupied by these number of
number of F¢c70 molecules in 1ml is Fc400 molecules in 1ml is calculated by

calculated by multiplying 1 & 2 and then | multiplying 1 & 2 and then expressing in
“expressing in percentage to estimate the percentage to estimate the fraction volume

| fraction volume occupancy: ' occupancy:
j. 268x10%" x 32.3x10'° = 8.7% (v/v) 2144.66x10%" x 3.76x10'6 = 8% (v/v)

Therefore ina Fc70—Fc400 IIllX the total fraction volume Occupancy i58.7+8=16.7%

‘ Mesenchymal Stem Cell Culture
Human bone-marrow derived mesenchymal stem cells (MSCs) were obtamed
commerc1a11y (Cambrex) at passage 2 (p2) and cultured in a basic culture medium
composed of low glucose Dulbecco s modified Eagle’s medium (LG DMEM, Gibco-
BRL) supplemented with Glutamax, 10% fetal bovine serum, 100 unfts/ml penicillin
errd 100u1/m1- streptomycin. Cells were maintained at 37°C in a humidified atmosphere
of 5%C0,/95% air, with rrredium change twice per week. To prevent spontaneous
di-fferentietion, cells were maintained et subconfluent levels prior to being detached
' uéing TrypLE™ Express (Gibco), passaged at 1:4 and cultured to generate subsequent

passages. Directed differentiation was carried out with cells at passage 4 (p4) and 8

 (p8).

Adipogenic Induction of Mesenchymal Stem Cells (MSC) _

MSCs at an early passage (p4) and late passage (p8) were seeded at an initial
density of 3.5x10%cells/well in 24-well plates (Celstar). Adipogenic differ_errtiation was
etimulated 16 hours post-seeding as described (Pittenger, mf ET AL., Science,

54 11:143-147 (1999)) via three cycles of induction/ maintenance, feedmg with
induction medlum for 4 days (37°C, 5% CQy); followed by 3 days of culture in basal
medrum. Non-induced control MSC will be fed only basal medium on the same
Schedule Basal medium is composed of high glucose Dulbecco’s modified Eagle’s -
medlum (HG DMEM, Gibco-BRL) supplemented with 10% fetal bovine serum, 100

umts/ml penicillin, 100pl/ml streptomycin and insulin (0. Olmg/mL) while induction
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medium is supplemented with 3-Isobutyl-1-methylxanthine (0.5 mM), dexamethasone
(10-7M) and indomethacine (0.2 mM). Crowding is effected by the addition of a

crowding cocktail during both the induction and maintenance phase.

Nile Red Adherent Cytometry to assess area of cytoplasmic lipid accumulation

After 21 days (corresponding to three complete induction cycles), monolayers in
24 well plates was rinsed with PBS, fixed in 4% formaldehyde (30min; RT) then co- :
stamed with N11e Red (Srgma-Aldrlch 0.05mg/ml in water; 1hr), a ﬂuorescent
lysochrome specific for cytoplasmic lipid droplets and 4 6-diamidino- 2-pheny11ndole .
(DAPI, 0.5 pg/ml; 30min) as descnbed previously (Greenspan, P, etal, J Cell Biol,
531-965-973 (l985)). Adherent fluorescent cytometry was based on a montage of 9 sites
per well taken by a coolSNAP HQ camera attached to a Nikon TEZOOO) microscope at
2x magnification, covering 83% of total well area. Nile Red was viewed under a single
rhodarnine filter [Ex572nm/Em630nm] while DAPI fluorescence was accessed with a
s1ngle DAPI filter [Ex3 50nm/Em465nm] Measured N1le Red events were thresholded
and measured by an 1mage analysis software (MetaMorph 6.3v3). Extent of adipogenic
d1fferent1at1on was quantified by area of Nile Red fluorescence from thresholded events
nonnalized to nuclei count based on detected DAPI fluorescence. End data correspond

te total area of lipid droplets present per well relative to cell number.

Flow Activated Cytometry to assess percentage of cells that have differentiated
Monolayers were washed twice in PBS, trypsinized and pelleted by
centrifugation for Smin at 2000 rpm at room temperature. Resuspended pellets were
stained with Nile red (0.05mg/ml in water; 30min) and fixed by adding formaldehyde
(FA) toa concentratron of 0. 5% as described prev1ously (Gimble et al., J Cell Biol, -
3:393 -402 (1995) The samples were then analyzed with a FACScanTM ﬂow cytometer '
.(Becton Dickinson, Basel, Switzerland). Nile Red fluorescence wasmeasured onthe .
FL2 emission channel through a 585+21 nm band pass filter, folloWing excitation with
an argon ion laser source at 488 nm. Using a forward scatter (FSC)/side scatter (SSC)
:representation of events, a gating region was defined to exclude cellular debris from the

analysis. Using an overlay histogram (event count/FL2) with un-induced MSCs stained
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with Nile Red as background control (green), a bar region R2 was then established on
the gated population (red) in order to count cells with high FL2 values (adipocytes). -
Data acquisition and analysis was performed using CyAn™ ADP (DAKO). For each
sample, 10 000 events were collected. The results are expressed as the percentage of : _

cells appearing in R2.

Gene expression and CpG methylatlon studles , _
Total RNA was extracted using the RNAeasy single step column spm followmg

the manufacturer’s protocol and used to synthesize cDNA using Superscnpt reverse
transcriptase II. RT-PCR reactions were performed and monitored on a Stratagene real-
time PCR instrument (Stratagene) with a PCR master mix based on Platinum Taq DNA
‘p:olymerase (Fermentas). Data analysis was carried out with the MxPro software
(Stratagene). For each cDNA sample, the Ct value will be defined as the cycle number

at whieh the fluorescence intensity reached the amplification based-threshold fixed by

' tﬁe instrument-software. RelatiVe mRNA expression level for peroxisome proliferator-

aetivated feeeptor gamma (PPAR-y) and leptin (Lp) was determined using the AA-Ct

rﬁethod with ribosomal prdte‘in (RLPO) levels as an endogenous control.

Immunohistochemistry ;

Monolayers were fixed with 4% methanol-free formaldehyde (Pierce) for 10
mins at room temperature then blocked with 3% bovine serum albumin (Fluka05488)
(BSA) in PBS. Immunofluorescence was carried out using primary antibodies mouse.

_ anti-human collagen I (SigmaC2456, 1:1000); fabbit anti-human fibronectin .

: (DakoA0245 1'100)' rabbit anti-human collagen IV (Abcam6586, 1'10()) Alexa Fluor

- 488 pha1101d1n (Inv1trogen 1:40) at 1:40 and SelectFX Alexa Fluor 488 Endoplasmlc '
réticulum labeling kit (Invitrogen 1:1000). Secondary antibodies used were AlexaFluor
594 goat anti-mouse (Molecular Probes, A11020) at 1:400 dilution and AlexaFluor 488
ehicken anti-rabbit (Molecular Probes, A21441) at 1:400 dilution. Cell nuclei were
ebunterstained with 0.5pg/ml 4',6-diamidino-2-phenylindole (Molecular ProbesD1306)

(DAPI). Images were captured with an IX71 inverted fluorescence microscope

- (Olympus).
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Protein extraction and Western blotting

Medium was harvested and washed cell layers were extracted with a buffer
containing 150mM NaCl, 50mM Tris (pH 7.5), SmM EDTA (pH 8.0), 1% Triton-X100,
and Protease Inhibitor Cocktail tablets (Roche Diagnostics Asia Pacific, Singapore).
Subsequently, 20 uL of protein extract (even cell numbers) for each sample were mixed
w1th Ix Laemmh buffer and 2 mL of b-mercaptoethanol and subjected to small format
SDS PAGE as described i in the preceding text. Proteins were then electroblotted onto a
n;trocellul_ose membrane (Bio-Rad) with the Mini Trans-Blot transfer ¢ell (Bio-Rad) -~ |
uecording to the manufacturer’s protocol. Membranes were blockediwith 5%
rlenfatrnﬂk (Bio-Rad) in TBST pH 8 (20mMTris-base—1SOmMNaCI-0.0S%Tweerr-ZO)
for 1 h at RT. Subsequently, the primary antibody (rabbit anti-humarr collagen IV;
abcam) at a 1:500 dilution with 1% nonfat milk in TBST was incubated for 1 h at RT.
Bound primary antibody was detected with goat anti-rabbit HRP (Pietce Biotechnology,
'Rockford IL) diluted 1: 1000 in 1% nonfat milk in TBST for 1 h at RT. The membrane
was then 1ncubated with Super Slgnal West Dura substrate (Pierce Biotechnology) and
ehemﬂumrnescence was captured via an LAS-1000 Luminescent Image Analyzer (Fuji

Photo Film, Tokyo, Japan).

Deposition and decellularisation of matrices (Lysis)

To generate the lineage-specific matrices- MSC Matrix; MSCs were seeded at
3.5x10%cells/well in 24-well plates (Celstar) and maintained in basal media % crowder
for 7 days prior to lysis. Preadipocyte matrix; MSCs were seeded at 3.5x10cells/well in
24 well plates (Celstar) and underwent 1 cycle of adipogenic induction/maintenance + |
fcrowder for 7 days prior to 1ysrs Adipocyte matrrx MSCs in T175 flasks were
_.adlpogemcally induced for 2 weeks prior to being seeded at an dens1ty of
;3 5x104cells/well in 24-well plates (Celstar) and treated to 1 cycle of adlpogenlc
llnductlon/mamtenance + crowder for 7 days prior to lysis. For lysis, monolayers were
ﬁrst washed with PBS twice then treated with 0.5% DOC (Prodotti Chimici E
Alimentari, S.P.A. 2003030085) supplemented with 0.5X Complete Protease Inhibitor
(Roche Diagnostics Asia Paciﬁc, 11836145001) in water for 15 minutes at room
temperature four times, followed by 0.5% DOC in PBS for 30 minutes at RT on a
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nutating platform. Monolayers were then incubated with DNAse (Sigma) for 1hr at
37°C, then washed with PBS three times. For salt depleted matrices, two washes with
NaCl (5M) prior to DNAse treatment were performed.

‘ Statlstlcal analysis

All assays were performed in triplicate and results reported as means + standard _
: dev1at10n Independent sample t tests were used to determme statistical s1gn1f1cance the
: srgmﬁcance for all tests was set at p<0.05. (n=3; error bars are % s.d.; ** P<(), 01;* )

P<0.05).

RESULTS

Macromolecular Crowding Increases The Yield And Extent Of Adipogenesis

: Induced differentiation of hMSCs toward adipogenesis resulted in a larger cell
morphology and a time-dependent increase in intracellular lipid-filled droplets. After 21

‘ days of induction, thcs ;should have fully differentiated and attained a matured :

: phenotype deﬁned by an accumulation of cytoplasmic lipid droplets (Gregoire, FM, et
al., Physiol Rev, 3:783-809 (1998)). Based on Nile Red staining, a specific lipophilic
dye (Fig. 22A), it was observed that monolayers exhibited a higher accumulation of
lij)id droplets when differentiated in the presence of MMC as compared to control un-

| crowded cultures. Normalizing the area of Nile Red stained lipid droplets to cell
numbers by adherent fluorescent cytometry, it was found that MMC caused a 2.2 fold
increase in normalized nile red stained area from 85.6+9.24pm?/cell to
188.82+2.25 pm?/cell (Fig. 22B). This indicated that each differentiated cell contained

~more lipid under MMC compared to control un-crowded cultures, which translated to

rnore a matured differentiated phenotype. Next, it was determined whether MMC was

, also able to increase the orooortion of cells that exhibit these droplets, as there islow .
efﬁciency in differentiation especially with cells obtained from older donors |
(Stenderup, K, et all. Bone 6:919-926 (2003)). Flow cytometry data obtained at end of
21 days (Fig. 22C) shows that treatment of confluent cultures with induction media in
the absence of MMC (ctrl) resulted in 17.25+0.99% of the population becoming

' adipocytes, while under MMC there was a 2.57 fold increase as 44.42+0.85% of the
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population exhibited lipid droplets. This demonstrates that MMC not only enabled cells
to attain a more matured differentiated phenotype (Figs. 22A-22B) but also that more
undergo differentiation (Fig. 22C). Gene expression analysis also confirms that the
monolayers dlfferentlated under MMC exhibit a higher level of the lipogenic genes
'PPAR-Y and leptin (Fig. 22D) conﬁrmmg that the cells have indeed undergone more
adlpogene51s It was also observed that MMC resulted in an earller onset of
ad1pogenesrs (Fig. 26A). Earher morphological changes and the presence of l1p1d
droplets in induced cultures at day 2 under crowded conditions (+*MMC, c1rcled in red)
:vtias also observed. In contrast, no lipid droplets are visible in the non-crowded |
condition(-MMC). By day 4, there were more lipid droplets under crowded conditions
(+MMC) versus non-crowded (MMC). At day 7, lipid droplets under crowded
conditions were larger than those under non-crowded conditions, indicating a more
matured phenotype in the presence of crowdmg compared to non-crowded conditions.
'Monolayers that were ma1nta1ned in basal media in the presence or absence of MMC
did not express any lipid droplets at all trmepomts conﬁrmmg that the ficoll cocktail
had no adipogenic inductive properties (Fig. 26A, column 1&2). In addition, it was |
found that the relative expression of the master adipogenic regulator gene, PPARy (Fig.
26B) was elevated at day 2 and 4 under MMC.

MMC Enhances Deposition and Remodeling of the Extracellular Matrix (ECM)

The extracellular matrix (ECM) as a component of the microenvironment plays
an important role in directing the differentiation and maintaining the phenotype of cells
(Fuchs Eetal, Cell, 6: 769 778 (2004), Blssel MJ et al.,Prog Clin Biol Res: 251 262
(1987)) Whether MMC i is- affectmg the deposition and remodeling of the ECM prote1ns
spec1ﬁcally involved in the adipogenic differentiation pathway was exammed by
comparmg structure and quantity deposited in the absence and presence of crowding by
adipogenical_ly induced hMSCs. From Fig. 23A, a morphological change is seen |
o:ccurrinngith ﬁbronectin and collagen IV deposited on the cell layer - possessing a
more fibrillar pattern in the hMSCs and a more reticular morphology in the mature
adipocytes, as has been described previously (Greogoire, FM, et al., Physiol Rev, 3:783-
809 (1996)). For collagenf IV, a general increase in deposition in the presence of MMC
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was seen. While conversely,_an increased degradation occurring uvith fibronectin is seen
as has been described to occur during adipogenic matrix rcmodeling (Lilla, J., et al., Am
J Pathol, 5:1551-1554 (2002)). Sulfated polysaccharides such as heparin and heparan
sulfate are associated with the extracellular matrix. The monolayers were assessed for
the presence of heparan sulfate (HS) and confirmed an increase in staining under

macromolecular crowdlng (+MMC)

MMC Enhances the Proteolytic Processing of C.ollag_en I

- It has been previously demonstrated that MMC with'a negative crowder; dextran
sulfate enhanced the proteolytic processing of collagen I in fibroblast cultures resulting
1n enhanced collagen depos1t10n (Lareu, RR., et al,, T issue Eng, 2:385-391 (2007)). To
assess if a'similar enhancement in procollagen processing was occurnng in cultures
w1th a neutral Ficoll cockta11 immunoblotts were prepared for procollagen C-
‘propeptlde in medium harvested from MSC and adipocyte cultures after 8 days in
culture in the absence or presence of MMC (F1g 23B(1)) Ani increase in cleaved C-
pr_opeptrde was observed for samples with MMC accompanied w1th a corresponding
decrease in the procollagen fragments. Densitometry of the C3 bands conﬁrms a xx fold

increase in C3 fragment in cultures under MMC (Fig. 23B(ii))

MMC Enhances the amount of heparan sulfate-associated ligands

As shown in Fig. 23A, there is an increase in heparan sulfate, and because these
polysaccharides have been shown to interact and sequester a vast array of growth
factors within the ECM it was decided to assess if this increase in heparan sulfate

c0rresponds to an increase.in its associated growth factors..

Matnces Affect Potency Of Adipogenic Induct1on Cocktail

The substrate upon which naive hMSCs are plated affects their adipogenic
differentiation efficiency (Mauney JR, et al., Biomaterials 16:3233-3234 (2004), so it
was examined whether the decellularised matrices derived from hMSCs (hMSC),
preadipocytes (Preadip) and matured adipocytes (Adip) that were deposited in the
absence (-MMC) and presence of crowding (+MMC) would have any effect on

arlipogenic induction of nalve hMSCs for 21 days (in the absence of croWding). Asa



WO 2011/108993 PCT/SG2011/000081
-51-

benchmark, hMSCs were also induced on TCPS (Fig. 24A). It was observed that the
hMSCs reseeded and cultured under adipogenic induction on adipocyte matrix
(deposited under +MMC) exhibited the most lipid drcplets followed by those seeded on
adrpocyte matrix (deposrted under -MMC) (Fig. 24A) Absence of Nile Red staining 1n
the matnx-only wells (Flgure not shown) confirmed that false pos1t1ve from the
substrate were not occurrmg The visual observation from Figs. 24A-24B was
conﬁrmed by adherent cytometry, whlch provides an overall analysis of the area‘of
cytoplasmrc lipid normalized to cell numbers within the whole well (Fig. 24B). From
rlle results (Fig. 24B), it Was observed that decellularised adlpocyte rnatrices (-MMC)
and (+MMC) were better substrates for naive hMSCs undergoing exogenous adipogenic
rlifferentiation compared to the conventional method of inducing them on TCPS, by
abcut 7%.and 40%); respectively. In agreement to adherent cytometry data (Fig. 24B), a
s1m11ar tre_nd was observed at the gene level (Fig. 24C) as the relative expression level -
of PPARy 1n hMSCs reseeried on adip matrix (+MMC) were about 33% higher than
tlrose_ seeded on TCPS and lower for those reseeded on hMSC and preadipocyte |
matrices. Macromolecular crowding (MMC) is also cbserved to further potentiate this
effect_, where hMSC matrix (+MMC) and preadip matrix (+MMC) generate stronger
signals to counteract the chemical stimulus inducing adipogenesivs therefore resulting in
a lower PPARY expression than those reseeded on hMSC matrix (-MMC) and
preadlpocyte matrix (-MMC), respectively.

l?ecellulansed matrices from adipocytes have adipogenic potenti'al that isg sensitive to.
salt elution N | | | ‘ -
| Recently, decellularised lung tissues have been described to direct the ‘
differentiation of human embryonic stem cells (Cortiella J, et al., Tissue Eng Part 4,
;16(8):2565-2580 (2010)); and better adipogenic differentiation was observed under
chemical stimulus of na'ive hMSCs on adipocyte matrices compared to TCPS (Fig.
25A). This led to the investigation of the lineage-directing potential in the absence of
'Chemical 'stimulus of the extracellular matrices deposited by adipogenically induced
,hMSCs (adlp) in the absence (-MMC) and presence of macromolecular crowding

.(+MMC) To this end, naive hMSCs were seeded on the various matrices and
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maintained in basal medium for 3 weeks. By day 21, the cells showed different degrees
of spontaneous adipogenesis dependent on the degree of differentiation of the cells that
originally deposited the matrices. This effect was intensified in correlation to the |
erthancement of ECM deposition under MMC. Lipid idroplet content as the most
advanced marker was most prorrounced with matrices made by adipogenically induced-
hMSCs under MMC both opvtically. (Fig. 25A) and after quantitative cytometry (Fig.
2_5B). The normalized Nile Red stained area was 5.8 pm2/cell which represents IO% of -
the values obtained with cells adipogenically differentiated on pléstic (Fig. 25B). After
three weeks, the matrices induced a si gnificant elevation of PPARy mRNA and the
oyerall increase of PPARy-mRNA amounted to 20-25% of expression levels achieved -
With classical adipogenic differentiation on plastic (Fig. 25C). In contrast, leptin mRNA
1e$/els showed a striking correlation and ranking order [ctrl TCPS <<adip -MMC << 17
fold adip {LMMC>< 25 fold TCPS induced]. In this case the highest expression of leptin
mRNA on adlpocyte ECM+MMC represented around 70% of the levels aﬁer
adlpogemc induction on plastic (Fig. 25D). In order to address the question whether the
deposited ECMs contained elution-sensitive ligands that would induce adipogenesis the
deposited matrices were treated with 0.5 M sodium chloride (0.5M NaCl). Inall
instances, sodium chloride treatment significantly reduced adipogenesis induction,
moderately for PPARy mRNA induction, strongly in lipid droplet content, and
dramatically for leptin mRNA expression. PDRM16 is a critical gene
involved/upregulated during adipogenesis (Ravussin, E., et al., Obes Rev, 10(3):265-
268 (2009)). The methylatlon pattern in two loci on the PDRM16 gene in MSCs '
adlpogenlcally induced in the absence and presence of crowdlng were compared w1th
t_hose obtained in naive MSCs exposed to cell-free matrices produced by adipogenically
induced cells in the presence/absence of crowding and kept on these matrices for 7d in
plain culture medium. The aim of this analysis was to see whether the epigenetie effects
brought about by the classical continued chemical lineage induction would be emulated
by sheer exposure of undifferentiated MSC’s to cell-free lineage-derived ECM’s.
Interestingly, not only was the trend of decreased methylation upon prolonged ECM

eontact identical to that seen with chemical differentiation undercrowding, but also
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more pronounced. As a decrease in methylation corresponds to an upregulation in gene
expression (Gene Regulation. A Eukaryoti Perspective, Third ed. Latchman DS, Stanley
“Thomas (Pub.) Ltd (1998)) it is inferred that the matrices deposited under crowding are
inﬁdeed a strong driver of differentiation and are most likely the largest contributing '

: factor to the MMC-mediated augmentation of chemical differentation. .

DISCUSSION

: o Macromolecular crowding is a well researched phenomenon in physical
enemistry and biophysics and studied in the realm of protein folding (Cheung, MS, et
ol;, PNAS 102:4753-4758 (2005)) and nucleic acid hybridisation (Harve, KS, etal,
Nucleic Acis Res (epub Oct. 23 2009). Although it is an ubiquitous parameter of life
fuhctions MMC is surprisingly understudied and underutilised in biological systems.
Descnbed herein is the successful generation of a degree of crowdednesss for MSCs in
vztro modelled after some aspects of their physiological microenvironment in the bone
marrow. Because in vivo, there is never a s1ng1e dominant crowdmg molecule in a given
VOlume, mixed MMC was chosen. Mixed MMC has been shown in protein folding
studies (Cheung et al., PNAS, 102:4753-4758 (2005)) to be more efficacious than
mono-crowding. Indeed, shown herein is that with neutral crowders rnixed MMC is
more efficacious than with neutral crowders (Chen, CZC, et al., Br J Pharamcol,
5:1196-1209 (2009); Chen, C., et al., Adv Drug Delivery 2011 in preparation), in
addition the eollagen and fibronectin matrices formed under neutral crowding would
form a more meshwork-like structure instead of multiple aggregates as seen with
negatlve crowders ((Chen, CZC, et al., Br J Pharamcol, 5:1196-1209 (2009)). Usmg
currently published ranges of biologically active fraction volume occupancies that are
ereated by macromolecular crowders, a mixture of neutrally charged Ficoll 70 and 400
Wes chosen and optimized because a volume fraction occupancy of 12-15% was |
obtained (see materials & methods for calculations). Other considerations were that
these macromolecules do not increase viscosity of culture media, which is crucial for
bioreactor-based work, and these crowders are already in use for clinical preparations of
mononuclear cell fractlons of peripheral blood. Based on the lack of published

1nformat10n on the b10phys1ca1 parameters of the bone marrow and calculatlons serum
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albumin was chosen as main representative of plasme macromolecules. While serum
albumin was only a pars-pro-toto and while this approach was only approximate, the

. novel culture composition greatly facilitated MSCs to finish building and remodeling |

‘ thelr own microenvironments. A surprisingly strong and fast response of ECM

: assembly by MSC’s as exemphﬁed by rapid fibronectin assembly, conversion of -
p;ocollagen I to collagen _I,- deposition of collagen IV and strlklng 1nvcrease in
heparansulfate proteoglyeans deposition, was observed. The data provided herein is an
ef)timu'm of ECM depositien that can be achieved by MSCs in static culture.

_ Interestingly, under MMC the adipogenic differentation resnonse' of MSC’s showed not
enly a tripling of the lipid content per differentiated cell but 2.5 fold more

di_fferentiation yield, i.e. more cells actually became lipid droplet bearing cells under

ehemical induction These ‘di:fferentation yields represent a major breakthrough for -
g reducmg n01se for genetlc eplgenetlc and metabollc studles of adlpocytes in vitro.
Wh11e the same system appears to work very well for osteo genes1s (unpubhshed data),
chondrogenlc differentiation of the same cells still requires pellet culture (not shown). It
is likely that the passages of MSCs used were already too far pre-committed. It is . ‘
interesting to see the combined expression of collagen I and IV on the protein level by
undifferentiated MSCs. For osteogenesis this would require only to downregulate
transcription or downstream regulation of translation of the collagen IV message, and
~ for adipogenesis, and as shown herein, this would require the downregulation of

“collagen I and upregulatlon of collagen IV and appropriate remodeling.

: Chondrogene51s however would require a new collagen type Il to be over-expressed
and to override a pre-existing large amount of coll_agen I In order to study the
mechanism by which mMMC does enhance differentiation, the deposited ECM was
studied for its lineage-directing capacity. Demonstrated herein is that the ECM
enhancement drives the adipegenic differentiation and works as the amplifier of the -
differentiation signal. Using ECM decellularised via detergent treatment (see Figs.

: 27A-27C), it is shown herein that lineage-directing information is retained in these »

f matﬁces, in particular if they have been laid down under MMC-enhancement. The -

- niatrices were able to increase the level of mMRNA expression of sentinel genes of -
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adipogenesis. PPARy, an early marker showed a general increase that appeared to be

- independent however, the overall leptin mRNA induction reached almost 70% of that; of

| ¢1assical induced hMSCs. This is remarkable given the fact that the matriécs were

décellularised rather harshiy 1ea§ing to substantial losses of ECM pfoteins and hgands

_ In terms of overall lipid cdntént naive hMSCs showed after 3 weeks exposure to these -
mbatrices 10% of the content in corhparison to cells classically induced with a
diffe’renﬁation cocktail on plastic, while non-induced cells on plastic were completely
négativ’e. Lipid droplet content is a very late marker for a fully differentiated adipocyte

, and it might be that a 3 weeks observation period cells were more slowly differentiating

; 1n comparisoh to those induc'éd. However, a look at the leptin mRNA levels showed that

: fh'e‘ cells exposed to lineage-dii'ecting‘matrices only were well on their way to becofne

édipocyteé as evidenced by their impressively upregulated mRNA levels. Altogether,

the data are remarkable, as.they have been generated by a harsh non-ionic detergent

:v lfsisvo.f the cells and thuslbsSes_of ECM components and respective ligands during the

- dissolution of cell membranes are inevitable. In fact, ECM losses after DOC lysis is

estimatéd to be in the range of 90%. N,eveftheless, the ECMs genérate via DOC lysis
retainéd lineage directing information, and a substantial part of this information can be
removed from these matrices by neutral salt elution suggestion ndn-covalently bound

molecules, such as growth factors.

~Example 4 | Human Fibfoblast Matrices Bioassembled Under Macromolecular
Crowding Maintain Human Embryonic Stem Cell Pluripotency

Feeder-free culture and propagation of human embryonic stem cells (hE.SCs)i |
without losing pluripotency and proliferative capacity represents the curré_nt challengé
fdr their clinical application. The murine sarcoma-deﬁved extracellular matrix (ECM)
Matrigel is widely used as cell-free support in combination with conditioned or
éhemically defined medium. However, inherent xenogenic and immunological threat§
invalidate this material for clinical application. Employing human fibrogenic cells to
‘build ECM, however, has been hampered by inefficient and time-consuming deposition
zn vitro. As shown herein, applying macromolecular crowding creates an excluded -

ﬁ V(Z)jlume effect, which in turn accelerates ECM deposition substantially. This system was
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used to deposit human ECMs at very low serum conditions in two days, by Wi-38 fetal

. human lung fibroblasts, us1ng dextran sulfate 500 kDa. After decellularisation, these
depos1ted matrices allowed the propagation of H9 hESC in chemically defined culture
medium with an overall better outcome than Matngel in terms of populatlon doubhngs
w1thout loss of plunpotency and differentiation capacities. Notably, only ECMs -
generated under macromolecular crowdmg allowed the successful propagation of hECs
and they were highly complex and contained, in contrast to Matrigel, collagen XII, _1g-
H3 and substantial amounts of transglutaminase 2. Genome-wide analysis of DNA
methylation_ states revealed a high overall similarity between human ECM- and
; l\/latn'gel Cultured hESCs, however distinct differences of 49 genes with a variety of
functlons were present. Taken together human ECMs deposited by selected fibroblasts
' under macromolecular crowdlng represent a suitable human m1croenv1ronment for

hESC propagatlon : ' v
= Successful propagatlon of hESCs in culture pursues two apparently

, contradlctory aims, namely increasing the cell numbers in a culture device while
preventing differentiation to the utmost level in order to preserve hESC pluripotency.
Pioneering work by Ariff Bongso made it possible to propagate hESCs using a co-
culture system (Bongso A, et al. Hum Reprod, 9(11): 2110-2117 (1994)). Originally,
epithelia from human reproductive organs were used, and for reasons of practicality,
1nact1vated murine embryomc ﬁbroblast (MEF) feeders. The notion that MEFs and :

j culture 1ngred1ents of ammal origin harbour contam1nat10n nsks expression of an
1mmunogen1c non-human s1a11c acid on the so cultured hESCs (Martln MJ, et al. 2005
Nat Med, 11 (2): 228-232) intensified the search for human feeder ﬁbroblasts (Rlchards
M Bongso A. 2006, Methods Mol Biol, 331: 23-41). It tumed out that not every cell
11ne was a suitable feeder (Richards M, Bongso A. 2006, Methods Mol Biol, 331: 23-
41). Furthermore, co-culture of hESCs with feeders in general creates noise in hESCs
analyses, and feeder layers admixtured to hESC populations represent a regulatory
: ol:)stacle. Therefore, feeder-free culture systems have become a priority in hESC work.

. It was therefore logical to l'ook into MEF-derived ECM and human ﬁbroblast-derived

ECM for t'hez propagation of hESCs XuC,etal 2001, Nat Biotechnol 19: 971-974;
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Klimaﬁskaya I, et al. 2005, Lancet 365: 1636-1641; Meng G, et al. 2010, Stem Cells
'Dev 19(4): 547-556), instead of using complete live cells.
' However, while thet in vitro production of ECM components does not pose a

'problem the1r efficient supramolecular assembly and stable deposition as a matrix
mcludmg crosshnkmg certamly is (Lareu, RR et al. Tissue Engmeermg, 13(2):385- 391

. (2007 a)). Therefore, the generatlon of ECMs either from MEFs or human cells is
largely inefficient and requires culture times of up to 21 days using 10% FBS or 10%
hilman serum, respectively (Klimanskaya et al. Lancét, 365:1636-1641 (2005); Meng

, G, et a(. 2010, Stem Cells Dev_ 19(4): 547-556)). FBSEposes a xenogenic threat;
t'lierefdre its r_éplacement With human serum is a breakthrough towards xeno-free culture
é&stems fdr hESCs. Howé_Vef, human serum is in limited supply and requires rigorous

: Qﬁality control, because hiiman pathogens might be even more debilitating than xeno-

: pathogens (Mallon, BS, et al., J Biochem and Cell Biol., 38: 1063 1075 (2006)).

' As an intermediate solution, Matrigel is widely used as a commer01ally avallable

~ ECM for the propagation of hESC, preferably in MEF-conditioned culture medium or
in chemically defined media (Xu C, et al. 2001, Nat Biotechnol 19: 971-974; Ludwig T,
et al. Nat Biotechnol 24(2): 185-187 (2006)). Matrigel is reconstituted from basement
membrane ECM proteins secreted by a murine sarcoma cell line (Kleinman HK, et al,

. 1981 Biochem 21: 6188-6193). Because it lacks structures typical for native basement

' mémbrane, it is unclear to ‘What extent this material can emulate a native
microenvironment for hESCS. Obviously, Matrigel poses a xenogenic threat, thereby '
preventing the clinical applications of Matrigel-cultured hESCs. In addition', the =
Sé_i(posure:'of hESCs to Méti’igel induces them to expréss a-non-human siai_ic* acid
Neu5Gc, which can cause an immune response in human hosts (Lanctbt PM, et al. 2007
Curr Opin Chem Biol 11: 373-380).

Obviously, the unmet need persists to develop human cell-derived matrices that
| dould serve as a native miéroenvironment for hESCs, can be rapidly produced, and
fg_quires minimal or no ambunts of serum. It has been shown previously that the
- addition of 500kDa dextran Sulfate (DxS) (Lareu RRet al. 2007a Tissue Eng 13(2):
:3?85-39'1); Lareu RR et al. 2007b FEBS Letters 581:2709-2714) or a mix of 70kDa and
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'400kDa Ficoll (Fc) (Chen CZC and Raghunath M. 2009a, Fibrogenesis & Tissue
Repair 2:7) leads to enhanced and accelerated ECM deposition under low serum
| conditions. Described heréin is the use of this technolbgy to generate human
;bi;:oassembled matrices that: are growth supports for pluripotent hESC culture in
ccinjunction with culture medium, e.g., mMTESR-1, a chemically déﬁned culture

medium.

Materia_ls and Methods
; Pfeparation of cell-free matrices
Fibroblast cell culture was as previously described (Lareu RRet al. 2007a -
 Tissue Eng 1302): 385-391);'Lareu RR et al. 2007b FEBS Letters 581:2709-2714; Peng
| Y, Raghuri'atﬁM. 2010 ‘CHapter 5: Learning from nature: emulating macromolecular

: éfbwding to drive extraceilillar matrix enhancement fpr the creation _of connective tissue
in vitr<;’_ in Tissue Engineering, ed. Eberl D, IN-TECH, Croatia). Wi-38 fibroblasts -
(ATCC) at passage 20-22 were seeded at 25,000 cells./cm2 in culture plates or flasks |

(Greiner Bio-one) under standard conditions in 10% FBS in DMEM. On the following
day, culture medium was changed to 0.5% FBS (Gibco) medium containing 30pg/ml
ascorbic acid (Wako) with or without 100pg/ml DxS (US Biologicals) or 37.5mg/ml Fc
70kDa and 25mg/ml Fc 400kDa. After 3 days (DxS) or 6 days (Fc), fibroblasts were -

, Iysed with a deoxycholate (DOC_) (three washes), DOCDOC (six washed) or NP40 lysis
protocol. DOC lysis protocol consists of three; 10 minutes incubation on ice with 0.5%
DOC (Prodofti Chimici E Alimentari S.P.A.) and 0.5X Complete Protease Inhibitor
(Roche). DOCDOC protocol consists of six 10 minutes incubation on ice of 0.5% DOC

~and 0.5X Complete Protease Ihhibitor. NP40 protocol is four 10 minutes incubation on
ice of 1% Nonidet P-40 with 0.5X Complete Protease Inhibitor ahd two 30 minutes

-incubation at 37°C of 1X DNase (US Biological). Following lysis, all matriées were

-washed with PBS 3 times and stored at 4°C. 293T human embryonic kidney cells and

NT2 neuron-committed teratocarcinoma cells are seeded at 50,000 cells/cm” each in

cﬁlturefplzi:tes or flasks in 150% FBS in DMEM. Culture medium was changed to 0.5%

FBS in DMEM supplemenfed with 30pg/ml AéA and 100pg/ml DxS on the following'
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day. After 3 days of incubation, the cells were lysed using the DOC protocol as

described earlier and the resulting matrices stored in PBS at 4°C.

hESC culture
‘ Frozen H9 (W1Cell) at passage 25 were obtalned from WiCell Research Instrtute _

and initiated onto MEF feeders for recovery. After 5 passages on MEFs, the hESCs -

Were passaged using collagenase IV (Gibco) or dispase (StemCell Technologies) onto

Matrigel (BD), DxSDOC and DxSDOCDOC matrices and cultured using mTeSR-1

| (StemCell Technologies) with daily changes and subcultured every 5-7 days.

j I{epresentatiVe wells were eacﬁﬁced for cell counting by hemacytometer at each

- passage to calculate population doublings.

- Characterization of hESCs'

| Antlbodles used for ﬂow cytometry using CyAn (DakoCytomatlon) and _
adherent 1mmunoﬂuoresence are: rat anti-SSEA-3 (Chemicon), mouse anti- SSEA 4
(Cheml_con) and Alexa Fluor 488 chicken anti-mouse (Invitrogen) and Alexa Fluor 488
goat anti-rat (Invitrogen). goat anti-Oct-4 (Santa Cruz), mouse anti TRA-1-60
(Chemicon), mouse anti TRA-1-81 (Chemicon), Alexa Fluor 488 donkey anti-goat
(Inv1trogen) Alexa Fluor 594 goat anti-mouse (Invitrogen) and DAPL.

‘ For in vivo teratoma formation assays, hESCs cultured for 18 passages were
harvested using collagenase IV and were injected 1ntramuscular1y into the right h1nd
limb of SCID mice. Neural differentiation in vitro was done using standard protocol _

 from WiCell Research Institute. hESCs were harvested using collagenase IV and seeded
onto non-adherent plates (Corning) to form embryoid bodies using 20% Knockout -
Serum (Invitrogen) in Knockout DMEM (Invitrogen). After 4 days, culture medium
Was changed to DMEM/F12 (Invitrogen) supplemented with Non-essential amino acids

: (Invitrogen), N2 (Invitrogen), heparin (Sigma) and FGF-2 (ProSpec) and embryoid

I bodies were seeded onto standard 6 well plates for 3 days. Embryoid bodies were

seeded onto laminin (Slgma) coated wells and for 7 days. Samples were formaldehyde—

ﬁxed and immunolabeled W1th rabbit anti-p III tubulin (Abcam) and Alexa Fluor 488

' chlcken anti-rabbit (Invrtrogen) and DAPIL.
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‘Karyotyping services were obtained from KK Women’s and Children’s
‘Hospital, Singapore. hESCs were harvested for DNA methylation by scrai)iiig and
pelleted by centrifugation and snap frozen in liquid nitrogen._ DNA methylation anal§sis
was performed as described previously (Grénriiger E,.et al. 2010 PLoS Genet. 6(5): :
’el00097 1). Primer sequences for 454 bisulfite sequencing of the OCT4 promoter region
i;\}ere adapted from published primers (Deb-Rinker P, et al. 2005 J Biol Chem 280(8):
6257-6260). Genome-scale methylation profiles were obtained by using
: HumanMethylation27 BeadChips (Illumina). DNA methylation levels were scored as B
i values rangmg from 0 (unmethylated) to 1 (completely methylated). Genes were scored
. as d1fferent1ally methylated iftheir p value differed by 0.2 or more (Gronniger E, et al.
: 2_010 PLoS Genet. 6(5): e.l_000971).

Characterization of cell-free matrices
| Antibodies used for characterizing matrices are: mouse anti-PDI (Inv1trogen)
Alexa-Fluor 594 phalloidin (Invitrogen), mouse anti- collagen I (Sigma), rabbit anti-
fibronectin (Dako), mouse anti-heparan sulfate (Seikagaku), mouse anti-fibrillin-1
(Chemicon) rabbit anti-decorin (gift from Dr Larry Fisher LF-136), rabbit anti-LTBP-
: 1 (giﬁ from Dr Carl Heldin, AB39), Alexa Fluor 594 goat anti-mouse (Inv1trogen)
i Alexa Fluor 488 chicken ant1 rabbit (Invitrogen) and DAPI (Inv1trogen)

Results _

Generation of NoDxSDOC, DxSDOC, DxSDOCDOC, DxSNP40 and FENP40

matrices.

| Wi38 fibroblast cell layers that were treated with only ascorbic acid (NoDxS),

and DxS or Fc were subjected to either detergent treatment DOC, DOCDOC or NP40,
to obtain NoDxSDOC, DxSDOC, DxSDOCDOC, DXSNP4O or FENP40 matrices.

j lrnmuriostaining confirmed the loss of intracellular structures, including endoplasmic
. reticulum, Ffactin and nuclei (Fig. 34), thus demcnstrating the successful generation of
: cell-t‘ree matrices. Matrices Were also generated using - 293T cells or NT2 cells and-
siibjected to DOC lysis, resulting in 293TDOC and NT2DOC matrices. -
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Although the removal of the cell layers brought about losses of assoc1ated ECM
proteins, the resulting DxSDOC and DxSDOCDOC matrices contlnued to retain the1r
const1tuent complexity as revealed by immunofluorescence (Fig. 28) and mass
spectrometry. In DxSDOC matrices, collagen I was identified as granular staining, but
was barely detectable in DxSDOCDOC matrices. Fibronectin was present in both
matnces in heterogenous d1str1but10n although DxSDOC matrices showed more
ﬁbronectm aggregates. The colocalization of collagen I staining and fibronectin showed
the.preserved interaction between collagen I and fibronectin after detergent treatments.
l_;TBP-l_ was present in apparently equal quantity and morphology in both ECM types.
The microﬁhrillar compohent fibrillin-1 was found in DxSDOC matrices as large
aégegates of_ irregular shépes, but was undetectable in DxSDOCDOC matrices. Both
thatrices showed a speckled deposition pattern for decorin, with weuker intensity in
DXSDOCDOC matrices. Hepéran sulfate proteoglycans were found in DxSDOC
matﬁces as fine aggregates and in DxSDOCDOC as larger, more diffuse aggregates. :

_ Mass spectrometry of the matrices found the presence of extracellular matrix |
proteins such as collagens, EMILIN-1, fibronectin, fibrillin I, tenascin, secreted protein
transglutaminase 2, remnants of detergent lysis such as cytoplasmic heat-shock protein
70kDa cytoskeletal protems actins and tubulins and nucleus-associated protems such as

h1stones

293TDOC NT2DOC NoDxSDOC DxSNP40 and FcNP40 matnces do not sustam
plurlpotent morphology.

As an initial step towards the charactenzat1on of the human cell-derived
matrices, the morphology of hESCs cultures on the above-mentioned matrices were
analyzed. hESCs cultured on 293TDOC and NT2DOC matrices exhibited differentiated
morphologies after 12 passages (Fig. 35); hESCs grew in either optically dense
'dggregates resembling erhhryoid bodies or in monolayers of large flattened fibroblast-
llke cells. -
> Flbroblasts cultured without addition of macromolecular crowders were lysed
w1th DOC protocol to obtain NoDxSDOC matrices. hRESCs cultured on NoDxSDOC
matrices proliferated (Fig. 29A), but the hESCs did not maintain the morphology typical
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-of pluripotent hESCs by passage 2 (Fig. 29B). The majority of hESCs grew in optically
¢ dense aggregates resembllng embry01d bodies, with outgrowths of spontaneously
dlfferentlated fibroblast-like cells that were large and flattened.

» Fibroblasts that were cultured with either DxS or Fe were. lysed with the NP40
protocol to obtain DxSNP40 or FENP40 matrices. hESCs were also unable to adhere to
proliferat'e on either matrices. Cells that had settled on the bottom of detached easily
removed by mechanical disturbances (Fig. 29A and 29B).

ﬁ DxSDOC and DxSDOCDOC matrices enabled superlor population doublings in hESCs
- compared to- Matrlgel , ‘
hESC's were propagated on either Matngel DxSDOC or DxSDOCDOC
- matrices for up to 20 passages using either collagenase IV or dlspase Usmg either
en_zymes, hESCs cultured on DxSDOC or DxSDOCDOC matrices aclueved more
population doublings in comparison to the eontrol hESCs on Matrigel (Fig. 30A).
Morphologi-cally, DxSDOC- and DxSDOCDOC-propagated hESCs retained their
: typical small size, high nuclear to cytoplasm ratio and grew in distinct round colonies
throughout the 20 passages. In contrast, after 20 passages on Matrigel, more hESC _
colonles lost their clear borders and larger (drfferentlated) cells occupied the space

between those colonies (red circles, Fig. 30B).

| Human ECM-propagated hESCs maintain karyotypic stability
Because hESCs cultured on Matrigel, DxSDOC or DxSDOCDOC matrices

showed differences in their proliferation rates, the karyotype of hESCs cultured under_
the various experimental conditions was confirmed. DxSDOCDOC-propagated hESCs
subcultured using either collagenase IV or dispase retained normal karyotypes for all

‘ tested 20 metaphases (Fig. 31A). 18 out of 20 metaphases of collagenase IV- |

: subcultured, .DxSDOC-propagated hESCs and 19 out of 20 metaphases of dispase- -

I subcultured, ’DxSDOC-propagated hESCs were karyotypically normal. 19 out of 20

rnetaphases of Matrigel-propagated hESCs were normal whether subcultured by either

enzymes. This indicates that human fibroblast matrices maintain karyotypic stability in
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hESCs cultures, which is important in ensuring their future application in transplant .

therapies.

Human ECM-propagated hESCs retain differentiation capacity after long term
| ‘passagmg , ‘ ‘

As a first step towards characterizing the differentiation potential of human
ECM-cultured hESCs, neural differentiation was 1nduced in vitro. The results showed

| that cells cultured on human ﬁbroblas_t ECM formed long extensions that stained

[ i)ositive for B III tubulin, afmarkcr for neural differentiation (Fig. 31B). These results
rudiCate tltat the hESCs were still receptive to neural induction and differentiation and
thus 1nd1catc their retentlon of differentiation capabilities. :

- In a second experiment, the ability of hESCs to differentiate i in vivo ‘was also
analyzed. hESCs cultured for 18 passages were 1nJected into nude mice and teratoma
formation was analyzed. The results showed that teratomas were formed by hESCs
propagated on DxSDOC or DxSDOCDOC. The analysis of teratoma ti.ssue sections
showed differentiated structures such as neural rosette.s, mucus secreting epithelium,

cartilage and osseous tissue (Figure 31C).

Human ECM-propagated hESCs maintained expresswn of plunpotency markers
‘ SSEA-3 and SSEA 4 expression of hESCs subcultured using collagenase IV
were similar during propagatlon on Matrigel, DxSDOC or DxSDOCDOC (Fig. 32).
However, subculturing using dispase caused a substarltially higher SSEA-3 expression
ofhESCs on DxSDOCDOC matrices at 62.8% in comparison to Matrigel (13.6%) or |
DxSDOC_(28.6%) (Figure 5A). SSEA-4 expression of DxSDOC- or DxSDOCDOC-
cultured hESCs were similar to Matrigel-cultured hESCs (Fig. 32).
) o Immunofluorescence staining of adherent hESCs for Oct 4, SSEA-4, TRA-1-60,
TRA 1-81 and SSEA-3 were in agreement with ﬂow cytometric data and morphology.
f Wlth increasing passage number, Matrigel-cultured hESCs colonies lost their defined
ruargins and an increasing number of differentiated cells occupied the space between
colonies (compare with Frg 30B). In keeping with their morphology, these cells

showed loss of pluripotency marker expression (arrows, Fig. 33). In contrast, hESCs :
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: -péssaged on DxSDOC and DxSDOCDOC showed leés cells losing t'héir" éxpression nf
plunpotency markers (atrows Fig. 33). These results suggest a higher degree of
mamtenance of hESC plunpotency marker expression on human ECM rather than on

Matrlgel.

Epigenetic profiling of Matrigel-propagated hESCs versus human ECM-propagated
'hESCs |

'Stem- cell- speciﬁc‘DNA méthylation pattems are important molecular markers
of plunpotency A promlnent example in this context is the methylation status of the
OCT4 promoter region, Wh1ch is unmethylated in hESCs, but methylated in
dlfferentlated cells. Deep (454) bisulfite sequencmg was used to analy;e OCT4
rnethylation of hESCs cultivated on Matrigel or human ﬁbroblast mntriées. The results
éﬁowed that the OCT4 promoter was unmethylated under all-conditibns analyzed.

In the next set of experiments Illumina Inﬁmum genome-wide methylation was
used analysis to determine the methylation status of 27,578 CpG dinucleotides. This

) analysis was performed with hESCs cultured on Matrigel, DxSDOC or DxSDOCDOC
and generated 3 million dafa points, with beta values for individual markers ranging

, from 0 (unmethylated) to 1 (completely methylated). For subsequent analysis, all X-_E .
chromosome data was exciuded to eliminate the inﬂuencé of sex-specific X-

: éhromosome methylation differences. Unsupervised hierarchical clustering of the 3
newly obtained methylation profiles together with 14 published profiles from other
tissues revealed an high overall similarity in the methylation patterns of defined ceil
types. '

A comparison of methylation patterns between Matrigel and DxSDOC cultures
, and between Matrigel and DxSDOCDOC cultures revealed a high degree of s1m11ar1ty
i w1th Person coxrelatlon coefﬁcwnts exceedlng 0.97. However, this analysis also
: xevealed 426 markers that were differentially methylated between Matrigel and
ﬁ DiSDOC cultures and 194 rnarkers that were differentially methylated between
Matrigel and DxSDOCDOC cultures. These two groﬁps showed an overliép'of 49
rnarkers that were differentially methylated in Matrigel-propagated vs. human ECM-

pfopagated hESCs. The 49 markers represent a diverse group of genes with many
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different functions. While the functional significance of this observation will have to be
analyzed in future studies, it is possible that the differential methylation of certain genes :
contributes to the superior pluripotency of hESCs cultured on human ECM.

Discussion
Shown herein is that human ECM bioassembled in vitro can support hRESC
propagation at least as well as a xenogenic tumor matrix extract. The matrices are

,' generated-under macromolecular crowding in order to ensure not only speedy

' deposition in a short time:Window of 48 hrs but also with a deposition yield that allows
for losses dunng detergent-based decellularisation and a crosshnklng that renders the

: matrlces more resistant to detergent treatment. From a variety of cell types tested we.

found that the matrices made by a fetal lung ﬁbroblast cell line, WI-3 8, was most
permissive to hESC propagation, whereas matrices generated from human embryonic
_kidne); cell line, 293T, and human neuronally committed teratocarcinoma cell line,
NT2, were unable to maintain hESC pluripotent proliferation beyond 12 passages. Wi3§
fibroblasts crowded with macromolecules, DxS, were subjected to two different
_detergent treatments (3 washes versus 6 washes) resulted in two matrices, DxSDOC or
DxSDOCDOC. Both, esp'e:cially' DxSDOCDOC, increased the number of population'
doubllngs achievable by hESCs, with better retentlon of undifferentiated morphology,
plunpotency marker express1on and differentiation potent1a1 compared to Matrigel,
DxS increases collagen I deposition in fibroblast cultures by excluding available
volume in the culture medium, thereby driving rate-limiting enzymatic steps controlling
collagen deposition (Lareu RRet al. 2007a Tissue Eng 13(2): 385-391); Lareu RR et

, a;l. 2007b FEBS Letters 581:2709-2714; Chen CZC, et al. 2009b, Br J Pharmacol

- 158(5): 1196-1209; Peng Y, Raghunath M. 2010 ‘Chapter 5: Learning from nature:

ernulatlng rnac_romolecular crowding to drive extracellular matrix enhancement for the

' ereation o..f connective tissnefin vitro’ in Tissue Engineering, ed. Eberl D, IN-TECH,

' Croatia). Macromolecular crowding also drives the snprarnolecular assembly of
eollagen and its template, fibronectin (Kadler KE, et al. 2008 Curr Opin Cell Biol 20(5-
24):495-501) (unpublished observation). Both collagen I and fibronectin are major
ECM components, acting as tWo of the main structural scaffolds of ECM, and carry a
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variety of other ligands that attach covalently or non-covalently (Rosso F et al 2004 J:
| Cellular Physiol 199(2). 174 180).

DOC and DOCDOC lysis were necessary but sufficient for cell removal.
Although detergent treatment led to substantial ECM component loss, it apparentlv did
not compromise ECM functionality nor complexity, in which there was interest because

| the combination of several factors in certain stoichiometric ratios seems to be crucial for
o mamtaimng hESC plunpotency (Ludwig T et al. 2006 Nat Biotechnol 24(2): 185-187).
Interestmgly, the strongly reduced amounts of collagen I in DxSDOCDOC did not
j 1mpede hESC propagation and embryoid body formation However ECM formed in the
ahsence of DxS, led to a rapid differentiation of hESCs. The need for a macromolecule
Such as DxS might be due to quantitative and qualitative aspects of macromolecular
erowding. .Macromolecular crowding stabilises deposited ECM in vitro by increasing-
enzymatic crosslinking by lysyl oxidase (Lareu RRet al. 2007a Tissue Eng 13(2): 385-
391); Lareu RR et al. 2007b FEBS Letters 58'1':2709-27 14; Chenv CZC and Raghunath
- M. 2009, Fibrogenesis & Tissue Repair 2:7) and by transglutarninase 2. The overall
-~ higher degree of enzymatie crosslinking might lead to a greater retention of the ECM
: and its ligands during the DOC lysis steps and preserves more biochemical cues to R
hESCs. While the absolute amount of collagen depos1t10n is increased under ' |
macromolecular crowding (Lareu RRet al. 2007a Tissue Eng 13(2): 385-391); Lareu
RR et al. 2007b FEBS Letters 581:2709- 2714) it also will increase the presence of
,collagen-binding ligands, such as decorin (Aumaillev M, Gayraud B. 1998. J Mol Med
76(3-4): 253-265; Schonherr E, Hausser HJ. 2000 Develop Immunol 7(2-4): 89-101),
and so both amount and total composition of ECM post detergent treatment are
j 1ncreased in comparison to ECM formed in the absence of MMC. Interestingly, mass
-spectrometry analysis revealed the presence of transglutaminase 2 after DOC and
' jDOCDOC detergent treatments this enzyme plays a role not only in crosslinking
_:pr_oteins of the ECM, it is also important for apoptos1s, cellular differentiation (Griffin
"M, etal 2002, Biochem 368(2):377-396) and cell adhesion (WangZ et al. 2011 Exp
Cell Res 317(3):367-381; Nadalutti C et al. 2011 Cell Prolif 44(1):49-58).
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With regards to complexity we achieved overlapping and in some ;_iristances_
discrepant results between immunofluorescence and mass spectrometry. While
immunofluorescence studies confirmed the presence of heparan sulfate proteo glycans,
LTBP-1 and decorin, they di(l not turn up in mass spectrometric analysis.
lrhmunoﬂuorescence analysis does not require as many processing steps as mass

: spectrometry, and the multiple processing steps required during mass spectrometric

ar_ralysis could have led to: the loss of components, resulting in the discrepancies

. reported here. Nevertheless .the overlapping results between the two methods confirmed

the presence of collagen 1, fibronectin and fibrillin-1. Like collagen I and ﬁbronectm |

: ﬁbnllm-l plays dual roles as a structural protein and as a bmdmg partner for several
other llgands such as LTBP-1 (Raghunath M et al. 1998 Soc Invest Dermatol 111 (4)
559-564). Fibrillins associate into microfibrils and blnd to elastin to form the third
structural scaffold of ECM (Aumailley M, Gayraud B. 1998. J Mol Med 76(3-4): 253-
265). Heparan sulfate proteoglycans are dockirlg points for FGF-2, an important growth

- factor added into most hESC culture media. Soluble FGF-2 has a notorioos short half

hfe in culture medium. However, when bound to ECM, FGF-2 has a prolonged |

, blolog1cal action (Rifkin I DB Moscatelli D. 1986, J Cell Biol 109:1-6; Saksela O et al
1988 J Cell Biol 107: 743-751). Another commonly added growt_h factor for hESCs i is
TGFB-I. This growth factor is stored in its latent form, bound to LTBP-1 (Raghunath M
et al. 1998 Soc Invest Derhmtbl 111(4): 559-564; Taipale Jet al. 1996 J Histochem
Cytochem 44(8): 875- 889), and cells are able to activate this TGFf-1 latent form upon
demand (Annes JP, et al. 2003 J Cell Sci 116(2): 217-224; Chong H, et al. 1999, J
‘Cellular Physiology 178: 275-283). The presence of lreparan sulfate proteoglycans and

: ‘LTBP 1 in the human bioassembled matrices indicates that the can capture and retain

f -growth factors and can condltron hESCs during culture. Decorin in DxSDOC and

-DxSDOCDOC matrices, on the other hand, serves a different role. It captures actlvated

: ETGFB 1, thereby regulatmg TGFB -1 signaling to the hESCs hence serving as a form of
negative conditioning for hESCs. The combination of both LTBP-1 and decorin in the
human matrices would thus help to keep TGFB-1 signaling to an optimum level for

hESCs.
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Finally, DOC and DOCDOC treatments might work throughvdifferentially ‘
removing differentiation-driving cues from such an ECM preferably as compared to '
motrices generated by NP40, such as DxSNP40 and FcNP40 matrices. The cell type
used to generate ECM is also important, as not all cell types can generate pluripotent
hESC-compatible ECM, as evident by the differentiation of hESCs on ECM made using
humanembryonic kidney 293T cells and teratocarcinoma NT2 cells within 12 passages

_: (Flg 35). The hESCs formed loosely adhering dense aggregates on 293TDOC matrices
N that may be surrounded by large flattened cells. hESCs cultured on NT2DOC matrices
; grew in small clusters that often exhibited crater-like morphology, an 1nd1cat1on of
' endodermal dlfferentlatlon. These small clusters may also be_surr_ounded by large
expanses of flattened differentiated cells. These morphological changes in hESCs were
brought about despite the use of mTeSR-1, and so could be the result of the cell-type
specific ECM presented to them. |
The DxSDOC and DxSDOCDOC matrices thus serve as models of the
- microenvironment, without the influence of cell-cell interactions, allowmg the study. of
the role of ECM on hESCs propagation. The complexity of the matrices and the
preserv_atlon of their native structural arrangements could have enhanced hESC "
pluripotent proliferation. Mass spectrometric analysis of Matrigel, DxSDOC and _
DxSDOCDOC matrices showed differences between the murine sarcoma derivative and
our human bioassembled matrices. 13 out of 44 protein identifications in DxSDOC.
matrices were not found in mass spectrometric analysis of Matrigel samples done by
Hughes et. al., while 14 out of 29 DxSDOCDOC were not found in Matrigel samples
(Hughes CS, et al. 2010, Proteomics 10(9):1886-1890). Differences lie not only in the
: components found with each ECM; even if a component were present in all three ECM,
the component could be a d1fferent homolog in Matngel 15 proteins (DxSDOC) and 8
proterns (DxSDOCDOC) were homologous in mouse. Several of these homologous
 proteins are important extracellular matrix proteins: collagens, EMILIN-1, fibrillin-1,
ﬁbronectin, tenascin, thrombospondin-1 and vitronectin, which play significant roles in

regulating cellular functions. The use of homologous proteins might negatively impact
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on the regulation of hESC cellular functions, so it would be more advantageous to use
human-denved ECM rather than murine sources of ECM.
Matrigel is commonly used for feeder-free culture of hESCs mainly because it is
easily available and convenient to use, and most choose to overlook its disadvantageous
: propert1es that it is of non-human onglns and tumor derived. For the purpose of clinical
: apphcatlons convenience -and easy availability are insufficient justifications for :
subjectmg hESCs to suboptlmal conditions, and may 1mpede the progress of hESC
| culture condltlons towards an ideal substrate-medium combmatlon
More recently, to address the issues of scalab111ty of hESC culture Corning has
‘launched a new product for hESC culture, Synthemax ™-T Surface, eompromlsmg a
Vitronectin—derived peptide covalently linked acrylate polymer surface. This product
Was launched based on the work of Melkoumian et. al. who described RGD-containing-
peptides-linked acrylate surfaces suitable for hESC self-renewal (Melkoumian Z. |
| (2010)). Villa-Diaz et al. have also reported that hESCs can be maintained on synthetic
polyuler coatings in conditioned medium (Villa-Diaz LG et al. 2010 Nat Biotechnol .
: 28(6)'581 -583). Interestin-gly, it was suggested that RGD sequences alone was not the
‘ only cr1ter1a for successful maintenance of hESCs, as ‘not all RGD- eontammg peptldes
| was suitable (Melkoumian Z et al. 2008 Nat Biotechnol 28(6): 606 -610). This raises the
possibility that regions other than the RGD sequences serve critical purposes, possibly
serving as binding points for other ligands to bind. Not only does the culture substrate
pfesented to the hESC need to allow for hESC attachment, it has to provide means for
presenting other microenvironmental cues to the hESCs to maintain their pluripotent
‘ pfoliferation. This implies that for simplified single-component culture substrates, the
| seurce of the binding ligands: have to be either the culture medium, or the hESC cell line
‘ 1tse1f (Azrin et. al. , 2010). The synthetlc polymer coating developed by Villa-Diaz et al.
- was unable to maintain a hESC line, BGO1, in defined culture media, StemPro and
mTeSR, while unable to maintain another cell line, H9, in mTeSR. The polymer
coating, however, was able to maintain H9 in StemPro for 10 passages. Taken together,
these observations support the liklihood that single-component culture substrates can

_ njaintain hESC lines selectively and only in conjunction with certain culture media,
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1mdcat1ng that simple s1ng1e component culture substrates are less robust than complex
multlple component substrates, and their efficacy easily affected by culture medium or
cell line characteristics. Moreover, glven the var1ab111_ty between different hESC lines,

urrd even variability of sensitivity to environmental cues within a cell line (Wray J et al.

- ':20l0 Biochem Soc Trans 38:1027- 1032) the use of simple component substrates could -

-lead to a selection for a subpopulatron of hESCs, rather than preserving a myriad of

hESCs In a11 although it. 1s tempting to use simple component substrates, complex

culture su_bstr_ates could prov_e, over long term, to be more stable, as it acts as buffer
égainst serleral environmeutal cues coming from culture meriia or even the cell lines
themselves. - . ' .'
j As such, development of ECMs that are simple single-component was nof
sought, but rather use of nature’s expert ECM producers, human fibroblasts, to
. synthesize ECM was used. Although the use of human fibroblasts to produce human
' ECM might appear to be difficult for scale up, bit is possible using automated cell culture
systems. Furthermore, because it was understood that the standard culture conditions of »
human fibroblasts are suboptimal for ECM production, their culture conditions were |
irnprcved.by applying macromolecular crowding to maximize ECM production, before
p‘roceedirrg with cell remor/al. Moreover, it is importént to maximally preserve the -
nutive properties of the ECM during the lysis process, as cells detect the composition,
| geometry and stiffness of their substrates (Daley PW, et al. 2008, J Cell Science 121

255-264) and ECM properties affect cell fate and differentiation. These aspects are also
important for the epigenetic profile of embryonic stem cells. It has been shown recently,

tﬁat the DNA methylation proﬁle of cultured mouse ESCs is more similar to post-

1mplantat10n epiblasts than to blastocysts, which has been interpreted to reflect the

1nﬂuence of art1ﬁc1al cell culture conditions (Borgel J et al 201 0 Nat Genet 42(1 2)

f 1093 -100). _
o The main drive towards using simple culture substrates was originally a
response to the demands for scalable hESC culture. As will be appreciated by those of
skill in the art, the production of the human matrices presented here could be scaled up

easily using automated cell culture systems. In addition, although the human matrices
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are not xeno-free due to the use of F BS, this work shows that feeder-free human
ﬁbroblast-derived ECM can be used for hESC propagation. Currently, the only xeno-
free substitute for FBS is human serum, and the widespread application of human serum
1n cell culture is impeded by its limited supply and varying quality. Since only 0.5%
FBS is needed in the production of the human matrices, less human serum would be

_ needed. Moreover, because of the snpplementation with DxS, FBS requirement was
redueed to only 0.5%, henee,: it is believed the Substitntion of FBS with human serum

will not affect the performance of hESCs on these future matrices.

Conclus1on

| Culture of hESCs on human broassembled ECM, DxSDOC or DxSDOCDOC,
increased their achievable number of population doublings while retammg their
pIuripotency, differentiation potential and as well as their karyotypic and epigenetic
,st_abiliry. Supplementation of DxS during fibroblast culture to produce the human ECMs
proxred to ’bei crucial for long term pluripotent hESC culture, while concurrently |
reducing the amount of time and serum required. These complex ECMs contained - B
human native homologs of its constituents and showed preservatifon of inter-prof_ein :
interacti.ons, and thus, would serve as a biomimetic human model of the |
microenvironment for hESCs.v As such, these human ECM provides an opportunity to

study the effects of the human ECM microenvironment on hESCs.
Example 5 Stem Cells (hMSCs) through application of Excluded Volume Effect (EVE)

Human bone marrow-derived MSCs have been utilized in cell-based approabhes
fdr in vivo adipose tissue engineering to generate novel clinical modalities for
autologous repair, reconstructlon of fat tissue defects and development of metabolic
syndrome bloassays Currently, the use of hMSCs is limited by the attenuation of their
adlpogemc differentiation potential followmg extensive ex vivo e’xpansron ((1) Banfi, A.
et al., Exp. Hematol. 28:707-715 (2000)).

As the extracellular matrix is a crowded env1ronment it was hypothesized that
the excluded volume effects (EVE) may be able to generate novel tissue culture

conditions that more closely resembles in vivo physiological conditions ((2) Ellis, J. R.,
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Trends in Biochem. Sci. 26:597-603 (2001)). These conditions may in turn augment
adipogenic differentiations of MSCs.

Materials and Methods
'EVE exerted by a cocktail of macromolecules Ficoll™70 (37.5 mg/ml) and
ﬁ FlcollTM400 (25 mg/ml), was tested for its ability to augment adipogenesis of hMSCs at

B a late passage (p8) with a commerc1a1 differentiation kit.

: Results
See Figures 36-40. ‘
EVE‘augmented adipogenesis by idcreasing amount of lipid accumulated with
the cell, and increasing perceﬁtage of cells that undergoes adipo genesis:
EVE enabled a more effective use of less induction ingredients.
Ficoll is an inert crowder and did not cause spdntaneous édipo'genesis.
Mer_e cells with desired phenotype were genefated for tissue engineering via »

~ EVE.

Example 6 During Adlpogene51s of Human Mesenchymal Stem Cells - Tool for
Translat10na1 Tissue Engmeermg

The physiological microenvironment or “niche” where humdn bone.marrow |
mesenchymal stem cells (MSCs) reside is crowded due to the dense arrays of
eXtracellular matrix (ECM) macromolecules and solutes ((1) Zimmerman, S.B. and
Minton, A.P. (1993)).

Tdken together, these macromolecules occupy a significant fraction (typically
2043 0%) of the total volu_'mef, creating steric exclusions effect with considerable
energetic eonsequences which influences the equilibria and rates of biochemical
reactlons dependent on non-covalent associations and/or confonnatlonal changes, such
as protein and nucleic acid synthes1s intermediary metabolism, cell signaling and gene
expression ((2) Mlnton, A. P. (1981) Biochemistry 20:4821-6). In contrast,
contemporary culture systems are characterized by the absence of crowding where thin

cell layers are flooded with aqueous medium which result in the dilution of signaling
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molecules and efficient deposition of the extracellular matrix (ECM) ((3) Lareu, R.R., ef
al., (2007) Tissue Eng. 13, 385-391).

The ex vivo differentiation of MSCs is modulated by defined soluble factors and
cell ECM 1nteractlons both which are affected by macromolecular association kinetics
dgrmg ligand diffusion, hg_an_d receptor binding and conformations of cell surface i
receptors It was hypothesized that the addition of a neutral macromolecule cocktail to
effect macroinolecular crowding (MMC) may be able to generate a more physiological
rnicroenvironment ex vivo which could function to enhance the deposition of a lineage-

speciﬁc ECM,; this may in turn augment adipogenic differentiation of MSCs.

Results
See Figures 41-45.
Crowding augments the process of matrix remodeling during adipogenesis. R
CroWding augmented adipogenesis by increasing amount of cytoplasmic lipid
accumulated within the cell increasing percentage of cells that undergoes ad1pogenes1s
and increasing the expression of key lipogenic gene (aP2) _
Matrix deposited under crowding serves as a better substrate for adipogemc
_differentiatlon compared to plastic or matrix depos1ted in the absence of crowdmg.v
Crowding augments adipogenesis by enhancing the deposition and remodeling

of a lineage-specific matrix (niche).

The inventions illustratively described herein may suitably be practiced in the

absence o_f any element or elements, limitation or limitations, not specifically disclosed

nn " on

h_erein. Thus, for example,f the terms "comprising", "including", "containing", etc. shall
be read expansively and without limitation. Additionally, the terms and expressions
:erriployed herein have been used as terms of description and not of limitation, and there
is no intention in the use of such terms and expressions of excluding eny eciuivalents of
the features shown and described or portions thereof, but it is recognized that various
modifications are possible within the scope of the invention claimed. Thus, it should be
understood that although the present invention has been specifically disclosed bya

preferred embodiment, modification and variation of the invention herein disclosed may
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be resorted to by those skilled in the art, and that such mo.diﬁcations. and variations are
considered to be within the scope of this invention.
The invention has been described broadly and generically herein. Each of the
narrower species and subgeneric groupings falling within the generic disclosure also
form part @f the invention. | : |
‘The téachings of all patents; published applications and references cited herein
are incdrporated by referehcé in their entirety. o | _
While this invention has been particularly shown and described witﬁ references
to example embodiments thereof, it will be understoofd by tﬁbse skilled in the art ‘that
im.ﬁous changes in form and details may be made therein without departing fromvthe

scope of the invention encompassed by the appended claims.
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CLAIMS
What is claimed is:
1 A mét_hod of cultuﬁng stem cells comprising:

‘a) bontacting the sfénj cells with one or more carbohydrate-based
mécrbmolecules, thereby producing a cell culture, and

b) maintaining the éell culture under conditions in which the stem cells
‘pr‘olif_erate, |

thereby culturing the stem cells.

2. The method of Claim 1. wherein the concentration of each of the one or more
carbohydrate-based macromolecules is from about 2.5mg/ml to about

100mg/ml.

3. The method of Claim 2 wherein the one or more carbohydrate-based

macromolecules has a molecular weight from about 50kDa to about IOOOkDa. _

4. The method of Claim 3 wherein the one or more carbohydrate-based

macromolecules is a polymer of glucose, sucrose or a combination thereof.

5 The method of Claim 4 wherein the polymer is Ficoll™70, Ficoll™400,
: polyvinyl pyrrolidone, dextran, dextran sulfate, polystyrene sulfonate, pullulan

or a combination thereof.

6_.j The method of Claimv 1 further comprisiﬁg contacting the stem cells wifh a

macromolecule having a negative or neutral charge.

7. The method of Claim 6 wherein the macromolecule is polyvinyl pyrrolidone.
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The method of Claim 1 wherein the stem cells are contacted with the one or
more macromolecules at a seeding density of about 500 cell/cm? to 30,000

cells/cm?.

ﬁThe method of Claim 1 wherein the stem cells are mesenchymal stem cells,

v.her'nelitopoietic_ stem cells, induced pluripotent stem cells, embryonic stem cells,

ﬁbfoéytes or a combination thereof.
The method of Claim 9 wherein the cells are human cells.

The method of Claim 1 wherein the stem cells are contacted with a mixture of

carbohydrate-based macromolecules comprising Ficoll™70 and Ficoll™400 B

-and the stem cells are mesenchymal stem cells or fibrocytes. -

- The method of Claim 11 wherein the FicollTM7O is at a concentration range of

from about 2.5mg/ml to about 100mg/ml, and the Ficoll™400 is at a
concentration range of from about 2.5mg/ml to about 100mg/ml.

The method of Claim 12 wherein the Ficoll™70 is at a concentration of about

37.5mg/ml and the Ficoll™400 is at a concentration of about 25mg/ml.

The method of Claim 1 further comprising inducing the stem cells to

differentiate.

The method of Claim 14 wherein the stem cells are induced to differentiate by

contacting the stem cells with one or more agents that induce differentiation.

The method of Claim 15 wherein the stem cells differentiate into adipocytes,

osteoblasts, chondrocytes, neurons, cardiomyocytes, myocytes or endothelial -

“cells,
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:A method of producing an extracellular matrix comprising

a) contacting fibroblasts, mesenchymal stem cells or a combination thereof with

v one or more carbohydrate—based macromolecules thereby producing a cell

culture and

b) mamtammg the cell culture under conditions in which the fibroblasts or

‘meseémchymal stem cells or combination thereof proliferate and produce an

extracellular matrix.

The method of Claim 17 wherein the concentration of each of the one or more

macromolecules is from about 2.5m/ml to about lOOmg/ml.

- The method of Claim 18 wherein the one or more carbohydrate-based

macromolecule has a molecular weight from about SOkDa to about IOOOkDa

The method of Claim 17 wherein the one or more carbohydrate-based

macromolecule is a polymer of glucose, sucrose or a combination thereof. .

The method of Claim 20 wherein the polymer is Ficoll™70, Ficoll™400,

dextran sulfate or a combination thereof.

' Tlle method of Cluim 17 wherein the fibroblasts are human fibroblasts.

The method of Claim 22 wherein the human fibroblasts are embryonic human

| fibroblasts, fetal human fibroblasts, human fibroblasts derived from

mesenchymal stem cells, induced pluripotent stem cells, human embryonic stem

_cells or a combination thereof.

The method of Claim 23 wherein the human fibroblasts are Wi- 38 fibroblasts,
IMR 90 cells, 293 cells ora comblnatlon thereof. '
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25.

26.

27.

28.

29.

- 30.

-78-

The method of Claim 17 further comprising c) contacting the cell culture with

one or more agents that lyse the cells, thereby producing a cell-free extracellular

-matrix.

‘The method of Claim 25 wherein the one or more agents is deoxycholate, NP40.

DNase or a combination thereof.

A cell-free extracellular matrix produced by the method of Claim 25.

‘A method of culturing stem cells comprising '

a) contacting the stem cells with the cell-free extracellular matrix of Claim 22,

- thereby producing a stem cell culture,-and

b) maintaining the? Stém cell culture under conditions in Whiéh the stem cells’
proliferate, |

thereby culturing the stem cells.

A kit comprising a cell-free extracellular matrix produced by the method of

Claim 25 and instructions for use thereof.

“The kit of Claim 29 further comprising'plates coated with the cell-free

extracellular matrix. -



WO 2011/108993
1/43

1A-1C
A. (2 days)

Figure

PCT/SG2011/000081

B+FC

35000

30000

25000

20000

15000

10000 7

no of cells {after 2 days in culture}

5.000 10,000 25,000

Initial no of cells seedéd/well

3000 | .

20000
15000 -
10000

5000

5,000 10,000 25,000

initial no of cells seeded/well

Fig. 1A

Fig. 1B

50,000

no of cells (after 7 days in culture}

10,000 )
initial no of cells seeded/well

25,000

- Fig. 1C



WO 2011/108993 PCT/SG2011/000081
2/43

. Figure 2A-2B

i . e

06 -

o5

ot: Fig. 2A

NS

w2

o4 v f

Population doubling rate

 {doublings/day)

. 0.0 :'L""i' —.~~..:. B e R
o 7z 28 3% 49

Days elapsed in culture z

&% 1000 ceils/well

0.

04
‘Fig. 2B

0.3"

(doublings/day)

Population doubling rate.

00

Days elapsed in culture



WO 2011/108993

Figure 3A-3E

3/43

Cumulative Population Doublings .

160
440 ¢

120 ¢

B0

ol

A0

b G ol L FL

1 5000:cells/well

Cumulative Population Doublings . .

s0

25 +

20

i

1

i ot (D Bt T 1)

1000 cells/well

a 7 T4 23 28

Days Elapsed in culture

PCT/SG2011/000081

Fig. 3A

Fig. 3B



PCT/SG2011/000081

WO 2011/108993

4/43

wm:;_:o POPMOID-UOU JBA0 sebessed Q| Jaye

EmnE:c []8o ul mwmm_o:_ o\omNN JO @sealoul |e}o} pue & abessed yoes je abueyo p|oj ul Jaquinu
[192 JO aseasoul Emo_v,_cm_w_ sanlb xjw |jooi4 Jepun uonebedoud (gd je) ezuo woli QSNG uewni

liooid

. 9Ts

U0
papmouun

*

sabessed

- 0°0
L o't

2

- 02
- 0°E

- 0°9
- 0L

QT 19A0 sBuey) pjod sBeioay

-aém
L os 2

B

¢ Big

z1 01 g 8 14 T b
¢ L i 4 L o0'g
9.t'9v5'G28 00l = co;m_saoa -
= uone|ndod jelu) Buiwnssy; ot
leuy 00¥/0L 24 v - 0°T
% tos
-
Q
- O B
[2]
L. a m m
¥19'9L6'8¢C m
= uonejndod o9
[eUl} pEPMOIoUN o
oo - h o ¢
|0JJUCD) PRPMOIDUS i ! o6

sBessed yoes 3o 3BULYD PjOd - WD/S(I80 0SLT

S0'0>enend,  [lGWSII9D 000G = ZW/SIISO0GLT |



PCT/SG2011/000081

WO 2011/108993

5/43

00v/0L4

PEPMAIIN

seBussud g Joao abusy) piog virioay

¢« < o @
0 w <« o
obuey) p1od obeioay

g
~N

<
-]

as ‘b4

9

salnyno _om_o\so_o-coc Jano wwmmmwma 9 laye

5 2 - [ S S

G6.'v61 = uonendod

G0’

i - - - N - 1 L . . c_-cm

jeul} pspmotoun

30| = uonejndod

- 0°S
jeul Buwnssy

4 E]
81'ee9 = uoendod N oz
[eul 00%/02 94 1oe
00/0£34 8-
PapMoISUfy —g— L o6

sbessed youa je abuey) pjod ud/s)9D 00TT

0> enjead , llomys|[e0 ooom = NEo\w__mooo_‘v

abueyd pjod



PCT/SG2011/000081

WO 2011/108993

6/43

saINn)|nd papMOId-Uou 1aA0 sabessed G Jaye
SJaqUINU ||99 Ul 8SEBI0U| % | Z{ JO asealoul |ejo) pue & obessed yoes je abueyd pjoy ul Jaquinu

B

1

1199 Jo asealoul Emo_“__cm_w saAIb Xiw Jjooi4 Japun uonjebedoud (gd je) ezuoT wolj DSING uewnH

. : jo43U0D),
jlootd papmouur
- 00
0T
Xi)4
. Q.M
- c-
- 0°S
YE'Y I _ _
| * | log
soBessed |
m dano uncn:u piod uam..u><

abuey) pjod

66.'v61 = uopejndod
|eul} pspmoioun

_ _‘ w,..nmm = uogejndod

jeut} 00%/0L °4
00+/0£ 11031 —m—

|OJIUCT PIPMOIIUS| —im

500 > enjea-d,

00} = uonejndod
|eniul Bulunssy

[ ] L)
o o
< ]

Q
Fp]

L Q-m

_ ~ |lemysiie2 0004 _,_w._ ZWO/S|[990GG

abuey) piod



WO 2011/108993

" Figure 4A-4B

7/43

PCT/SG2011/000081

A

40,000
35,000
30;000
25,000'
‘ 20,000
15,600
19,000

- 5,000

" Projected Cell numbers (in miltions)

—~—FC -=+FC

5000 cells/well

0 7 14 21 28
Days Elapsed in Culture

Fig. 4A

400,000

250,000

50,000

projected Cell Aunibers

500:000. -

1000 cells/well.

450,000 -

350,000

300;000: ©

200,000:

150,000

106,000 - +~=—

0. - ,.‘__.._..,_'-a

4] "7

Davs Elapsed in Culture

14

21 ' 28

Fig. 4B




WO 2011/108993

Figure 5 .

8/43

PCT/SG2011/000081

E.FC B4FC

Colonies percm? -

d56

Fig. 5

d70




WO 2011/108993 PCT/SG2011/000081
9/43

‘Figure 6
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