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FIGURE 5. Selection of the best lectin probe to discriminate pluripotency. The mean-normalized signal intensities of rGC2, rBC2LCN, and SNA to MEF (n =

1), SCs (n = 11), and iPSCs/ESCs (n = 123) are shown.
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FIGURE 6. Monitoring the contamination of the xenoantigen aGal epitope using the rMOA lectin. A, mean-normalized lectin microarray data are
represented by a bar graph. Numbers correspond to cell types described in supplemental Table S3. B, inhibition assay. Cy3-labaled cell membrane fractions of
MEF(#1) or MRC5-iPS#25(P22)(#13) were incubated with lectin microarray either in the absence (None) or presence of 100 ug/ml Gala1-3GalB1-4GIcNAc-PAA
or negative control PAA without sugar moiety. Data shown were obtained at gain 110 for MEF and gain 120 for MRC5-iPS#25(P22).

tency markers, SSEA3/4 and Tra-1-60/81 (for a scheme, see
supplemental Fig. S4).

In this study, rBC2LCN was selected as the best lectin probe
to evaluate pluripotency among the 96 lectins. BC2LCN is a
TNF-like lectin molecule identified from a Gram-negative
bacterium Burkholderia cenocepacia (45). Glycoconjugate
microarray analysis revealed that rBC2LCN binds specifically
to Fucal-2GalB1-3GlcNAc (GalNAc)-containing glycans,
such as H type 1 (Fucal1-2Galp1-3GIcNAc), H type 3 (Fucal-
2GalB1-3GalNAc), and Lewis b (Fucal-2GalB1-3(Fucal-
4)GlcNAc), which include the two structural characteristics
related to the pluripotency (al-2Fuc and type 1 LacNAc) as
described above (supplemental Fig. S3). This observation is
consistent with the previous report (45) in which Sulak et al.
studied the glycan-binding specificity of BC2LCN in detail
using glycan microarray and titration microcalorimetry. They
also demonstrated that this lectin also binds to Globo H
(Fucal-2GalB1-3GalNAcB1-3Galal-4GalB1-4Glc), which

B
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was recently proposed as a glycosphingolipid type pluripotency
marker (supplemental Fig. S4) (9, 45). These results explain the
mechanism of how this lectin could be used as the probe to
discriminate pluripotency. rBC2LCN could be used to probe
glycoproteins and possibly all glycoconjugates carrying
Fucal-2GalB1-3GlcNAc (GalNAc), whereas anti-SSEA3 and
anti-SSEAA4 specifically target glycosphingolipids. From a prac-
tical viewpoint, rBC2LCN is cost-effective because it can be
produced in large amounts by the conventional E, coli expres-
sion system (84 mg/liter). Thus, this lectin could be a versatile
probe to evaluate pluripotency.

In contrast, Globo H has also been reported to be overex-
pressed in epithelial cell tumors (46). Furthermore, a2~ 6Sia
up-regulated in iPSCs/ESCs has been reported to be overex-
pressed in many types of human cancers, and its high expres-
sion positively correlates with tumor metastasis and poor prog-
nosis (47). Thus, the glycan alterations upon induction of
pluripotency observed in this study are apparently similar to
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those occurring during malignant transformation, as was
implied recently (9). Although the reason for this similarity
remains to be elucidated, the characteristic glycan changes
should be related to the ability of eternal cell proliferation and
maintenance, properties common to both cancer cells and
pluripotent stem cells.

Glycans are located at the outermost cell surface, where var-
ious events take place on the basis of cell-to-cell recognition
and interactions. Endogenous lectins, major counterpart mol-
ecules of glycans, should play crucial roles in the events (e.g. by
regulating several signaling pathways). In this context, interac-
tions occurring between cell surface glycans and endogenous
lectins are considered to be essential for the maintenance of
pluripotency, self-renewal, and differentiation of iPSCs/ESCs
(48). Indeed, heparan sulfate proteoglycans were reported to
regulate self-renewal and pluripotency of embryonic stem cells
(49). Moreover, reduced sulfation on heparan sulfate and chon-
droitin sulfate were demonstrated to direct neural differentia-
tion of mouse ESCs and human iPSCs (50). Recently, synthetic
substrates recognizing cell surface glycans were reported to
facilitate the long term culture of pluripotent stem cells (48).
Thus, global analysis of the cellular glycomes of iPSCs and ESCs
performed in this study will be necessary to provide the basis to
explore the functions and applications of the stem cell glycobi-
ology. They includes rational design of the effective substrates
and culture conditions to support the long term propagation of
ESCs and iPSCs (48). Of course, the results obtained in this
study could also be readily applied to staining (specification of
the place the event occurs), enrichment (e.g. lectin-aided cap-
turing of necessary cells), and targeting of specific cells (e.g
elimination of unwanted undifferentiated cells). In this regard,
stem cell glycoengineering with the aid of a lectin microarray is
a key issue in realization of regenerative medicine in the near
future.
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1. INTRODUCTION
Human embryonic stem cells (hESCs) are derived from the

inner cell mass of 3- to S-day-old blastocysts.' > hESCs are -
characterized by a high nucleus—to-qrtoplasm ratio, prominent -

nucleoli, and distinct colony morphology Recently, pluripotent
stem cells that are similar to ESCs were derived from an adult
somatxc ce!l by the “forced” expression of certain pluripotency

gum;., Y osuch as Gcﬁ}ﬂ SoxZ, ﬁ»&iy;., ami kiﬁ% m fbe;r

gmtems * and microRNAs. " These
;pimpomnt mm cells {' ;P

‘g&v ACS Publications 2011 Amesican Shemical Society

embryoid body formation, teratoma formation, viable chimera
formation, potency; and differentiability. However, the fuﬂ extent
of their similarities to ESCs is still under investigation.”"

hESCs and human iPSCs have significant potential in therapeutic
applications for many diseases because they have the specific ability
to differentiate into all types of somatic cells."* For example, hESCs
and human iPSCs that have been differentiated into nerve cells that
secrete dopamine or 3 cells that secrete insulin can be transplanted
for the treatment of Parkinson’s disease™> '” and diabetes,’® 2
respectively. The pluripotent nature of these cells could permit the
development of a wide range of potential stem cell- based regenera-
tive therapiés and possible drug discovery platforms.**

However, the tentative dlinical potential of hESCs and human
iPSCs is restricted by the use of mouse embryonic fibroblasts
(MEFs) as a feeder layer. While the addition of the leukemia
inhibitory factor (LIF) to the culture medium can allow mouse
ESCs to proliferate and remain undifferentiated in the absence of a

~feeder layer of MEFs, this method is not effective for hESCs."? The
- addition of LIF to the culture medium is insufficient to maintain the
 pluripotency and self renewal of hESCs in a feeder layer-free culture.®

The possibility of xenogenic contamination during culture restricts
the clinical use of transplanted hESCs and human iPSCs. Further-
more, the process of culturing hESCs and human iPSCs using feeder
layers is elaborate and costly, limiting the large-scale culture of those
cells, The variability of MEFs between laboratories and across
batches also affects the characteristics and differentiation abilities of
hESCs and human iPSCs. The development of feeder-free cultures
using synthetic polymers or biomacromolecules as stem cell culture

 materials will offer more reproducible culture conditions and lower
 the cost of production without introducing xenogenic contaminants.
-These improvements will increase the potermal clinical applications

of differentiated hESCs and human iPSCs.®

Several factors in the microenvironment and niches of stem cells
influence their fate: (1) sevéral soluble factors, such as growth factors
or cytokines, nutrients, and bioactive molecules; (2) cell—cell
interactions; (3): cell—biomacromolecile (or biomaterial) interac-
tions; {4) and physical factors, such as the rigidity of the environment
(Figure 1). Mimicking the stem cell microenvironments and niches

Received: October 27, 2010
Published: February 23; 2011
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Figure 1. Schematic representation of the microenvironment and niches of hESCs and human iPSCs and their regulation by the following factors:
(1) several soluble factors, such as growth factors or cytokines, nutrients, and bioactive molecules; (2) cell—cell interaction; (3) cell—biomacromolecule
(or biomaterial) interaction; and (4) physical factors, such as rigidity, of the environment.

membranes

Figure 2. Schematic representation of different culture methods for hESCs and human iPSCs, hESCs and human iPSCs have been cultured (a) on MEF,
(b) on Matrigel, (c) on 2D materials coated with ECM or other biomacromolecules, (d) on 2D materials prepared from synthetic materials, (e) in
hydrogels made from glycosaminoglycan or other biomacromolecules, (f) on a 3D scaffold, and (gh) on porous polymeric membranes.

using biomacromolecules and/or synthetic materials will facilitate the
production of large numbers of stem cells and specifically differ-
entiated cells needed for in vitro regenerative medicine.”!
Tissue-specific stem cell niches provide crucial cell—cell
contacts and paracrine sig):)a]ing.:“'22 The extracellular matrix
(ECM) keeps stem cells in the niche and serves to initiate signal
transduction,”>** while locally concentrated glycosaminoglycans
(GAGs) provide soluble growth factors or cytokines. Both

in vitro and in vivo, the niche is established by supportive cells,
the ECM and soluble factors, which regulate stem cell fate via
complementary mechanisms, including the presentation of
immobilized: signaling molecules, the modulation of matrix
rigidity, and the creation of cytokine gradients.*’ Thus, it would
be highly beneficial to design, construct, and. reproduce the
microenvironment and niche of pluripotent stem cells in vitro
with biomacromolecules and synthetic polymers.

3022 dx.doi.org/10.1021/cr1003612 {Chem. Rev. 2011, 111, 30213035
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Table 1. Characterization of Pluripotent ESCs and iPSCs*

1. morphology
cell morphology

colony formation
2. protein level
surface marker analysis
immunohistochemical analysis
alkakine phosphatase (AP)
SSEA-1 (negative staining)

3. gene level

Oct-4, Oct-3/4, Nanog, TRA-1-60, Tra-1-81, SSEA-3, and SSEA-4
Oct3/4, Oct-4, Sox-2, SSEA-3, SSEA-4, TRA-1-60, TRA-1—81, and Nanog

Oct3/4, Oct-4, Sox-2, Nanog, TDGE-1, UTE-1, REX1, hTERT, ABCG2, DPPAS,

2, 14, 31, 34, 39, 45, 47, 50, 76

6,28—30, 37, 38, 40, 50, 72, 75, 95
2835, 38, 46, 4850, 68, 71

31, 37, 39, 40, 44, 46, 48, 68

CRIPTO, FOXD3, Tertl, Rex2, and DPPAS

4. differentiation ability

teratoma formation In Vive
“Bold genes and proteins are frequently analyzed for the characterization of hESCs and human {PSCs.

embryonic body formation in vitro (EB)

2, 5, 31, 34, 45, 47, 68, 72, 75, 96, 127

ﬁ‘

Figure 3. Morphology and expression of plunpotent markers in human 1PSCs grown on a MEF feeder layer. Human iPSCs were denved from MRC-5
cells injected with Oct-4, Sox2, KIf4, and c-Myc using a retroviral vector. (A) A human iPSC colony grown on MEF. (B) Human iPSCs stained with

antibodies and/or dye for (a) Oct3/4 (green), (b) Sox2 (red), (<) SSEA-4 (red), (d) TRA-1-60 (green), () Oct3/4 {green) + Nanog (red) + DAPI
(blue), (f) Sox2 (red) -+ DAPI (blue), (g) SSEA-4 (red) + DAPI (blue), and (h) TRA-1-60 (green) + DAPI (blue)

~ Recently, several articles from both material scientists and
molecular biologists have discussed the effect of culture materials
on the fate of stem cells.'***™* This review describes and

discusses the use of culture materials derived from bxomacromo- i

lecules and synthetic polymers that support the propagation of
hESCs and human iPSCs while maintaining their pluripotency.

Figure 2 shows a schematic representation of the culture
methods discussed in detail in this review: (a) cells cultured on
two-dimensional (2D) materials ‘coated with ECM or other
biomacromolecules, (b) cells cultured on 2D materials prepared
from synthetic materials, (c) cells cultured in hydrogels from
glycosaminoglycan or other bxomacromolecules, (d) cells cultured
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on porous polymeric membranes, and (&) cells cultured on three-
dimensional (3D) materials. In addition, this review discusses the
design and importance of cell culture materials that maintain the
pluripotency of hESCs and iPSCs,

2. ANALYSIS OF THE PLURIPOTENCY OF HESCS
AND HUMAN IPSCS

hESCs and human iPSCs display high telomerase activity and
express several pluripotency surface markers, such as glycolipid stage-
specific embryonic antigen 4 (SSEA-4), [28—30] tumor rejection
antigen 1—60 (Tra-1—60), keratan sulfate-related antigen, '™
and tumor rejection antigen 1—81 (Tra-1-81),*** 7 but not
glycolipid stage-specific embryomc antigen 1 (SSEA-1). SSEA-1 is
expressed on mouse ESCs. 12831 hESCs also show high expression
levels of spedific pluripotency genes, such as Oct3/4,2% Oct-4
(PQUSF1, POU domain transcription factor) B389 anog,*>*
Sox2,“* Rex-1,* and hWTERT, the catalytic component of
telomerase. 3 Table 1 summarizes the characteristics of pluripo-
tent hESCs.

The pluripotency of hESCs and human iPSCs is evaluated
based on (a) the colony morphology by microscopy,' %% (b
the expression of Eo}un‘&otency genes by RT-PCR and qRT-PCR
measurements,” and (¢} the axpresmn of pluripotent
proteins by flow cytometry® and immunoflusrescence
analyses®™® (Table 1). Pluripotent hESCs and human iPSCs
generate colonies with spherical cells. Figure.3 shows a typical
example of a colony of iPSCs. Differentiated hESCs and human
iPSCs have small, coagulated, or fibroblast-like morphologies.“
Once hESCs and human iPSCs have differentiated, the cells
expand from the differentiated stem cells and cannot be used as a
source of stem cells in clinical or research applications.

The expression of plaripotency genes, such as Oct3/4, Oct-4, Sox-
2, Nanog, Rex-1, hTERT, Tra-1-60, Tra-1-81, SSEA-3, and SSEA-4, is
generally - analyzed - by RT-PCR .and/or qRT-PCR methods
(Table 1). The expression of plunpotency proteins, including Oct-
4, alkaline phosphatase’ (AP),* " SSEA-4, Tra-1-60,and Tra-1-81, is
analyzed by immunoflucrescence ‘or flow cytometry analysis with
specific antibodies. The mRNA expression level of a pluripotency
gene does not directly relate to the expression level of the correspond-
ing pluripotency protein die to regulation by interference RNA, such
as microRNA (miRNA) .3 Figure 3 also shows the typical expres-
sion pattems of pluripotency proteins in human iPSCs.

The analysis of pluripotency genes and proteins through RT-
PCR and/or qRT-PCR analysis and immunofluorescence and/
or flow cytometry analysis, respectively, is important to verify the

pluripotency of hESCs and human iPSCs. The difference be-

tween hESCs and human lPSCs and adult ot fetal stem cells, such

as. bone marrow—denved stem cel]s (mesenchyma] stem

cells), 5 ose-derived: stem cells,”*>” and amniotic fluid

stem cells,>” is the ability to differentiate into cells of all three
germ layers (endoderm, mesoderm, and ectoderm) 30476061
Mesenchymal stem cells and other adult and fetal stem cells:
primarily differentiate into cells from the mesoderm, such as
osteoblasts, chondrocytes, and a ?ocytes, although - several
exceptions have been reported.”*”* Therefore, the ability to
differentiate into cells from all three germ layers is also used to
evaluate the pluripotency of hESCs and human iPSCs. hESCs
and human iPSCs can generate embryonic bodies (EB) when
cultured on. untreated polystyrene dishes  in - differentiation
medium, which includes three germ layers or tissue.>>*>% The
formation of teratomas that include all three germ layers is also

58:;

“arminic add {NénSGg} 7 have pmmpte& the investigation of

used to evaluate the pluripotency of hESCs and human iPSCs by
injecting hESCs and human iPSCs into immunodeficient mice,
such as mice with severe combined immunodeficiency
(SCID).>*%7 Table 2 summarizes the characterization methods
used to analyze the ability of cells to differentiate into all three
germ layers in both EB and teratomas.

The ability to differentiate into cells from all three germ layers in
EB and teratomas is analyzed in several ways: (1) observation of tissue
that “includes all three germ layers [the epithelial component
{endoderm (E)), renal tissue (E), intestinal mucosa (E), cartilage
(mesoderm (M)), bone (M), musde (M), chondrocyte (M),
mesenchoymai tissue (M), the neural component (ectoderm
(EC)),™ and the epidemial component (EC)],>*"*7% (2)
expression of differentiated genes, including endoderm genes [ot-
fetoprotein (AFT), SOX17, amylase, albumin, FOXA1 (HNF3q),
GATAG6, and PDX1], mesoderm genes (Brachyury T, 3-globin, MIX-
LIKE-1, Handl, and- Msx1), and ectoderm genes [SI-tubulin,
SOX1, neurofilament heavy chain (NFH), keratin 1S, neural pro-
genitor markers PAX6 and NeuroD, and Nestin) ], by RT-PCR and/

“or qRT-PCR,*##508970 a4 (3) the expression of differentiated

proteins, including endoderm-related proteins [AFP, cytokeratin 19
(CK19); glucagons, and albumin], mesoderm-related proteins (actin,
Q-actinin, cTnl, and Brachyury T), and ectoderm-related proteins [ 3-
I tubulin, enolase, nestin, ‘and glial fibrillary  acidic protein
(GEAP)]. 038407172 Figure 4 shows typical examples of the histo-
chemical analysis of teratomas with cells from all three germ layers.

- hESCs proliferate continuously under the appropriate condi-
tions and are able to differentiate into all types of somatic cells
from all three germ layers in vivo and in vitro,”

3. CELL-FREE CULTURE OF HESCS ON BIOMATERIALS
MAINTAINS PLURIPOTENCY

hESCs and human iPSCs are currently cultured on MEFs as a
feeder layer to maintain the pluripotency and self-renewing
characteristics. hESCs and human iPSCs can be cocultured with
MEFs for extended periods of time without undergoing differ-
entiation. However, if the MEFs are removed and hESCs and
human iPSCs are cultured under normal culture condmons,
differentiation into many somatic cell types is triggered. > 7

- How “v&:r, mnmﬁs over  fhe  crossspecies” tansfer  of

5 and immumgvmc epitopes, such as Nog z,iy:;:ﬁlthm«

xeno-free calture and cellfice culture in recent years. As an
aitemai:m to cocultures of hESCs: wi:h MEFs, several fsolated
ECM or cell adhesion molecules that support hESC attachment and

8 prohferahon have been evaluated. Tables'3 and 4 summarize the

feeder layer-free culture of hESCs and hurnan iPSCs on biomacro-
molecules and synthetic polymers. The addition of a high concen-
tration of basic FGF (bFGF, FGF-2) is necessary for the culture of
hESCs and hurnan iPSCs in the absence of a feeder layer and/or
without a conditioned medium from MEPFs. It has also been
suggested that inhibition of the BMP. sigrialing pathway plays a
significant role i the molecular mechanism of hESC self-
renewal. *">7® FGE2 signaling is critical for the self-renewal of
hESCs, and the transforming growth factor beta (TGF ﬁ) signaling
pathways are necessary for preventing differentiation.”” Therefore,
hESCs and human iPSCs require FGF-2 for self-renewal, At the
same Ume, it is necessary to block BMP signaling to maintain the
phenotype.”” The addition of FGF-2 and Activin A/Nodal to
serum-free media increases the expression of pluripotency markers
compared with Activin: A/Nodal alone, while FGF-2 alone is
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Table 2. Characterization of Differentiation Ability to Three Germ Layers in EB and Teratoma®

1. morphology

2. protein level
immunohisto

chemical analysis

surface marker

3, gene Jevel

Von Kossa staining (calcification)

Picrosirius staining for collagen, blood vessels, etc.

Alizarin Red staining (calcification)

Alcian blue/Van Giesson’s staining

haematoxylin and eosin staining

(a) endoderm differentiation

columnar epithelia with goblet cell, primitive epithelium stained with cytokeratin 18 antibody,
respiratory epithelium, gut epithelium, epithelial, intestinal mucosa, intestinal epithelium,
pigmented epithelium, and renal tissue :

(b) mesoderm differentiation

hyaline cartilage, muscle, catilage, bone, smooth muscle, striated muScle, mesenchyntal tissue,
smooth muscle stained with actin antibody, and chondrocytes

(c) ectoderm differentiation ‘

neural rosettes, neural epithelium, neuroectoderm, neuronal tissue stained with neurofilament
200 X antibody, peripheral Schwann cells, embryonic ganglia, stratified équamous epithelium,

epithelium, and neural tubes
(a) endoderm differentiation

AFP, Glucagon, pdx-1, HNF3f, CK19, glucagon, NFH, GEAP, IFAB?, albumin, Titf1, TTE-1,
and FOXa2

(b) mesoderm differentiation

FOXA2, cTcN, (-SMA, brachyury, vimentin, oi-actin, Q-actinin, muscle actin, actin, BMP-4,
and ¢Tnl '

(c) ectoderm differentiation

NCAM, Tujl, neurofilament, Slfl:tubulin, GEAP, enolase, and nestin

VEGFR2 (mesoderm), PDGFRa (mesoderm), and CXCR4 {endoderm)

(a) ectoderm gene expression ‘

SOX-1, PAX6, Nestin; NES, Tujl, MAP2, NeuroG1, TUBB3, fllI-tubulin, NeuroD, NOG,
NEFL, keratin, Keratin 8, Keratin 18, Keratin 15, NFH, and neurofilament (NF)-68

(b) endoderm gene expression -

AFP, cerberus, GATA3, GATA4, GATAG, SOX17 (G3, G16, A17, Al4, A1), ONECUT],
FOXA2 (A17G101), IPF1, FOXAL, PROX1, HHEX, ALB, HNF3b; HNF4a, Albumin, PDX1,
amylase, TTE-1, IRABP, and Titfl ' '

(c) mesoderm gene expression ’

brachyury T; Handl, IGF2, FLK1, MIXL1, MESP1; EOMES, PAX3, MYOD1, PECAM]I,
NKX2, GATAI, GATA2, GATA4, KDR, BMP4, SIL, HOXB4, MyQD; Msx1, C-actin, S-globin,
Q-cardiac actin; cardiac actin, ;VE‘cadhe‘rin, enolase, MtoD, and CD31

(d) cardiomyocyte differentiation

Nkx2.5, GATA-4, MYH-6, TNNT?2, TBX-5, Mlc2a, MLC-2 V, tropomyosin, ¢Tnl, ANP,
desmin, 0-MHC, 8-MHC, ¢TnT, Isl-], and Mef2c

{e) hepatocyte differentiation

AFP, albumin, and TAT

(f) neural differentiation

Nestin, Musashi 1, Tujl, astrocytes {GEAP), and oligodendrocytes (myelin basic protein)

30,68

2,8, 31, 34, 45, 47, 68, 75, 96

2,5,31,34, 45,47, 68,75, 127

2,5,31,34,47,68,72,75,127

28, 30,31, 40, 7173, 75, 88

28, 30, 38, 71, 72, 88, 127

28, 30, 38, 40,48, 71,72, 75
128

28, 32, 33, 33, 38, 40, 46, 48,
50, 69, 70, 76, 88

28, 33, 38, 46, 48, 50, 69, 70,
73,76, 88

28, 32, 33, 38, 46, 48, 50, 69,
70, 88

33,40, 47

*NCAM, neural cell adhesion moleule; ¢cTnT, cardiac Troponin-T; FOXA2, forkhead box 2; -SMA; alpha smooth muscle actin (K15); pdx-1,
pancreatic marker; Tujl, [B-Tl-tubulin (nenronal marker); AFP, (l-fetoprotem, NFH, neuro- ﬁlament heavy chain; (;FAP ghial fibrillary acidic protein;

cTnl, cardiac troponin L

insufficient to maintain pluripotency marker expression. 7 FGF-2
induces the expression of hESC supportive factors, and Smad2/3

activation (TGF -3 pathway) is required for hESCs to maintain
pluripotency.”” In addition to soluble factors in the culture medium,
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Figure 4. In vivo differentiation (teratoma formation) of human iPSCs, and histological and immunochemistry analysis of teratomas. The arrow
indicates (a) hepatocytes (endoderm), (b) cartilage (mesoderm), and (c) retinal pigment epithelium (ectoderm). Differentiation markers representing

the three germ layers, (d) AFP (endoderm), (e) smooth muscle actin {mesoderm), and (f) TuJ1 (ectoderm) were also observed.

the interaction between cells and their environment is also
important and can influence the pluripotency of hESCs and human

iPSCs. Figure 5 summarizes literature reports of different culture:

materials (substrates) in the feeder layer-free culture of hESCs.

3.1. hESC Culture on Matrigel

Matrigel is typically used as a substrate in feeder layer-free
culture of many hESC lines. Matrigel is composed of isolated
components from the sarcomas of Engelbreth—Holm—Swarm
mice,”®” including laminin, collagen IV, heparan sulfate pro-
teoglycans, enactin, and growth factors (e.g., TGF-f, EGF, and
FGE), " avhich have been reported to support the pluripotency
of many hESC lines.™

The effect of Matrigel and its individual components, such as
collagen IV, laminin, and fibronectin, on the self-renewing capacity

of hESCs has been investigated.*® Collagen IV, one of the compo-

nents of Matrigel, could not maintain the pluripotency and self-
renewing capability of hESCs, while laminin, which is' also a
component of Matrigel, successfully maintained and supported
long-term hESC culture in undifferentiated states using MEF-
conditioned medium (MEF-CM).* MEF-CM s a culture medium

that has been used to culture MEFs and contains several growth:

factors; extracellular matrix (ECM) and cell binding molecules,
which are secreted by MEFs. It has been reported that the successful
maintenance of hESCs without MEF-CM requires a culture medium
supplemented with high concentrations of FGF-2, TGF-f1, and LIF

and the use of fibronectin-coated dishes, In this culture system, FGF-
2 miaintaing hESC cultwre,™ TGF-31 supports hESC proliferation,”

fibronectin promotes cell adhesion,® and LIF activates the JAK/
STAT3 pathway and supports the self-renewal of hESCs ™ How-
ever, there are several reports that neither LIF nor activation of the
STAT?3 pathway contributes to the self-renewal of hESCs>**

The first feeder cell-free culture was reported by Xu et al* They
reported that hESCs cultured on Matrigel attached and formed small
colonies that were less compact than hESC colonies on MEF feeder
layers.* Differentiated hESCs appeared between colonies after a few
days. hESCs on Matrigels were, therefore, reported to be dense,
undifferentiated colonies surrounded by differentiated cells. This
group was able to. culture hESCs on Matrigel in MEF-CM and

maintained: the undifferentiated hESCs for over 130 population
doublings (>180 days).* In contrast, hESCs seeded onto gelatin in
MEF-CM had alow survival rate, and the cells tended to differentiate
within the first passage.” Furthermore, it was observed that only a
few appropriate hESC colonies existed in cultures on Matrigels with
conditioned media from STO (an immortal mouse embryonic
fibroblast cell line) or BJSta (a human foreskin fibroblast cell line
immortalized with telomerase) cells after passage 39. Only condi-
tioned medium from specific cells seems to support hESC growth.
hESCs on Matrigels in MEF-CM maintained a normal karyotype
and a stable proliferation rate (a doubling time of 31—33 h, similar to
that for hESCs grown on a MEF feeder layer) and displayed high
telomerase activity.*®

The hESCs on Matrigels showed successful expression of
pluripotency genes, including Oct-4 and hTERT, alkaline phospha-
tase activity (AP), and the surface markers of pluripotency proteins,
including SSEA-4, Tra-1-60, and Tra-1-81, after 53 passages.“

. hESCs. generated embryonic bodies (EB) with heterogeneous

morphologies, including beating cells in vitro and teratomas in
SCID/beige mice, which differentiated into cells from all three
germ layers.*® It should be noted that hESCs can be maintained on
Matrigel in MEE-CM, but hESCs on Matrige! in nonconditioned
hESC medium completely differentiated after two passages. Thus,
culture on Matrigels is not sufficient to maintain the pluripotency of
hESCs. Several soluble factors, such-as growth factors and ECM
components secreted by MEFs, are also required.

Ullmann et al. reported the successful culture of hESCs on
Matrigel-coated plates using MEF-CM and conditioned medium
from human fetal skin fibroblasts.** They were unable to main-
tain the pluripotency of feeder-free hESCs on Matrigel for more
than 37 passages, whereas the maintenance of hESCs on MEFs
maintained pluripotency for more than 100 passages.>*** Im-
munochemistry analysis showed that cells at the periphery of the
hESC ‘colonies in the feeder-friee culture on Matrigel were
negative for E-cadherin expression: and positive for vimentin
expression; which is indicative of the epithelial—mesenchymal
transition (EMT). It was suggested that the feeder-free culture
conditions using Matrigels forced the hESC colonies to undergo
early differentiation into an EMT process.”*%
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Table 3. Feeder Layer-free Culture of hESCs and Human iPSCs Keeping Their Pluripotency on Biomaterials®

H1, H7, H9, H14 matrigel MEF-CM 6 months proteins, genes; EB, teratorma. 45 (2001)
H1, H7, H9, H14 matrigel MEF-CM 88 passages proteins, genes 37 (2003)
BGO3 matrigel MEF-CM 24 passages proteins, genes, EB 46 (2004)
Hi, H7, HS matrigel MEF-CM 70 passages proteins, genes, teratoma 72 (2004)
H1 matrigel HEF1-CM 12 passages protéins, genes, EB 86 (2004)
H7,H9 matrigel SFM 15 passages proteins, EB, teratoma 44 (2005)
H1, H9 matrigel SFM 10 passages genes, EB, teratoma 76 (2005)
Hl matrigel - MEF-CM or SFM § passages proteins, genes, Diff 88 (2005)
H1, BGN1, BGN2 matrigel MEF-CM or SFM 5'passages proteins, genes, EB 87 (2005)
SA002, AS038, SA121 matrigel SFM 35 passages proteins, teratoma 68 (2003)
Hi4 matrigel SFM 35 passages morphology 60 (2006)
VUBO1, VUB03: DM1, VUB0O4_CF . matrigel : MEF-CM 37 passages protein 34 (2007)

" VUBO1, VUB03_DMI, VUB04_CF ‘matrigel hE-CM |37 passages proteins 34 (2007)
HUES7, NOTT-1, HESC-NL-1 matrigel MEF-CM 20 passages proteins, genes 89 (2008)
HS401 matrigel SFM 30 passages proteins, genes, EB 29 (2009) -
HI1, H7, H9, H14 laminin MEF-CM 6 passages morphology, genes 45 (2001)
Hi human laminin SEM. 11 passages proteins, genes; EB, teratomas 75 (2005)
HSF6 laminin SFM 20 passages proteins, genes, teratomas 96 (2005)
H9, H13 laminin . SFM 15 passages protein, EB 95 (2006)
KhES-1, KhES-2, KhEs-3 * Tarninin MEE-CM 10 passages  protein, EB 50 (2008)
BGO3 fibronectin - MEF-CM 24 passages proteins, genes, EB 46 (2004)
[-3,1-6, H-9 fibronectin SEM 30 passages proteins, EB, teratoma 35 (2004)
HS360 fibronectin SFM 2 pas‘ys’ages‘ proteins, genes, EB 29 (2009)
MAN]1, HUES7, HUES1 fibronectin ~_SEM 10 péssages proteins, genes, EB 38 (2009)
HUES1, HES2, HESC-NL3 vitronectin SFM * 8 passages proteins . 71 (2008)
HUES-1, Shefl collagen (t&pe 1) SFM 24 passages proteins, genes, EB 32 (2008)
H1, H7, H9, H14 gelatin MEE-CM ‘ few passages morphology 45 (2001)
H9, ACT-14 MEF-ECM SFM. 30 passages proteins, EB, teratoma 127 (2005)
hES2, hES3, hES7 hMSC-derived matrix ~ hMSC-CM | 30 passages proteins 49 (2008)
HS360, HS401 hECM mixture© -~ SEM_ 6—7 passages proteins, genes, EB 29 {2009)
H9 recombinant E-cadherin -~ SFM 35 passages proteins, genes, teratoma 103 (2010)
HS360 FBS SFM 10 passages proteins, genes, EB 29 (2009)
HS360 human serum : SFM 2 passages proteins, genes, EB 29 (2009)
H1, hES-NCLI human serum hES-dF -CM 27 passages .. proteins, genes, EB, teratoma 39 (2005)
hESCs hyaluronic acid hydrogels MEF-CM 20 days : proteins, EB 113 (2007)

“ MEF-CM, mouse embryonic fibroblast-conditioned medium; SFM, serum free medium; hMSC-CM, human mesenchymal stem cell-conditioned
medium; hMSC-detived matrix, extracellular matrix derived from human mesenchymal stem cell; hECM mixture, mixture of human extracellular matrix,
proteins, surface marker analysis, and immunohistochemical analysis of pluripotency of hESCs; genes, gene expression analysis of plunpotency of‘
hESCs; EB, embryomc body analysis; teratoma, teratoma analysis; D:ﬂ', dzﬂ'erentxanon analys:s

3.2. hESC Culture on Serum-Coated Dishes

Matrigel®”**#6 ™% has been frequently used for the feeder-free
growth of hESCs in undifferentiated states because it supports
the attachment and growth of undifferentiated hESCs in MEF-
CM. The use of Matrigel is, however, not ideal for potential
medical applications of hESCs due to the risk of xenogenic
pathogens. Stojkovic et al. reported the maintenance of undiffer-
entiated hESC cultures on human serum-coated dishes for
several passages using conditioned medium from fibroblasts
derived from differentiated. hESCs (hES-dF-CM).* hESCs
grown on human serum-coated’ dishes under these conditions
maintained undifferentiated characteristics after prolonged culture
(>27 passages), while hESC cultured on uncoated dishes formed
embryoid bodies or attached to the plates, leading fo sponta-
neous differentiation. hESCs cultured on human serum-coated

dishes expressed: cell surface and intracellular hESC miarkers
typical of undifferentiated cells: SSEA-4, Oct-4, TRA-1-60, TRA-
1-81, and alkalirie phosphatase.*® When hESCs were cultured on
human serum-coated dishes in the absence of hES-dF-CM,
hESCs tended to differentiate spontaneously within® 48 h,
indicating that hES-dE-CM is a key factor for the maintenance
of undifferentiated hESCs in this system. Furthermore, hESCs
cultured on human serum-coated dishes had the potential to
differentiate into tissues from all three embryonic germ layers
in vivo and in vitro (e, g cartilage, muscle, primitive neuroecto-
derm, newral ganglia, kidney, secretory ep:theha, connective
tissues, etc.) and maintained a normal karyotype.® It has been
reported that hESCs can maintain pluripotency when cultured:
on dishes coated with different types of human serum from :
different batches or prepared from patients with type I diabetes,>®
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Table 4. Feeder Layer-free Culture of hESCs and Human iPSCs Keeping Their Pluripotency on Synthetic Polymers”

CHA-hES3, H9 porous PET membranes SFEM +STO feeder cells 25 passages protein, teratoma 11402007)
HUES7, NOTT1  oxygen plasma etched TCPS MEE-CM 14 passages proteins, genes, Diff. 23(2009)
hESCs TMA-PSt microcarriers SEM 6 passages proteins, EB *(2008)
HS237 PDTEC ’ hES-CM 1 passages proteins, genes, EB **(2009)
HS237 PLDLA hES-CM 1 passages 'proteins, genes, EB *%(2009)
H1 calcium alginate hydrogels SFM 260 days proteins, genes 4%(2008)
BGO1V chitosan and alginate 3D scaffolds SFM 21 days proteins, genes, teratoma 3(2010)
8SA167, AS034.1 TCPS hEUM 43 passages proteins, teratoma 32008)
BGO1, WIBR3 FBS-coated acrylate copolymer MEF-CM 10 passages proteins, genes, teratoma  ''7(2010)
BGO1, WIBR3 human serum-coated acrylate copolymer ~ SEM S passages proteins, genes, teratoma "7(2010)

* MEF-CM; mouse embryonic fibroblast-conditioned medium, SFM; serum free medium; proteins; hES-CM; human foreskin fibroblast-conditioned
medium, hF-CM; human fiblobrasts-conditioned medium, FBS; fetal bovine serum, proteins; surface marker analysis and immunohistochernical analysis
of pluripotency of hESCs, genes; gene expression analysis of plaripotency of hESCs, EB; embryonic body analysis, teratoma; teratoma analysis, Diff;
differentiation  analysis, PET,  polyethylene - terephthalate; TMA-PSt, tmnethylammomum-coated polystyrene  microcarriers; PDTEC; poly-
(desarmnotyrosyl -tyrosine-ethyl ester carbonate), and PLDLA; poly-L.D-lactide.

Hakalaetal. (2000)
IMahistedtetal. (2009)
Nsgaoka etal.(2010)
Furue etal. (2008)
Beattie etal. (2005)
Hakala etal. (2000)
{Hakala etal. (2&09) ;

Au et al (2001) | 1
[Richards etal. (2002

Figure 5. Use of different culture materials for the feeder layer-free culture of hESCs reported in the literature.

This indicates that different soluble growth factors, adhesion
molecules, and ECM components that support the maintenance
of undifferentiated hESCs are common and consistently present
in different batches of human serum prepared from both normal
donors and patients with type I diabetes. However, Hakala et al.
reported that hESCs cultured on human serum-coated dishes
could not maintain pluripotency in a chemically defined medium
or condlttoned medium: prepared from human = foreskin
fibroblasts.”” This indicates that the soluble factors in the culture
medium of hESCs can also determine the fate of undifferentiated
hESCs cultured on human serum-coated dishes.

3.3. hESC Culture on ECM-Coated Dishes

Recombinant or natural collagen IV, laminin, fibronectin, and
vitronectin, which are components of the ECM, have been used
instead of Matrigel or serum as coating materials for the feeder-
free growth of undifferentiated hESCs and human iPSCs. Feeder
cell-free and serum-free hESC culture on human fibronectin-
coated dishes was investigated in a culture medium containing
KnockOut Serum Replacement (Ko-SR) together with TGE-1
and FGE-2 (Table 3).2%%°

The feeder layer-free and serum-free culture of hESCs (1-3, 1-6,
and H-9) on fibronectin-coated dishes showed low differentiation
percentages in medium containing Ko-SR, TGF-1, and FGF-2,
while hESCs cultured on gelatin showed complete differentiation on
day 83° With regard to the growth rates of hESCs, the colony
forming efficiency on human fibronectin was lower but similar to
that on. MEFs, while the colony forming efficiency. of hESCs
cultured on bovine fibronectin was dramatically lower than that
on MEFs and on human fibronectin.® Amit et al. reported that
more than 50 passages were possible for hESC culture on fibro-
nectin withoi;t, differentiation of the cells.*® However, it should be
noted  that another study”® reported that hESCs cultured on
fibronectin-coated dishes did not maintain pluripotency under the
same conditions described by Amit et al®® The hESCs quickly
differentiated and attached poorly beyond the second passage.
Furthermore, Xu et al. found that hESCs cultured on collagen IV
and fibronectin in MEF-CM did not contain as many undifferen-
tiated colonies as those cultured on Matrigels or laminin.*

Gelatin is thermally denatured collagen derived from animal
skin and bones. Mouse ESCs can be maintained on gelatin-coated
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dishes in a culture medium supplemented with LIF for extended
petiods of time.”’ ™ The binding of the LIF receptor 3/gp130
heterodimer and activation of the JAK/STAT3 signaling pathway
have been implicated in the self-renewal of mouse ESCs.”* However,
gelatin was not able to support undifferentiated hESCs. hESCs
seeded onto gelatin in MEF-CM had low sumval rates; and the cells
tended to differentiate within the first passage.”®

Laminin is the first extracellular matrix protein expressed in two-
to four-cell stage mouse embryos and is a major component of the
extracellular matrix of basal laminae in all vertebrates.**>%

hESCs cultured on laminin could be maintained in an undiffer-
entiated state for more than 42 days.* The hESCs cultured on
laminin successfully expressed ‘pluripotency genes (Oct4 and
hTERT) and had high telomerase activity.. hESC culture on
recombinant human laminin (ch laminin} in MEF-CM has also
been reported Recombinant human ECM is abundantly available
and a well-characterized source of human-derived proteins pro-
duced in an if vitro system. Laminin, which is a major component of
Matrigel, plays an important role in cellular adhesion and consists of
three distinct subunits: ¢ to Cs; B to B3 and ¥, to ¥3.3%%” More
than 15 laminin isoforms have been identified, and the expression of
these isoforms is specifically regulated by dxffetent types of cell
surface receptors during embryonic development.”® Four laminin-

binding types (0,8, 048, Offy; and ;) among' 24 umque
integrin isoforms have been identified.”* Consistent with Xu et al,**

Miyazki et al. found that hESCs primarily expressed integrin (166 by

which binds predominantly to laminin-111, —332, and —511/

—521.3° When hESCs were cultured on rh laminin in MEF-CM,; the -

célls adhered well to th laminin-332-coated plates but did not adhere
to th laminin-511- and rh laminin-111-coated plates.*’ The hESCs
proliferated on these three rh laminin-coated p]ates in MEF-CM for

several passages while maintaining pluripotency.®® These results
show that rh laminin-111,.-332, and -511 are able to expand
undifferentiated hESCs: due to: their high affinity. for integrin

0By, which is expressed on hESCs; however, it is unknown whether -

hESC pluripotency can be maintained for extended passages.*’ In
addition; because the hESCs were cultured in MEF-CM, the hESC
culture on rh laminin is feeder-free but not xeno-free.*®
hESC culture on laminin-coated dishes using serum-free
medium that contains human-derived and recombinant proteins
supplemented with recombinant growth factors has also been
reported.” The hESCs maintained an undifferentiated morphol-
ogy and expressed pluripotency genes (SSEA-4, Tra-1-60, and
Cripto) similarly to cells cultured in MEF-CM. These hESCs
were also able to generate teratomas in SCID/beige mice,
indicating that the cells from all three germ layers differentiated
when the hESCs were cultured for less than 14 passages.”® hESCs
cultured in xeno-free conditions must be evaluated for longer
periods (>20—30 passages) for bioengineering applications.
Several reports have suggested that dishes coated with indivi-
dual proteins from the ECM are madeq:xate for cxﬂhmn& and
maintaining undxﬁ'era e‘ hESC& i Ludwig

vitronectin, ﬁbronectm, and 1ammm) and a deﬁned xenogemc
component-free cultire medium to investigate xeno-free hESC
culture.”” The derived hESC lines, however, were karyotypically
abnorma.l Therefore, a modified, more reasonable xenogenic
protein-containing medium (mTeSRl) combined with: Matrigel
was used for hESC culture and has been offered commercially by
their group.*® Hakala et al. also tried hESC (HS237, HS360 and
HS401) culture on a mixture of human ECM components.”® They
were able to culture hESCs for a maximum of seven passages in

conditioned medium or xeno-free culture medium (TeSR1), after
which all cells: showed differentiated ‘morphologies and lost the
expression of Oct3/4, a marker of undifferentiated hESCs.*® The -
human ECM mixture and xeno-free culture medium did not support
maintenance of undifferentiated hESCs beyond the early passages
and led to cell detachment and the loss of pluripotency markers.

These results suggest that it is difficult to culture several cell
lines of hESCs in feeder layer-free conditions on ECM-coated
dishes for multiple passages without using Matrigel containing
undefined and animal-derived components.

3.4. hESC Culture on a Recombinant E-cadherin Substratum

E-cadherin is a Ca® »dependent cell—cell adhesion mole-
cule'®®**! and i is essential for intercellular adhesion and colony
formation of ESCs.>**!*2 Undifferentiated ESCs are expressing a
high amount of E-cadherin. ‘Nagaoka et al. prepared a fusion
protein consisting of an E-cadherin extracellular domain and the
IgG Fe domain (E-cad-Fc), and. they investigated the hESC
culture on the recombinant E-cadherin substratum in MEE-CM
and in serum free medium (mTeQRl) 103 The hESCs thus cultured
could maintain pluripotency for >35 passages and could generate
embryonic body in vitro and teratoma in vivo where histological
analysis revealed the presence of cells from all three germ layers,

Integrin-mediated cell-ECM interactions have been considered
essential for maintenance - of stem  cell plunpotency and - via-
bility. %1% Evenmaﬂy, as found in previous sections, significant
efforts have been devoted to finding a suitable ECM component that
can maintain plunpotencyof hESCs with interaction between hESCs
and integrin receptors on ECMs. Integrin-ECM interactions activate
signaling pathways of integrin-linked kinase (ILK) or focal adheston
kinase (FAK) as well as PI3K/Akt and MAPK pathways,'® while
E-cadherin-mediated adhesion of hESCs is typically associated with
[B-catenin signaling and also stimulates PI3K/Akt signaling, %7710
Espedially Akt signaling pathways are considered to be important for
maintenance of pluripotency of hESCs.'%"'° It was suggested that
trans-homodimerization between E-cadherin on hESCs and the
E-cadherin domain presented on the recombinant E-cadherin sub-
stratum could promote and maintain the pluri Fotency of hESCs by
activation of the PI3K/Akt s;gnalmg pathway

Mouse ESCs on the recombinant E-cadherin substratum did
not form aggregated colonies and were scattered with a spindle:
like morphology.'** In contrast, hESCs retained their ability to
form the colonies, as is typically observed on MEF or
\/Iatmgels 1% The pluripotency of mouse ESCs should be main-
tained by LIF signaling pathways under no aggregated colony
formation, where the aggregated colony formanon is important
to maintain the plurlpotency of human ESCS

3.5. hESC Culture on Glycosammoglycan

Hyaluronic acid (HA) is a linear polysaccharide of ﬁ(1—~4)~D-
glucuronic acid and 3(1—3)-N-acetyl-v-glicosamine found in the
ECM of undifferentiated cells during early embryogel esis. Differ-
entiated cells have reduced expression of HA."*'™ A synthetic

* hydrogel matrix of HA has been used for the long-term culture of

hESCs with self-renewing capabilities."'> To prepare hESCs encap-
sulated in HA gel, hESCs were added to a 2% methacrylated HA and
2-methyl-1- [4-(hydmxyed\oxy)phenyl] -2-methyl-1-propanone  s0-
lution. The solution was poured into a mold to generate discs that
were' 3. mm in diameter and 2 mm thick. These discs were
photopolymerized with 10 mW/cm? of ultraviolet light for
10 min:'" hESCs encapsulated in dextran gels were also prepared
using a similar method. hESCs encapsulated within HA hydrogels
and grown in MEF- CM remained undifferentiated for 20 days, while'
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hESCs cultured on a monolayer of HA or encapsulated in dextran
hydrogels did not maintain pluripotency. Differentiation could be
induced within HA hydrogels by addition of different soluble factors
to the culture media. hESCs were released from the HA. hyd:o§e1 by
treatment with hyaluronidase to digest the HA hydrogels.'*''* The
HA hydrogels provide a unique microenvironment for the self-
renewal and differentiation of hESCs. However, it is difficult to keep
the hESCs cultured on HA hydrogels undifferentiated for more than
10 passages.

3.6. hESC Culture on Synthetic Polymers

Biomacromolecules, such as Matrigel and several kinds of
ECM, are costly and have limited shelf lives. The development of
completely synthetic substrates is desirable for the culture of hESCs
and human iPSCs.?® The use of synthetic polymers that maintain
pluripotency and the self-renewing capabilities of the cells has
been reported (Table 4) 257314045114

3.6.1. hESC Culture on 2D Synthetic Polymers. hESCs
have been cultured on oxygen plasma etched tissue culture poly-
styrene (PE-TCPS) using MEF-CM. This synthetic culture surface
was stable at room temperature for at least a year. hRESCs (HUES7
and NOTT1) cultured on PE-TCPS expressed stem cell marker
proteins - (Oct-4, TRA1-60, and SSEA-4) and showed a stable
karyotype after 10—14 passages.”® The differentiation of HUES?7
and NOTT1 cells caltured on PE-TCPS was evaluated by inducing

the aggregation of defined numbers of hESCs into EB. gqRT-PCR.

showed that markers of early germ layer formation, Brachyury T
{mesoderm), SOX17 (endoderm); and: SOX1 (ectoderm), were
similarly expressed in hESCs cultured on PE-TCPS and Matrigels.”
0-Actin (mesoderm), alkaline phosphatase (AFP, endoderm), and
B-I1 tubulin (ectoderm), which are present during the late stage
differentiation, were also detected by immunostaining analysis.
NOTT1 cells were also induced to differentiate into cardiomyocytes.
Beating outgrowths were mechanically isolated from the main body
of EBs and seeded onto Matrigel-coated microelectrode arrays
(MEAs). The extracellular field potentials of the cell clusters were

analyzed with microelectrode arrays.® The cell clusters showed a -

beating rate of 100 per min at rest, while the beating rate increased
significantly to 151 per min when the cell clusters were treated with 1
#M isoprenaline, a f3-adrenoceptor agonist that is known to have a
positive chronotropic effect on the human heart: The pharmacolo-
gical response observed suggested that the clusters of beating cells
contained cardiomyocytes that differentiated from the hESCs be-
cause: contraction of skeletal or smooth muscle cells would be
inhibited or unaffected by isoprenaline.”® ‘

Harding et al. investigated the use MEF-CM for the culture of -

hESC on PE-TCPS.?? hESCs cultured solely on synthetic polymers
without the use of xeno-derived biomacromolecules were attempted
by Hakala et al.”® In their study, poly(desaminotyrosyl-tyrosine-
ethyl ester carbonate) (PDTEC) and poly-L,n-lactide (PLDLA)
were used for hESC culture® PLDLA is commonly used for hESC
differentiation,"'* while PDTEC is used for guided bone regenera-
tion in animal models.''® However, the hESCs did not attach to the
synthetic polymers in a xeno-free and chemically defined medium.
Furthermore, the hESCs did not attach to PLDLA in: human

foreskin fibroblast-conditioned medium; while some of the hESCs'

attached to PDTEC, as well as Ti, TiOs, and ZrO, surfaces, in
human foreskin fibroblast-conditioned medium.*® The hESC colo-
nies were very fragile on the synthetic polymers and the Ti, TiO,,
and ZrO, surfaces. PLDLA and PDTEC without ECM failed to

support hESC culture and did not maintain undifferentiated hESCs,

even in human foreskin fibroblast-conditioned medium. These

results demonstrate the difficulty of culturing hESCs solely on
synthetic polymers in xeno-free cultures.

1t is inefficient to evaluate synthetic polymers for the culture of
hESCs without the concept of design of the biomaterials. There-
fore, Mei et al, developed a combinatorial technique to evaluate the
biomaterials using microarrays for the culture of hESC and iPSC
maintaining their pluripotency.'’” The microarrays were prepared
from 22 acrylate monomers with diversified hydrophobicity—
hydrophilicity {water contact angle} and cross-linking densities.
The microarrays were prepared by copolymerization between each
of 16 “major” monomers and each of six “minor” monomers at six
different ratios [100:0, 90:10, 85:15, 80:20, 75:25, 70:30 (v/v)].
Therefore, microarrays with 496 [16 + (16 x S x 6)] different
combinations of copolymers were evaluated, consisting of the major
monomer (70--100%) and minor monomer {0—30%). Water
contact angle, surface topography, surface chemistry [analysis of
functional group by time-of-flight secondary-ion mass spectroscopy
(ToF-SIMS) analysis], and indentation elastic modulus of poly-
meric substrates were quantified using high-throughput methods to
develop structure—function relationships between material proper-
ties and pluripotency of hESCs cultured on the polymeric substrates
coated with fetal bovine serum {FBS) in the microarray.*!

Proteins such as ECM and growth factors, and glycosamino-
glycans from FBS can adsorb onto the material surface used for
cell culture.''® The surface properties of cell-culture substrates
are regulated by both the amount and the conformation of
adsorbed proteins and glycosaminoglycans, which interact with
cell surface receptors to initiate signal transduction and alter cell
behavior, Therefore, the synthetic polymeric materials having no
specific binding sites for hESCs can be converted into the
materials having specific binding sites after the materials were
adsorbed with FBS and culture medium, because components
and amount of proteins and glycosaminoglycans on the materials
depend on the surface chemistry and physics of the materials,"!”

The colony-formation frequency was defined and investigated
as. the number of polymer spots on which hESC colonies
(expressing Oct-4 and SSEA-4) formed divided by the total
number of replicate spots of the same kind of polymer on each
array. The surface roughness of the substrate in ait, in PBS, and in
culture medium after FBS adsorption did not correlate strongly
with colony-formation frequency, although it was reported to
affect the cell growth and attachment of adult somatic and stem
cells**!? A positive correlation was observed between. the
indentation’ elastic modulus of hydrated polymeric substrate
and colony-formation frequency. However, it was found that
the polymeric substrate exhibiting a low indentation elastic
modulus also exhibited a low water contact angle in their polymer
substrates. The optimum wettability (65° < water contact angle
< 80°) of copolymer showed high colony-formation frequency
over a broad range of polymer stiffness. Especially, polymers with
amoderate water contact angle generated from multiple-acrylate-
group-containing monomers performed the best colony-forma-
tion frequency in their experiments.''”

The hit arrays were further evaluated for their capacity to
maintain the pluripotency of hESCs after more than 2 months of
culture (>10 passages). HSCs were found to maintain an
undifferentiated state with evidence from expression of pluripo-
tent markers, Oct-4, Nanog, Tra-1-60, and SSEA-4 after prolonged
culture. The differentiation of these hESCs into all three germ
layer lineages was also confirmed.'"”

3.6.2. hESC Culture on Porous Polymeric Membranes.
hESCs cultured on a conventional MEF-feeder layer must be
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treated with enzymes, such as collagenase or Dispase, when the
hESCs are transferred to new culture dishes for isolation or
expansion. Continuous exposure to enzymes can cause cytoge-
netic aberrations in the hESCs, although enzyme treatment is
advantageous for the large-scale bulk expansion of hESCs over a
short time period with laborious and time-consuming steps. An
interesting hESC culture method was reported by Kim et al; in
this study, porous polymeric membranes (1, 3, and 8 um pore
sizes) were used to separate hESCs and feeder cells.!’* The
feeder cells were seeded and attached to the bottom of the porous
membranes of trans-well inserts. hESCs were then cultured on
top of the membranes (Figure 2). This method allowed the
hESCs to be successfully cultured and effectively separated from

the feeder cell layer without enzyme treatment. hESCs were .

placed onto the feeder cells through the porous membrane
barrier without displacing the feeder cells, while the hESCs
seeded on the feeder cells began to push the. feeder cells away
and then attach and grow on the culture dish.""*

hESCs on the membranes. interacted with the feeder cells
through the pores of the membranes. The interaction was
dependent on the pore size of the porous membranes used.
The number of attached hESC colonies was dependent on the
cell density of the feeder cells on the bottom of the membranes.
On the other hand, hESC colonies did not attach to the porous
membranes when the feeder cells were located on the bottom of
the culture dish instead of on the porous membrane."'*

hESC attachment on 3-(m and 8- -4m. porous membranes was
higher compared to that on the 1-4m porous membranes. However,
porous membranes with greater than 3-4m pore sizes allowed feeder
cells on the bottom of the porous membranes to migrate upward,

- which generated contamination of the hESC colonies. The 1-um

pore membranes rarely permitted migration of the feeder cells.'™*
hESCs cultured on the 1-um pore size membrane failed to maintain
the hESCs for more than 15 passages, while hESCs on the 3- -4m pore
size membranes sustained the culture for more than 25 passages.”

The hESCs cultured on the porous membranes not only
exhibited the expression of several undifferentiated markers and a
normal karyotype but also formed teratomas that consisted of all
three germ layers in vivo. This indicates that cell—cell contacts

through the membrane pore and/or a close distance between the

hESCs and feeder cells are important for maintaining the undiffer-

entiated states of hESCs. Although the hESCs were cultured under

xeno-containing conditions, culturing hESCs on porous membranes

would be a useful method to exclude enzyme treatment and prevent
contamination from feeder cells.

3.7. hESC Culture on 3D Biomaterials

The culture of hESCs on a 3D porous po}ymenc scaffold
composed of chitosan and alginate and without the support of feeder
cells or conditioned medium has been reported.*® The pluripotency
of the hESCs was maintained in the serum-free medium for 21 days.
The hESCs expressed the expected gene proﬁle for undifferentiated
hESCs, including Oct-4, Nanog, SSEA-4, 'TERT, and AFP. The
hESCs also formed teratomas in SCID mice that included derivatives
of all three germ layers. However, this study® did not determine
whether the pluripotency of hESCs could be maintained for >30 days.

hESC culture and. expansion on microcartiers has also been
reported. Phillips et al. reported the successful feeder-free 3D
suspension culture of hESCs (ESI-017) on trimethyl ammomum
coated polystyrene microcardiers in serum-free medium.*® The
hESCs were maintained through six passages with a 14-fold increase
in cell number. The cells expressed several undifferentiated markers,

including Oct-4 and T ra-1-81,% showing that the suspension-based
expansion of hRESCs on microcarriers was possible under feeder layer-
free: conditions. Using directed differentiation - protocols, it was
possible to induce the hESCs cultured ‘on the microcarders after six
passages  to. express the pancreatic marker, pdx-1, and neuronal
marker, Tujl {-II-tubulin). The hESCs expressed cardlomyocyte
markers, such as ot-actin, Nkx2.5, MILZa, and tmpomyosm O Thus, .
the hESCs retained their capacity to differentiate into the pancreatic
(endoderm), neuronial (ectoderm), and cardiomyocyte (mesoderm)
lineages, However; the pluripotency for the hESCs was not deter-
mined for passages >10.

One of the difficulties of 3D culture using microcarriers or
porous matenals is the detachment of hESCs during the passage
of the cells * In general, hESCs were tightly adhered in tortuous
enwronment and it was difficult to recover the hESCs efficiently,
even with an enzymatlc treatment.

In another report, hESCs were maintained in a feeder layer-ﬁfee
and xeno-free environment by encapsulation in hydrogels hESCs
were encapsulated in calcum alginate hydrogels and grown in a
serum-free medium for up to 260 days. The encapsulated hESCs
formed aggregates that increased in number and size without loss of
the cells from the hydrogel. The aggregates were tightly and
homogeneously packed with defined spherical borders. The hESCs
retained their pluripotency and differentiated into cells of all three
germ. lz.ye:s when they were subsequently cultured in differentiation
mediam.® Immunohistochemistry and RT-PCR  experiments
showed that the hESC aggregates expressed pluripotent proteins
and genes, mcludmg Oct-4, Nanog, SSEA-4, TRA-1-60, and TRA-1-
81. The hESCs were arranged in closely packed clusters and showed
no cytoplasmic organelles, suggesting that they were in an undiffer-
entiated state.*® This study showed that encapsulation in the appro-

priate hydrogels allows the hESCs to maintain an undifferentiated
state without passaging, EB formation, or xenogenic contamination.
Furthermore, hESCs enicapsulated in-alginate hydrogels were easily
recovered from the hydrogels using a dissolution buffer.

Although hESCs encapsulated in HA maintained a undiffer-
entiated state only for 10 passages,''® encapsulation (3D culture)
of hESCs in the appropriate materials seems to support long-
term maintenance in the undifferentiated state without the need
for feeders or passaging.

“ The 3D microenvironments that hESCs encounter in vivo have a.

‘ combination of biological, chemical, physical, and mechanical cues;

which can be mimicked by hydrogels, while traditional 2D culture is
conducted on flat and rigid substrates of tissue culture polystyrene
dishes (TCPS).!*# During embryogenesis, cells in the inner cell
mass are embedded in a 3D matrix, whxch regulates both their self-
renewal and differentiation.'”

Itis important to establish a 3D culture system using hydrogels
in which hESCs can be maintained as undifferentiated cells and
then induced to differentiate by external signals, such as soluble
growth factors or chemicals in the culture medium.

4. CONCLUSIONS

Human feeder cells, including human fetal fibroblasts and
human bone marrow cells, have been developed for culturing
hESCs. 5114123125 However, it is dificult to achieve high
passage numbers and to produce sufficient hESCs for clinical
therapy with human feeder cells because human feeder cells are
unable to maintain continuous, undifferentiated hEGCs as well as
animal feeder cells, such as STO and MEF.!!*12

The development of feeder cell-free hESC culture would substari-

- tially reduce the labor and cost of hESC culture; and would increase
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the production of hESCs for potential dmlcal applications.”” Cur-
rently, no synthetic polymers, with or without ECM and growth
factors, have been able to maintain the pluripotency and undiffer-
entiated state of hESCs in a xeno-free culture mediurmi for an exterided
petiod of time. Matrigel-coated plates combined with a chemically
defined culture medium containing xenogenic proteins support Jong-
term undifferentiated hESC culture, and this would be the most
adequate conditions for feeder layer-free culture. Mouse ESC culture
is simpler because the culture medinm containing LIF and/or a LIF-
immobilized surface suﬂimenﬂy supports mouse ESCs in a feeder
layer-free culture.*'? The replacement of Matrigel with LIF and/or
mixed mouse or human BECMs'? is insufficient to maintain the
pluripotency of hESCs. Matrigel is known to contain several soluble
factors, induding ECM and growth factors. Some currently unknown
key growth factors or soluble factors might be required. for the
maintenance of undifferentiated hESCs, and identification of these
factors would contribute to the development of feeder layer-free
hESC culture in xeno-free and chemically defined culture medium.

The relationship between the surface chemistry of culture materi-
als and the maintenance of the pluripotency of hESCs and iPSCs is
not still clear tentatively, although the surface roughness affects the
cell growth and attachment of MSCs and also the elasticity of culture
materials can direct MSCs into specific cell lineages (e.g, soft culture
materials that mimic brain are neurogenic, stiffer culture materials that
mimic muscle are myogenic, and ngld culture: material$ that mimic
collagenous bone prove osteogenic).” Tt is only reported that the
optimal wettability of the culture materials where FBS coated is
maintaining the pluripotency of RESCs and iPSCs."!” If we design the
culture dishes prepared with different synthetic polymers: (having
different roughness, elasticity, and wettabdjty) and immobilized with
ECMs, the culture dishes having different surface chemistry can be
prepared where the same ECMs are immobilized. The combination
of surface chemistry of the culture materials and specific interaction
between human ECM proteins and hESCs or iPSCs would improve
the maintenance of undifferentiated hESCs and iPSCs in axeno- -free
cultare for a longer time.
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Background: In recent years, it has been reported that stem cells exist in the mesenchymal tissues of the
bone marrow and adipose. These stem cells are thought to express specific cell surface markers such as
CD44, CD54, CD105, CD90, and CD271 and have been confirmed to be pluripotent. Furthermore,
although it has been reported that stem cells are also present in the dermis, their cell surface markers and
characteristics are not fully understood.

’;eyw"rdlsl" Objective: To confirm the presence of stem cells in the dermis and their ability, employing the
Dfr[;'nic: mesenchymal stemn cell markers which have previously been reported as an indication.

Differentiation Methods: We analyzed the percentages of CD44 (+), CD54 (+),CD90 (+), CD105 (+), and CD271 (+) cells in
CD54 the dermis of neonatal mice (HR-1 mouse) by performing immunostaining and FACS. Secondly, we
D271 isolated each type of marker-positive and -negative cells from dermal tissues and evaluated their
proliferation potential and their ability to differentiate into adipocytes, osteoblasts, and chondrocytes.
Results: According to the immunostaining and FACS results, we confirmed that stem cells that express
(D44, CD54, CD90, CD105, and CD271 are present in the dermal tissues of neonatal mice. In addition,
when we measured the proliferation and differentiation potentials of each type of marker-positive cells,
it was revealed that cells expressing CD54 or CD271 have a high proliferation potential and are able to
differentiate into adipocytes, osteoblasts, and chondrocytes.

Conclusions: These results indicated that dermal tissues contain stem cells that express CD44, CD54,
CD90, CD105, and CD271 which are stem cell markers. More precisely, it was suggested that both CD54

(+) and CD271 (+) stem cells have high proliferation and differentiation potentials.
© 2011 Japanese Society for Investigative Dermatology. Published by Elsevier Ireland Ltd. All rights
reserved.

1. Introduction vulnerable to external stimuli such as UV irradiation and

wounding, and it has long been believed that stem cells exist in

Somatic stem cells, which have high proliferation and
differentiation potentials, are thought to play an important role
in maintaining the homeostasis of organisms [1]. Previous studies
have revealed that somatic stem cells can be found in various
tissues, such as the bone marrow [2-4], skin epidermis {5,6],
skeletal muscle [7,8], adipose [9], umbilical cord [10,11] and
placenta [12].

The skin is the largest tissue in our body and is constantly
exposed to the external environment. Thus, the skin has a higher
regeneration capacity than other body tissues because it is

* Corresponding author. Tel.: +81 52 531 6269; fax: +81 52 531 6277.
E-mail address: hasebe.yuichi@menard.co.jp (Y. Hasebe).

the skin [13]. The skin is formed of the epidermis, dermis, and
subcutaneous adipose tissues, each of which functions indepen-
dently. Previous reports have demonstrated that stem cells are
present in the skin and that these skin stem cells express specific
surface marker proteins. For example, keratin19, integrin-alpha 6,
and p63 were reported as cell surface markers of skin stem cells
and are considered to be involved in maintaining the homeostasis
of epidermal tissues [14]. The CD13 (+), 44 (+), 90 (+), 105 (+), and
271 (+) cells were reported as stem cells existing in subcutaneous
adipose tissues [9,15], and other studies reported stem cells exist
in hair follicles, in which CD34, keratin15, keratin19, CD200, Fzd,
and integrin-beta 1 were identified as cell surface markers of hair
follicle stem cells [16-18]. These stem cells are reported to be
pluripotent and are able to differentiate into cells of other tissues

0923-1811/$36.00 © 2011 Japanese Society for Investigative Dermatology. Published by Elsevier Ireland Ltd. All rights reserved.
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Table 1
Previously reported cell surface markers and the tissues in which these markers are
expressed.

Cell surface marker  Tissue Reference Year Reference no.
CD44 (+) Adipose Zuk 2002 [9]
Bone marrow  Colter 2001 [4]
Dermis Chunmeng 2004  [34]
Dermis Lorenz 2008  [33]
CD54 (+) Adipose Zuk 2002 [9]
Adipose Strem 2005  [40]
Dermis Shi 2003 [41]
Dermis Chunmeng 2004  [34]
CD90 (+) Adipose Zuk 2002 [9]
Bone marrow  Pittenger 1999  [3]
Dermis Chunmeng 2004  [34]
Dermis Lorenz 2008  [33]
CD105 (+) Adipose Zuk 2002 |9}
Bone marrow  Dominici 2006  [35]
Dermis Chen 2007  [23)
Dermis Lorenz 2008  [33]
CD271 (+) Adipose Yamamoto 2007  [15)
Bone marrow  Buhring 2007  [42])
Bone marrow  Buttula 2009  [43]
Dermis Toma 2005 [21)

such as nerves, smooth muscles, and sebaceous gland cells as well
as skin tissue cells [19].

There have only been a few studies on dermal stem cells, some
of which are outlined below. Recently, Miller et al. found a type of
dermal stem cell called SKP cells (skin-derived precursor cell) that
showed pluripotency [20-22], and Chen et al. demonstrated the
existence of multipotent stem cells in human dermal tissues,
which were able to differentiate into adipocytes, osteoblasts,
chondrocytes, and smooth muscle cells {23]. Furthermore, it was
reported that some dermal stem cells were able to differentiate
into nerves [22], liver cells [24], and pancreatic cells [25], without
forming germ layers.

In recent studies, it has been reported that dermal stem cells
express several cell surface markers (Table 1). However, the
abilities of stem cells isolated by each cell surface marker are yet
to be elucidated. Abilities of each stem cell may be clarified by
isolating cells using cell surface markers. And the relationship
between cell surface markers and properties of cells has not
been clarified. In order to use dermal stem cells in regenerative
medicine, it will be important for us to fully understand abilities
and characteristics of dermal tissues. In this study, we sorted
cells in dermal tissues according to cell surface markers and
compared their proliferation and differentiation potentials.

2. Materials and methods
2.1. Animals

In our study, we used the skin of HR-1 mice which is used in
various studies such as a study on effects of UV exposure on the
skin [26], a skin stimulation study [27], and percutaneous
absorption studies [28,29] since it is similar to human skin and
their physiological function and pathological analysis have been
well-conducted. The details are as follows. Male HR-1 hairless mice
were purchased from Japan SLC (Shizuoka, Japan). Each experi-
ment was performed with neonatal mice. The animals were cared
for according to the International Guiding Principles for Biomedical
Research Involving Animals published by the Council for the
International Organization of Medical Science. The present
experimental protocol was planned according to these guidelines
and approved by the Nippon Menard Research Laboratories
Subcommittee on Research Animal Care.

2.2. Isolation and culture of stem cells

Dermal stem cells were isolated according to the method
used in the study by Toma et al. [20], in which they used
neonatal mice. More specifically, skin tissues were collected
from the backs of neonatal HR-1 mice and were reacted
overnight in 200 U/mL of Dispase Il (Godo Shusei, Tokyo, Japan)
at 4 °C. On the following day, epithelial and adipose tissues were
peeled off from the skin tissues and shredded. The shredded
dermal tissues were reacted in 0.2% collagenase (Sigma, MO,
USA) at 37 °C for 1h, before being filtered through a 100 pm
mesh. Then, the collagenase was removed by diluting the
mixture with PBS (-) and centrifuging it twice for 5 min at
1500 rpm. The resultant pellet was suspended in high yield lyse
(Invitrogen, NY, USA) and incubated to remove any contaminat-
ing red blood cells. The cells were then washed and centrifuged
twice with PBS (—), before being dissolved in phenol red-free
DMEM/F-12 (Invitrogen) containing the following primary
antibodies: CD44 (Santa Cruz Biotechnology, CA, USA), CD54
(eBioscience, CA, USA), CD90 (Biolegend), CD105 (Beckman
Coulter, CA, USA), and CD271 (Millipore, MA, USA) and then
reacted on ice for 30 min. Then, the cells were dissolved in an
Alexa Fluor 488-labeled secondary antibody (Invitrogen) and
reacted on ice for 30 min. After being washed with PBS (-), the
measurement of cell surface markers and the isolation of the
cells were performed using FACS (FACS Aria, BD Biosciences, CA,
USA). The marker-positive cells and marker-negative cells
isolated by FACS were suspended in cell growth medium and
cultured at a concentration of 2.0 x 10%cells/cm?, before being
seeded on a 24-well plate. The growth medium used contained
DMEM (Invitrogen):aoMEM (Invitrogen) in a 1:1 ratio supple-
mented with 2% FBS (Sigma), 15 mM HEPES (Sigma), 10 ng/mL
basic FGF (PeproTech, NJ, USA), 100x Insulin-Transferrin-
Selenium-A Supplement (Invitrogen), and 1000x ESGRO (Milli-
pore). After 24 h of culture, the nonadhesive cells were removed,
and the adherent cells were cultured in culture medium, which
was replaced every four days. In the proliferation analysis and
differentiation induction analysis, we compared the capabilities
of the cells isolated by FACS and non-isolated cells.

2.3. Cell proliferation analysis

Cells attached to plastic dishes were harvested and seeded into
96-well plates at a cell density of 2 x 10> cells/well. Cell
proliferation rates were measured using the modified MTT assay
and Cell Counting Kit-8 (Dojindo, Kumamoto, Japan).

2.4. Immunohistochemistry

Skin tissues were excised from the backs of neonatal mice. The
obtained tissues were fixed with 4% paraformaldehyde according
to the usual method. These sections were then processed for H.E.
staining and immunostaining using the following antibodies: anti-
CD44 (Santa Cruz Biotechnology), anti-CD54 (eBioscience), anti-
CD90 (Biolegend, CA, USA), anti-CD105 (Beckman Coulter), and
anti-CD271 (Millipore). For the secondary antibodies, anti-rat IgG
antibody labeled with Alexa Fluor 488 (Invitrogen) and anti-rabbit
IgG antibody labeled with Alexa Fluor 594 (Invitrogen) were used.
DAPI (Vectashield, CA, USA) was used for nuclear staining. A
fluorescence microscope (Power BX-51, Olympus, Tokyo, Japan)
was used for observation.

2.5. Cell differentiation

For the differentiation analysis, the cells were first grown to
100% confluence and then cultured in the following differentia-



