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Specification to primordial germ cells (PGCs) is mediated by mesoderm-induction signals during gastru-
lation. We found that Akt activation during in vitro mesodermal differentiation of embryonic stem cells
(ESCs) generated self-renewing spheres with differentiation states between those of ESCs and PGCs.
Essential regulators for PGC specification and their downstream germ cell-specific genes were expressed

Keywords: in the spheres, indicating that the sphere cells had commenced differentiation to the germ lineage. How-
ES. cells . ever, the spheres did not proceed to spermatogenesis after transplantation into testes. Sphere cell trans-
:A"e':;’;g:; germicells fer to the original feeder-free ESC cultures resulted in chaotic differentiation. In contrast, when the
Akt spheres were cultured on mouse embryonic fibroblasts or in the presence of ERK-cascade and GSK3

Cell differentiation

inhibitors, reversion to the ESC-like state was observed. These results indicate that Akt signaling pro-

motes a novel metastable and pluripotent state that is intermediate to those of ESCs and PGCs.

© 2010 Elsevier Inc. All rights reserved.

Introduction

PGCs emerge from a subset of epiblast cells that migrate to the
extraembryonic region on embryonic day (E) 7 during early gastru-
lation in mice. The expression of Blimp1, a transcription factor
essential for PGC specification, commences in a few proximal epi-
blast cells at E6.25 [1,2]. Another transcription factor, Prdm14,
which is also essential for PGC specification, is induced in PGC pre-
cursors slightly after the upregulation of Blimp1 [3]. During PGC
specification, the gene expression profiles and epigenetic statuses
are drastically altered by Blimp1 and Prdm14 [1,3]. Germ cell-spe-
cific genes, such as PGC7 (also known as Stella and Dppa3) and
Dnd1, are induced in the nascent PGCs, i.e., the PGCs that are just
emerging in the extraembryonic region at E6.75-E7.0 [4]. In con-
trast, mesoderm-related genes are repressed, although they are
transiently induced by the mesoderm-induction signals. Pluripo-
tency-related genes, such as Nanog and Sox2, are re-activated in
the nascent PGCs. PGCs undergo epigenetic reprogramming, which
involves genome-wide alterations of repressive histone modifica-
tion and DNA methylation patterns from E7.75 to E9.5 [5].

Although PGCs are germ line-committed cells, they can dedif-
ferentiate into cells that have broader differentiation potential.
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PGCs give rise to embryonic germ (EG) cells when cultured in the
presence of leukemia inhibitory factor (LIF), stem cell factor
(SCF), and basic fibroblast growth factor (bFGF) [6,7]. EG cells con-
tribute to the somatic and germ lineages after their introduction
into blastocysts, whereas freshly isolated PGCs cannot perform
these functions, indicating that the special culture condition repro-
grams the PGCs to the pluripotent state [8,9]. In addition, testicular
teratomas originate from PGCs [10].

Phosphoinositide-3 kinase (PI3K) activates downstream effec-
tors including the serine/threonine kinase Akt, while this signal is
counteracted by PTEN [11]. PGC-specific deletion of PTEN and hyper-
activation of Akt promote the dedifferentiation of PGCs to EG cells
invitro and the formation of testicular teratomas in vivo [12,13], indi-
cating that PI3K/Akt signaling plays critical roles in the regulation of
PGC differentiation and dedifferentiation. Akt also functions to
maintain the pluripotencies of murine and simian ESCs [14].

We investigated the effects of Akt activation on mesoderm
induction using an in vitro differentiation induction method for
murine ESCs on OP9 stromal cells [15]. Activation of Akt signaling
induced self-renewing spheres, in which the cells exhibited a
metastable differentiation status that was intermediate to those
of PGCs and ESCs.

Materials and methods

Cell culturing. The mouse ESCs were maintained as described [ 14].
Akt-spheres were produced by the protocol used for hematopoietic
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differentiation induction on OP9 cells [15], in medium with 40HT
(Sigma-Aldrich, St. Louis). Akt-spheres were expanded on the OP9
layer in medium with 40HT. PD0325901 and CHIR99021 (Stemgent,
Cambridge, MA) were used at 1 pM and 3 pM, respectively.

Cell staining. Cell staining was performed by standard method
[13]. The primary antibodies used were: anti-Oct-3/4 (BD, Franklin
Lakes, NJ); anti-PGC7 (T Nakamura, T.N.); anti-H3K9me2 (Abcam,
Cambridge, UK); anti-H3K27me3 (Upstate/Millipore, Billerica,
MA); anti-SSEA-1 (Kyowa Medex, Tokyo, Japan); anti-SCP3; anti-
B3-tubulin (R&D Systems, Minneapolis, MN), anti-smooth muscle
actin (Dako Cytomation, Glostrup, Denmark); and anti-GATA-4
(Santa Cruz Biotechnology, Santa Cruz, CA).

RT-PCR analysis. Total RNA isolation and reverse transcription
were performed as described [12]. PCR amplification was carried
out with KOD FX (Toyobo, Osaka, Japan). The primer sequences
are listed in the Supplementary table.

Transplantation analysis. Akt-sphere cells (60,000 cells) were in-
jected into W mutant mouse testis, as described [16]. Two months
later, the recipient testes were subjected to histological analysis.

Microarray data analyses. The expression profiles were analyzed
using the 3D-Gene Mouse Oligo chip 24 k (Toray Industries, Tokyo,
Japan). The fluorescence intensities were detected using the Scan-
Array Lite Scanner (Perkin-Elmer, Waltham, MA). The PMT levels
were adjusted to achieve 0.1-0.5% pixel saturation. Each TIFF im-
age was analyzed using the GenePix Pro ver. 6.0 software (Molec-
ular Devices, Sunnyvale, CA). The data were filtered to remove low-

confidence measurements and were globally normalized per array,
such that the median of the signal intensity was adjusted to 50
after normalization (accession number GSE18813).

Results

Generation of self-renewing spheres through conditional Akt
activation

We used feeder-free mouse E14tg2a ESCs that express myr-Akt-
Mer [14], to examine the effect of Akt activation on the in vitro dif-
ferentiation of ESCs to mesoderm. Akt-Mer is composed of a myr-
istoylated, constitutively active form of Akt (myr-Akt) and the
ligand-binding domain of a mutant estrogen receptor (Mer).
Although the fusion protein is catalytically inactive without the li-
gand of Mer, 4-hydroxytamoxifen (40HT), it is rapidly activated by
the addition of 40HT.

The myr-Akt-Mer-expressing ESCs were seeded on OP9 stromal
cells with or without 40HT (Fig. 1A). Whereas mesodermal colo-
nies emerged after 5 days in the absence of 40HT, mesodermal col-
onies were scarcely detected in the presence of 40HT. Although
blood cells differentiated in the absence of 40HT, Akt activation
generated floating spheres instead of blood cells (Fig. 1B). The cells
composing the spheres showed clear intercellular borders, unlike
the ESCs. The spheres were passaged every 4 days on OP9 cells
after gentle pipetting or dissociation with trypsin. The spheres
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Fig. 1. Production of Akt-spheres. (A) Schematic diagram of Akt-sphere production. The myr-Akt-Mer-expressing ESCs were cultured for 3 days in the presence of 40HT
before transfer to OP9 cells for differentiation induction. On day 5 of induction, the adherent cells were re-seeded onto OP9 cells. Floating cells were re-seeded onto OP9 cells
on day 8 of induction. 40HT treatment was maintained throughout the culture period. (B) Emergence of Akt-spheres. On day 5, mesodermal colonies emerge in the absence of
40HT but not when 40HT is present in the medium. Hematopoietic cells appear after day 8 in the absence of 40HT. Akt activation generates floating spheres (arrows) instead
of blood cells. Giemsa staining was performed to identify blood cells on day 11. Scale bars, 100 um. (C) Expansion of the Akt-spheres. The Akt-spheres were expanded by
culturing on OP9 layer with continuous Akt activation. Akt-spheres on day 72 are shown. Scale bar, 100 um. (D) Expression of pluripotency marker genes. (E) Immunostaining

for PGC7. The nuclei are counterstained with DAPI. Scale bar, 50 pm.
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Fig. 2. Expression of germ cell markers and histone modification status. (A) Expression of germ cell marker genes. (B and C) Levels of H3K9me2 and H3K27me3. The cytospun
preparations were stained with antibodies against H3K9me2 and H3K27me3 (Fig. S2). The PGCs and somatic cells of E13.5 (B) and E9.5 (C) embryos were used as controls.
Signal intensity was measured by LSM5PASCAL confocal laser scanning microscopy. The data shown are mean + SEM (n=10) and analyzed using the Student’s t-test

(*p < 0.001, **p < 0.005).

could be expanded for many generations (Fig. 1C), and a single
sphere generated multiple spheres when cultured on an OP9 layer
with continuous Akt activation (data not shown). We designated
this self-renewing sphere as the ‘Akt-sphere’.

Expression of pluripotency genes in Akt-spheres

We examined their expression of mesodermal and pluripotency
markers. Consistent with the absence of mesodermal colonies in
the 40HT-treated cultures, the Akt-sphere cells did not express
the mesodermal markers (Fig. STA). In contrast, the Akt-sphere
cells expressed the pluripotency markers Nanog, Oct-3/4, and
Sox2 at the same levels as ESCs (Fig. 1D). Immunostaining showed
that Oct-3/4 was expressed in all the sphere cells, as well as in
undifferentiated ESCs (Fig. S1B). The expression patterns of the
remaining pluripotency genes suggested that the sphere cells more
closely resembled PGCs than pluripotent cells, such as ESCs or epi-
blast cells. First, in the spheres, the expression of Rex1/Zfp42, Fgf4,
and Kif4 was repressed, whereas the expression of Fgf5 was in-
creased; these are characteristics of PGCs and epiblasts rather than
of ESCs. Second, the Myc gene, the expression of which is higher in
ESCs and epiblasts than in PGCs, was downregulated in the sphere
cells. Third, the expression of PGC7, which is dramatically induced
in nascent PGCs, was upregulated in the sphere cells. Immuno-
staining analysis showed that PGC7 was highly expressed in every
Akt-sphere cell, mainly in the cytoplasm, as is the case for PGCs
(Fig. 1E, S1Q). Therefore, the Akt-spheres are composed of a homo-
geneous cell population that exhibits a PGC-like pluripotency gene
expression pattern.

Expression of germ lineage genes and epigenetic status in Akt-spheres
We next investigated the expression of germ cell markers to

determine the differentiation stages of the spheres (Fig. 2A). Blimp1
and Prdm14 commence expression after E6.25 in PGC precursors

[1,3]. These transcriptional regulators of PGC specification were
upregulated in the spheres. The expression of PGC7, Dnd1, Nanos3,
and fragilis starts in the nascent PGC at around E7.0 and is depen-
dent upon Blimp1 and Prdm14. All four genes were expressed at
higher levels in the sphere cells than in ESCs. In contrast, Mvh
and Mili, which are induced in PGCs after arrival at the genital
ridges, were not upregulated in the sphere cells. Similarly, Akt-
sphere cells expressed neither the meiosis marker Sycp3 nor the
spermatogenesis markers Prm1 and Prm2. These results suggest
that Akt-sphere cells have the characteristics of PGCs that have
not yet arrived at the gonads.

PGCs undergo erasure of H3K9me2 and upregulation of
H3K27me3 between E7.75 and E9.5 [5]. The levels of H3K9me2
and H3K27me3 in the Akt-sphere cells were compared with those
of undifferentiated ESCs, embryo-derived PGCs, and somatic cells.
The H3K9me?2 levels were significantly lower in the PGCs than in
the ESCs and somatic cells (Fig. 2B, S2A). However, this type of
reduction was not observed for the Akt-sphere cells, indicating that
genome-wide H3K9 demethylation does not occur in the spheres.
In contrast, the levels of H3K27me3 were similar among the Akt-
sphere cells, ESCs, and PGCs, whereas the levels of H3K27me3 in
the somatic cells were significantly lower (Fig. 2C, S2B). Therefore,
the transcriptional cascade specific to nascent PGCs was activated
but epigenetic reprogramming was not detected in the Akt-
spheres. Taken together, these results demonstrate that Akt-sphere
cells possess the characteristics of nascent PGCs at around E7.5, in
which the PGC-specification events are initiated but not yet
completed.

Transplantation of the Akt-sphere cells into testes

PGCs isolated from embryos after E8.5 and epiblasts at E6.5 can
proceed into spermatogenesis after transplantation into the semi-
niferous tubules of W mutant mice [16], which lack spermatogen-
esis due to c-Kit mutations. We injected 60,000 Akt-sphere cells
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Fig. 3. Differentiation abilities of Akt-sphere cells. (A) Teratoma formation of Akt-sphere cells in the testes of W mice. The EGFP-expressing sphere cells (6 x 10%) were
transplanted into the seminiferous tubules of neonatal W mutant mice and analyzed 2 months later. Sections of the recipient testes were analyzed by HE staining or
fluorescence microscopy. Scale bars, 30 um. (B) Multipotential differentiation under feeder-free ESC culture conditions. The Akt-spheres differentiate into f3-tubulin-positive
cells, smooth muscle actin-positive cells, and GATA-4-positive cells. The nuclei are counterstained with DAPI. Scale bars, 50 pm.

into testes of neonatal W mutant mice, and identified the sphere-
derived cells based on EGFP expression. Two months after injec-
tion, 9 out of the 10 testes contained EGFP-positive, sphere-derived
cells (Fig. S3). Histological analysis revealed that the Akt-sphere
cells produced teratomas, which included mucosal glands, striated
muscles, exocrine cells, and epidermal cells (Fig. 3A). However,
immunostaining with an antibody against SYCP-3 showed a lack
of meiotic germ cells (data not shown). Thus, despite the activation
of early germ lineage genes, commitment to the germ lineage was
incomplete in the spheres.

Multilinege differentiation ability of Akt-sphere cells in original feeder-
free ESC culture system

To investigate whether the Akt-spheres contained residual plu-
ripotent ESCs, we transferred the spheres to the feeder-free ESC
culture system, which was used to maintain the original ESCs. Even
in the presence of LIF, culturing the spheres on gelatin-coated
plates induced chaotic differentiation (Fig. 3B). Although 40HT en-
hanced cell survival after transfer, differentiation was inevitable
and the ESC-like cells did not emerge from the spheres during
long-term observation (data not shown). Expression of the pluripo-
tency and germ cell markers was rapidly lost in the sphere-derived
cells (Fig. S4). Instead, the spheres differentiated into g3-tubulin-
positive ectodermal cells, smooth muscle actin-positive mesoder-
mal cells, and GATA-4-positive endodermal cells, irrespective of
40HT treatment (Fig. 3B). These results suggest that although
Akt-sphere cells possess the ability to differentiate into the three
germ layers, they do not maintain the immature state in the origi-
nal feeder-free culture system.

Reversion of Akt-sphere cells to ESC-like pluripotent cells

Next, we examined whether the Akt-spheres could revert to
cells that possessed the characteristics of ESCs. When Akt-spheres
were seeded on a mouse embryonic fibroblast (MEF) layer in the
presence of 40HT, the cells still formed floating spheres. However,
some of the spheres survived attachment to the MEFs and under-
went morphologic changes to ESC-like colonies after the with-

drawal of 40HT (Fig. 4A). A lower number of ESC-like colonies
also emerged on the MEFs without transient Akt activation
(Fig. S5A). The ESC-like cells could be expanded in response to
LIF on MEFs without 40HT. In addition, the ESC-like cells could
be expanded under the feeder-free ESC culture condition, unlike
the sphere cells (Fig. 4B), indicating that Akt-sphere cells can be in-
duced to revert to a cell type that is similar to the original ESC by
transient culturing on MEFs.

Microarray analysis showed that the ESC-like cells expressed
ESC markers, such as Fgf4, Rex1/Zfp42, KIf4, and Myc, whereas they
showed downregulated expression of the germ cell markers
Prdm14, Dnd1, and Nanos3 (data not shown). RT-PCR analysis vali-
dated these results (Fig. 4D). Hierarchical clustering analysis of the
microarray data showed that the global gene expression pattern of
the ESC-like cells was more similar to that of the original ESCs than
to that of the sphere cells (Fig. 4E, S5B). However, clustering anal-
ysis revealed that the gene expression pattern of the ESC-like cells
was still intermediate between those of ESCs and sphere cells. In-
deed, RT-PCR analysis confirmed that the expression of Fgf5, which
was downregulated in ESCs, was still upregulated in the ESC-like
cells (Fig. 4D).

The “2i” culture system, which contains the ERK cascade inhib-
itor PD0325901 or PD184352 and the GSK3 inhibitor CHIR99021,
maintains ESCs in basal state pluripotency [17] and converts epi-
blast stem cells (EpiSCs) to the ESC state [18]. The Akt-spheres
were transferred to feeder-free dishes in medium supplemented
with PD0325901 and CHIR99021. The 2i condition generated
ESC-like colonies after 7 days of culture, irrespective of 40HT treat-
ment (Fig. 4C, S5C). In addition, ESC markers were expressed and
germ cell markers were suppressed in the ESC-like cells (Fig. 4D).
Therefore, culturing the spheres on MEFs or under the 2i condition
induces reversion to the ESC-like state.

Discussion

Blimp1 and Prdm14 repress the somatic program, activate PGC-
specific genes, and re-activate pluripotency genes, in lineage-re-
stricted PGC precursors from E6.75 to E7.0 [4]. Akt activation inhib-
ited mesodermal differentiation from ESCs before the emergence of
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Fig. 4. Derivation of ESC-like cells from Akt-spheres. (A and B) Derivation of ESC-like cells by culturing Akt-spheres on MEFs. Akt-spheres were seeded onto MEFs and
cultured in the presence of 40HT and LIF for 5 days. These cells form ESC-like colonies when transferred to MEFs in the absence of 40HT (A). After reversion to ESC-like cells,
these cells can be expanded without MEFs (B). Scale bars, 100 pm. (C) Derivation of ESC-like cells under the 2i culture condition. Scale bar, 100 pm. (D) Expression of
pluripotency and germ cell markers in the ESC-like cells. (E) Whole genome cluster analysis of transcripts. The RNA species from the Akt-Mer ESCs treated with or without
40HT, the ESC-like cells that emerged on the MEFs, and the sphere cells that were induced from two independent Akt-Mer ESC lines were subjected to microarray analysis.
Similarity of global gene expression patterns was measured by Pearson correlation of log-transformed expression values after global normalization. The correlation
coefficients are indicated. (F) Model summarizing the metastable pluripotency state of the Akt-sphere cells. The differentiation state at the bottom of the “bowl”, which is
thermodynamically more stable than that at the “hilltop” in this model, is stabilized by intrinsic and external factors [28]. One cell state can be “lifted-up” and “moved” to
another cell state by appropriate stimuli. The murine ESC-like state is stabilized by the LIF, while bFGF/activin stabilizes the EpiSC-like state (upper panel). A metastable
equilibrium exists between the ESC subpopulation (red arrows). The ESC-like and the EpiSC-like states are inter-convertible (blue arrows). Similarly, the pluripotent cells give
rise to PGCs, which can be reverted to the ESC-like state by bFGF, LIF, and SCF (bottom panel, blue arrows). The Akt-sphere cells are induced from ESCs by the mesoderm-
induction signals from OP9 cells and Akt activation, whereas the sphere cells are reverted to the ESC-like state by culturing on MEFs or under the 2i culture condition in

response to LIF (red arrows). (For interpretation of references to color in this figure legend, the reader is referred to the web version of this article.)

Akt-spheres, and mesodermal genes were not induced in the
sphere cells. Considering that PGCs are specified under the influ-
ences of mesoderm-induction signals, it is likely that blockade of
mesodermal fate by Akt activation is a prerequisite for the PGC-like
state under the mesoderm-inducing culture condition. In addition
to the repressed somatic gene expression program, Akt-sphere
cells activated PGC-specific genes and expressed pluripotency
genes. However, downregulation of H3K9me2, which occurred
from E7.75 to E9.5 [5] in PGCs did not take place in the spheres.
Therefore, Akt-spheres acquire the characteristics of nascent PGCs
at E6.75-E7.75.

The Akt-spheres failed to undergo spermatogenesis in the testes
of W mice. It has been reported that E6.5 epiblast cells that contain
PGC precursors differentiate into round spermatids in this trans-
plantation assay, albeit at a low frequency [16]. However, germ
line specification appears to be incomplete in the Akt-spheres. Gi-
ven that Akt activation promotes the dedifferentiation of PGCs
[12,13], some of the processes required for germ cell specification
appear to be defective in the spheres.

Akt-spheres differentiated into the three germ layers both in
the recipient testes and in feeder-free ESC cultures, demonstrating
that the spheres possess pluripotency. The pluripotency state of

the spheres was somewhat different from that of the original ESCs,
since the spheres were completely differentiated after transfer to
feeder-free ESC cultures, even in the presence of LIF. The expres-
sion pattern of the pluripotency-related genes in the sphere cells
was similar to those of the epiblast cells and PGCs (Fig. 1D). These
results suggest that Akt-spheres are in a pluripotency state that is
intermediate between those of ESCs and PGCs.

In contrast to the results obtained in feeder-free cultures, cul-
turing on an MEF layer or under the 2i condition resulted in the
sphere cells being reverted to ESC-like cells. These results suggest
that ESCs and Akt-sphere cells are in ‘metastable’ equilibrium. The
term ‘metastability’ was originally used to describe a spontaneous
interconversion between ESC subpopulations, such as transient
oscillation between Nanog-positive and Nanog-negative cell popu-
lations (Fig. 4F, upper panel) [19,20]. According to these models,
stem cells can fluctuate between different epigenetic and pheno-
typic states while undergoing self-renewal in culture. This concept
has been extended to describe an interconversion between two dif-
ferentiation states that is induced by the appropriate culture con-
ditions or by the introduction of specific genes [18,21]. ESCs give
rise to EpiSC-like cells upon transfer to EpiSC culture conditions,
whereas EpiSCs are converted to ESC-like cells by culturing under
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the 2i condition and/or the introduction of KlIf4 [18,21]. Further-
more, epiblast cells isolated from embryos can be reprogrammed
to the ESC-like state on MEFs in response to LIF, as is the case for
Akt-sphere cells {22]. In this regard, PGCs may also be in a metasta-
ble state, since PGCs are derived from epiblast cells and converted
to EG cells by treatment with growth factors (Fig. 4F, bottom panel)
[6.7).

In contrast, the pluripotency state of Akt-sphere cells is inter-
mediate between those of ESCs and PGCs, as discussed above. Since
it has been postulated that epigenetic reprogramming events
occurring during PGC differentiation serve as an ‘epigenetic barrier’
to discriminate between pluripotent cells and PGCs [23], incom-
plete reprogramming of the sphere cells may cause reversion to
the ESC-like state. Similarly, it has been recently reported that
PGC-like cells spontaneously emerge from EpiSCs and can be re-
verted to EpiSCs under the EpiSC culture conditions [24]. The
EpiSC-derived PGC-like cells appear to have differentiated to a
more advanced stage than the Akt-sphere cells, as downregulation
of H3K9me2 was observed in the EpiSC-derived cells. Thus, the cul-
ture conditions induced distinct PGC-like metastable differentia-
tion states, which may be valuable in understanding
metastability between pluripotent cells and PGCs.

The PI3K/Akt and JAK/STAT3 signaling pathways, both of which
are activated downstream of LIF, are central to the maintenance of
murine ESC pluripotency [25]. Activation of Akt or STAT3 suffi-
ciently supports the mouse ESC pluripotency in the absence of
LIF [14,26]. In contrast to the situation for ESCs, LIF/JAK/STAT3 sig-
naling is dispensable for EpiSC self-renewal, which, instead, can be
maintained with bFGF and activin {25]. Primate ESCs share several
characteristics with EpiSCs, such as morphology, gene expression
profiles, epigenetic status, and responsiveness to bFGF/activin.
Activated Akt supports the pluripotency of cynomolgus monkey
ESCs without bFGF/activin [14]. Since bFGF is a potent activator
of PI3K/AKkt signaling, the self-renewal of primate ESCs may be pro-
moted by PI3K/Akt signaling downstream of bFGF. In this regard, it
is noteworthy that Akt signaling is activated in PGCs by bFGF,
which is essential for EG cell derivation, and Akt activation replaces
to some extent the effects of bFGF on EG cell derivation {13]. In
addition, this study reveals that Akt activation is required for the
induction and expansion of Akt-sphere cells. Therefore, PI3K/Akt
signaling supports the pluripotency of various cell types.

The production of “functional” gametes from ESCs in vitro still
remains controversial. Recently, it has been reported that epiblasts
isolated from mouse embryos differentiate into PGC-like cells
in vitro, and that these cells differentiate in the W mice testes into
spermatids that support the generation of live offspring [27].
Although our PGC-like cells failed to produce gametes in the reci-
pient testes, the derivation of functional PGCs would be the first
step in reconstituting germ cell differentiation from ESCs in vitro.
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Validation System of Tissue-Engineered Epithelial
Cell Sheets for Corneal Regenerative Medicine
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Recently, regenerative therapy with tissue-engineered epithelial cell sheets has been performed for treating
ocular surface disease. It would be required to develop the validation method for these cell sheets to standardize
and spread the regenerative therapy. In the present study, we developed a validation system for cultivated
epithelial cell sheets. Human limbal epithelial cells and human oral mucosal epithelial cells were cultured with
3T3 feeder layer cells on temperature-responsive culture inserts for three different culture periods, and subjected
to cell sheet harvest and validation. Epithelial cells cultured for a short period were not successfully harvested as
intact contiguous cell sheets. On the other hand, total cell number and viability of epithelial cell sheets harvested
after prolonged culture period decreased. Further, these cells also lost epithelial barrier function. These results
showed the potential effectiveness of the proposed validation system that can evaluate fabricated cell sheets

before transplantation.

Introduction

C ORNEAL EPITHELIAL STEM CELLS reside in the basal layer
of the limbus, the transitional zone between the cornea
and the bulbar conjunctiva." These cells govern renewal of
the corneal epithelium by generating progeny (transient
amplifying cells, which are the cells committed to epithelial
differentiation) with limited renewal capabilities that migrate
from the limbus into the basal layer of the cornea.*” If cor-
neal epithelial stem cells are completely absent owing to
limbal disorder from severe trauma or eye diseases, then the
sources of corneal epithelial cells have been exhausted, the
peripheral conjunctival epithelium invades inwardly, and
the corneal surface becomes enveloped by vascularized
conjunctival scar tissue, resulting in corneal opacification
that leads to severe visual impairment. Such pathological
characteristics are considered to represent limbal stem-cell
deficiencies.*®

For patients with unilateral or bilateral limbal stem-cell
deficiencies, limbal allograft transplantation can be per-
formed,® but it requires long-term immunosuppression that
involves high risks of serious eye and systemic complica-
tions, including infection and liver and kidney dysfunction.”
In patients with the Stevens—Johnson syndrome or ocular
pemphigoid, graft failure is common, even with immuno-
suppression, owing to serious preoperative conditions such
as persistent inflammation of the ocular surface, abnormal

epithelial differentiation of the ocular surface, severe dry
eyes, and lid-related abnormalities.”® Therefore, we have
performed a regenerative therapy for such patients with se-
vere corneal epithelial disease by transplantation of func-
tional tissue-engineered epithelial cell sheets fabricated on
temperature-responsive culture surfaces.'®'! By utilizing
temperature-responsive culture surfaces, noninvasive cell
sheet harvest is reproducibly achieved, since the surfaces
reversibly change the hydrophobic/hydrophilic property
depending on temperature across 32°C. Only by reducing
temperature below 32°C, all the cultured cells are harvested
as a single contiguous cell sheet without need for proteolytic
enzymes. Cell sources are patient’s own healthy limbus and
oral mucosa for unilateral and bilateral disease cases, re-
spectively.

Recently, several groups have also reported similar epi-
thelial cell transplantation to treat ocular surface disease.'*""*
These reports, including ours, showed that epithelial cell
sheet transplantation was effective in the treatment of severe
ocular surface diseases. However, there are no detailed de-
scriptions regarding the cell sheet quality that would be as-
sessed by each researcher. Moreover, it is now the next step
to develop the corneal epithelial regenerative therapy from
clinical trials into a standard medical therapy, and for this it
is important to precisely validate the final products before
transplantation to determine whether they can be used or
not. Here we would like to propose a validation system

!Department of Ophthalmology, Tohoku University Graduate School of Medicine, Sendai, Japan.
?Institute of Advanced Biomedical Engineering and Science, Tokyo Women's Medical University, Tokyo, Japan.
*Department of Ophthalmology, Osaka University School of Medicine, Suita, Japan.
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composed of the following evaluation items: (1) cell mor-
phology, (2) cell sheet recovery, (3) total cell number, (4) cell
viability, (5) epithelial cell purity, (6) degree of stratification,
(7) existence of epithelial stem/progenitor cells, (8) cell dif-
ferentiation, and (9) existence of barrier function. In the
present study, we evaluated transplantable human epithelial
cell sheets with different culture periods to confirm the
usefulness of the proposed validation system.

Materials and Methods
Epithelial cell culture

Human limbal tissues were isolated from corneoscleral
rims isolated from cadaveric donor corneas (Northwest Lions
Eye Bank, Seattle, WA) using scissors (n=4). Human oral
mucosal tissue (~3%3 mm specimen) was surgically excised
from a healthy volunteer’s interior buccal mucosa under local
anesthesia with xylocaine (n=3). Each tissue was washed
with Dulbecco’s phosphate-buffered saline containing anti-
biotics and antimycotics, and incubated with dispase II at
37°C for 1h. Separated epithelial layer was treated with
trypsin—ethylenediaminetetraacetic acid (EDTA) solution (In-
vitrogen, Carlsbad, NM), and resuspended cells were plated
on temperature-responsive culture inserts (CellSeed, Tokyo,
Japan) at an initial cell density of 1.5%10° cells (limbal epi-
thelial cells) or 2.0x10% cells (oral mucosal epithelial cells)/
23-mm insert with mitomycin C—treated NIH/3T3 cells sep-
arated by cell culture inserts in the keratinocyte culture me-
dium (KCM) (Dulbecco’s modified Eagle’s medium [DMEM]/
F12 [3:1] supplemented with 10% fetal bovine serum [Japan
Bio Serum, Hiroshima, Japan], 0.5% Insulin-Transferrin—
Selenium [ITS; Invitrogen], 10 pM isoproterenol [Kowa, Tokyo,
Japan],2.0x1 07°M triiodothyronine [MP Biomedicals, Aurora,
OHJ, 0.4 ug/mL hydrocortisone succinate [Wako, Osaka, Japan],
and 10ng/mL EGF [R&D Systems, Minneapolis, MN]).]0
All the procedures for the validation system were performed
within the day when the cell culture was terminated (Fig. 1).

Phase contrast microscopy

The cultured epithelial cells were observed under a phase
contrast microscope, and microphotographs were taken at
50-fold and 100-fold magnification (Axiovert 40; Carl Zeiss,
Jena, Germany) to examine cell morphological aberration
and deficits.

Sheet recovery test

After being examined by phase contrast microscopy, the
cultured epithelial cells were subjected to incubation at 20°C
for 30 min in an incubator of 5% CO,. Then, a donut-shaped
support membrane (18 mm in outer diameter and 10mm in
inner diameter; polyvinylidene difluoride; Millipore, Bed-
ford, MA) was placed on the epithelial cells. Finally, the cells
were challenged to cell sheet harvest together with support
membranes. The harvested epithelial cell sheets were bi-
sected. One of the bisected cell sheets was subjected to
counting of total cell number and flow cytometric analyses,
and the other was subjected to histological analyses (Fig. 1).

Total cell number

Bisected cell sheets were incubated with 0.25% trypsin—
EDTA at 37°C for 10min to obtain single-cell suspension.
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The enzymatic reaction was stopped by adding DMEM
containing 5% fetal bovine serum. After centrifugation, the
cells were resuspended in DMEM, and the cell number was
counted with a Burker-Turk hemocytometer.

Cell viability

Cell viability was evaluated with dye exclusion test. An
aliquot of cell suspension was incubated in DMEM with
7-aminoactinomycin D (7’AAD; BD Biosciences, San Diego,
CA) staining at room temperature for 10 min, and subjected
to flow cytometer (FACS Calibur; BD Biosciences).

Epithelial cell purity

An aliquot of cell suspension after trypsin-EDTA treatment
was centrifuged, fixed, and permeabilized with Cytofix/
Cytoperm kit (BD Biosciences) according to the manufac-
turer’s protocols. Then, the cell suspension was split into two
tubes, and reacted with either fluorescein isothiocyanate-
conjugated antipancytokeratin immunoglobulin G2a (IgG2a)
antibody (clone PAn1-8; Progen, Heidelberg, Germany) or
fluorescein isothiocyanate—conjugated mouse control IgG2a
antibody (Santa Cruz Biotechnology, Santa Cruz, CA) at
room temperature for 60min. After being washed with
phosphate-buffered saline twice, the cells were stained with
7/AAD for the nuclear staining and examined by flow

cytometry.

Hematoxylin and eosin staining

Hematoxylin and eosin (HE) staining was performed on
the other bisected cell sheets to examine the degree of strat-
ification of epithelial cells in the harvested cell sheets. The
bisected cultured epithelial cell sheets were embedded in
Tissue-Tek® O.C.T™ compound (Sakura Seiki, Tokyo, Japan),
and processed into 10-pm-thick frozen sections. After being
dried for 1h at room temperature, tissues were washed three
times with Tris-buffered saline (TBS; Takara Bio, Shiga,
Japan), and fixed with 10% formaldehyde at room temper-
ature for 30 min. The sections were washed with TBS twice
and then stained with HE. Microphotographs were taken
with a light microscope (Carl Zeiss, Jena, Germany), and the
degree of stratification was examined.

Immunofluorescence analyses

Frozen sections were incubated with TBS containing 5%
donkey serum and 0.3% Triton X-100 for 1h to block non-
specific reactions. Sections were then incubated with anti-p63
antibody (4A4; Santa Cruz Biotechnology), anti-cytokeratin
3/2p antibody (AE5; Progen), anti-ZO-1 antibody (1A12;
Zymed, South San Francisco, CA), or anti-MUC16 antibody
(Ov185; AbCam, Cambridge, United Kingdom) at room
temperature for 1.5h. The slides were washed with TBS
twice and then incubated with Alexa Flour 488—conjugated
anti-mouse IgG antibody (Molecular Probes, Eugene, OR) at
room temperature for 1h. After being washed with TBS
twice, the sections were counterstained with Hoechst 33342
(Molecular Probes) for 10min and mounted with Perma-
Fluor (Beckman Coulter, Miami, FL). The slides were ob-
served using fluorescent microscopy (Axiovert 40; Carl
Zeiss).
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FIG. 1. Validation system. Human limbal epithelial cells
were cultured on temperature-responsive cell inserts for 10,
15, and 28 days. Cell morphological examination was per-
formed by phase contrast microscopy, and then cultured
epithelial cells were harvested by reducing temperature to
20°C. Harvested cell sheets were divided into two halves.
One was used for cell counting and flow cytometric analyses,
and the other for hematoxylin and eosin (HE) staining and
immunostaining for p63, K3/2p, ZO-1, and MUCI16, to vali-
date the quality of cell sheets. All of these procedures were
performed within the day when cell culture was terminated.

Results

Phase contrast microscopy revealed that human epithelial
cells obtained from a piece of limbal tissue proliferated and
stratified on day 15 under the present culture condition.
These cells showed tight and dense packing on culture in-
serts as well as cobble stone-like cell morphology, which is
specific to stratified squamous epithelial cells (Fig. 2). In
contrast, cell density was still low on day 10. Some defects
and denucleated cells were found on day 28. Coinciding with
the phase contrast microscopic results, all the epithelial cells
on the temperature-responsive culture insert were success-
fully harvested as a single contiguous cell sheet on day 15.
No defects or damage was observed in the harvested cell
sheets. Similarly, all the epithelial cell sheets cultured for 28
days were also harvested as cell sheets, but the harvested cell
sheets were more fragile than those cultured for 15 days and
partially broken. These epithelial cells cultured for 10 days
were not harvested as cell sheets, implying insufficient cell
packing and stratification. Averages of total cell number in
corneal epithelial cell sheets harvested on days 15 and 28 were
11.0x10° and 5.1x10° cells, respectively. Dye exclusion tests
with flow cytometric analysis after membrane-impermeable
7'AAD staining revealed that cell viability was satisfying on

day 15 (93.2%), but significantly decreased (64.1%) after
prolonged culture of 28 days (Fig. 3). However, epithelial cell
purity of the harvested cell sheets determined by flow cy-
tometric analysis after pancytokeratin staining was essen-
tially the same in both of the cell sheets (>95%) (Fig. 3).

Stratification of epithelial cells in harvested sheets was
evaluated on HE-stained sections (Fig. 4). Epithelial cell
sheets harvested on day 15 comprised of four to eight layers
of epithelial cells, and each stratified layer resembled basal,
wing, and superficial squamous epithelial cells in morphol-
ogy as observed in native corneal epithelia. However, fragile
cell sheets harvested on day 28 comprised of only one to
three epithelial cell layers. p63, a marker of epithelial stem/
progenitor cells,'>*® was expressed in the basal cell layers of
both the harvested cell sheets (Fig. 4). Cells positively reacted
with anti-cytokeratin 3/2p (corneal and oral mucosal differ-
entiated epithelial cell markers)! monoclonal antibody (clone
AES) detected predominantly in both cell sheets, but it was
faint in the basal cell layer of cell sheets harvested on day
15. Two essential molecules for epithelial barrier function of
ZO-1 in tight junctions'” as well as a membrane-associated
mucin, MUC16, specific to ocular surfaces'® were expressed
continuously throughout superficial cells in cell sheets har-
vested on day 15. On the other hand, ZO-1 and MUC16 were
faintly and discontinuously expressed in the superficial cells
in cell sheets harvested on day 28. These results are sum-
marized in Table 1.

In our protocol for corneal regenerative therapy, patients’
own oral mucosal tissues are used as an epithelial cell source
in bilateral cases.'®?° Therefore, we performed the present
validation for not only human corneal epithelial cell sheets
(Fig. 5; n=3), but also human oral mucosal epithelial cell
sheets (n =3) cultured for appropriate periods of 13-16 days
determined by the phase contrast microscopic observation.
The result showed that there were no remarkable differences
between oral mucosal and corneal epithelial cell sheets in
each examination (Table 2). Each examination was per-
formed stably in every cell sheet validation.

Discussion

In this study, we performed the validation of the epithelial
cell sheet based on the following evaluation items: (1) cell
morphology, (2) cell sheet recovery, (3) total cell number, (4)
cell viability, (5) epithelial cell purity, (6) degree of stratifi-
cation, (7) existence of epithelial stem/progenitor cells, (8)
differentiation state, and (9) existence of barrier function.
Obtained results show that this validation system success-
fully detected differences in the quality of corneal epithelial
cells cultured for different periods. With the same methods,
we reproducibly performed the validations of human corneal
and oral mucosal epithelial cell sheets cultured for appro-
priate periods.

In this validation system, cell sheet recovery test could be
the most important, because cell sheets are fabricated on
temperature-responsive culture surfaces and have no carriers
for transplantation such as amniotic membrane or type I
collagen sheets. In the present study, it was shown that cell
sheets were too fragile for harvest and transplantation after
10-day culture. This might be caused by insulfficiency of cell
number, cell stratification, intercellular adhesion, and depo-
sition of extracellular matrix. This finding also indicated that
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FIG. 2. Cell morphology and cell sheet harvest. Cell morphology was examined by phase contrast microscopy. Harvested
cell sheets with supporter membranes were transferred into culture medium in 60-mm dishes. Cells cultured for 10 days were
not successfully harvested from temperature-responsive inserts (denoted as “Failed”). Color images available online at

www.liebertonline.com/ten.

Day28 sheet

Day16 sheet
6.1 x 105 cells/sheet

Total cell 11.0 x 105 cells/sheet
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FIG. 3. Flow cytometric analyses. Harvested cell sheets were incubated with trypsin-ethylenediaminetetraacetic acid to
obtain single-cell suspension. Resuspended cells were analyzed in cell viability and epithelial cell purity by staining with
7-aminoactinomycin D (7’AAD) and antipancytokeratin antibody, respectively. Color images available online at www

liebertonline.com/ten.
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FIG. 4. Histological analyses. Frozen sections of harvested cell sheets were subjected to HE staining and immunofluores-
cence with anti-p63, anti-K3/2p, anti-ZO-1, or anti-MUC16 antibodies.

TABLE 1. SUMMARY OF VALIDATION OF HUMAN CORNEAL EPITHELIAL CELLS CULTURED FOR DIFFERENT PERIODS

Phase contrast Detachment test Cell (x10°) Viability (%) Purity (%) Stratification (HE) p63 K3/2p Muclé ZO-1

Day 10 Low density Impossible — — — — - — —
Day 15 Normal Possible 11.0 932 96.8 Normal 4-8 layers Posi Posi Posi
Day 28 Defects Partially broken 5.1 64.1 99.9 Thin 2-3 layers Posi Posi Faint

HE, hematoxylin and eosin; Posi, positive.
) P



hology

A:Morp
i uee

F:Immunostaining

HAYASHI ET AL.

B:Cell sheet recovery

FIG. 5. Validation of human oral mucosal epithelial cell sheets. Human oral mucosal epithelial cells were cultured on
temperature-responsive cell inserts for 15 days. Cell morphological examination was performed by phase contrast micros-
copy (A), and then cultured epithelial cells were harvested by reducing temperature to 20°C (B). The harvested cell sheet was
used for flow cytometric analyses (C, D), HE staining (E), and immunostaining for p63, K3/2p, ZO-1, and MUCI16 (F), to

validate the quality of cell sheets.

determination of appropriate culture periods before harvest
is crucial to fabrication of transplantable cell sheets. In the
total cell number determination test, day 28 sheet showed
fewer total cell number than day 15 sheet. This indicated that
excessive culture period promoted the epithelial cell turn-

over as phase contrast observation showed, and finally
resulted in decrease of total cell numbers. This result corre-
sponded with the result of HE staining, which showed that
day 28 sheet had fewer cell layers than day 15 sheet. In ad-
dition, the decrease in cell viability in day 28 sheet was also
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TABLE 2. SUMMARY OF VALIDATION OF HUMAN CORNEAL AND OrRAL MucosaL EpiTHELIAL CELLS

Phase contrast Detachment test Cell (x10°) Viability (%) Purity (%) Stratification (HE) p63

K3/2p Muclé ZO-1

CO1 Normal Possible 10 92.8
CO2 Normal Possible 11 93.1
CO3 Normal Possible 8.0 87.1
OR 1 Normal Possible 11 85.7
OR 2 Normal Possible 16 83.3
OR 3 Normal Possible 9.5 89.8

97.9 Normal Posi  Posi Posi
95.3 Normal Posi Posi Posi
93.0 Normal Posi Posi Posi
94.4 Normal Posi Posi Posi
98.7 Normal Posi Posi Posi
98.1 Normal Posi Posi Posi

CO, human corneal epithelial cell; OR, human oral mucosal epithelial cell; Posi, positive.

caused by excessive cell turnover. These results of day 28
sheet indicated that most of the 3T3 cells did not remain
beyond 2 weeks on the culture dish due to mitomycin C
treatment, and could no longer support proliferation or
maintenance of the epithelial stem/progenitor cells after 2
weeks. In actuality, when the feeder layer was replaced by a
new one at the point of day 15, epithelial cells can be
maintained without any aberration after additional 14 days
culture (data not shown). Interestingly, in the epithelial cell
purity analysis and p63 immunostaining, there were no re-
markable differences between day 15 and 28 sheets. This
result suggested that some defects in day 28 sheets were
possibly caused by the loss of the appropriate regulations for
proliferation and differentiation of stem/progenitor cells in
the additional 2 weeks of culture, rather than the mainte-
nance of stem/progenitor cells by 3T3 cells. In addition, the
long culture periods did not promote nonepithelial cell
proliferation such as fibroblasts.

We performed the validation not only for the corneal but
also for the oral mucosal epithelial cell sheet, because for
bilateral corneal disease, we perform transplantation with
the cultured epithelial cell sheet fabricated from the pa-
tient’s own oral mucosal epithelium. The results of each of
the three cell sheets showed that there were no remarkable
differences between the two epithelial cell sheets. It should
be noticed that the ocular surface-specific mucin MUC16,
which is not expressed in oral mucosa in vivo, was ex-
pressed in all three oral mucosal epithelial cell sheets. This
corresponded with our previous report,?' suggesting that
this culture condition promoted oral mucosal epithelial cells
to express MUC16.

We previously showed that the tissue-engineered epithe-
lial cell sheets that had cultured for 2 weeks were success-
fully transplanted to patient’ eyes and restored their ocular
surface.”! These previous and present results strongly sug-
gested that culturing epithelial cells for around 15 days is the
most appropriate for clinical application. Further, our results
suggested that among the nine items in the validation sys-
tem, especially (1) cell morphology, (2) cell recovery, (3) total
cell number, and (4) cell viability, in which results were
notably different between day 15 sheet and the others, were
thought to be the most important factors, and (7) existence of
stem /progenitor cells is also an important factor in general
for regenerative medicine.

Conclusion

In the present study, our validation system worked well
with both corneal and oral mucosal epithelial cell sheets.
Using this system, we could standardize the quality of cell

sheets for clinical use even in different facilities. This vali-
dation system would contribute to the establishment of safe
and effective regenerative therapy with cell sheet techniques
as a standard therapy. :
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Abstract—Temperature-responsive intelligent surfaces, pre-
pared by the modification of an interface mainly with
poly(N-isopropylacrylamide) and its derivatives, have been
investigated. Such surfaces exhibit temperature-responsive
hydrophilic/hydrophobic alterations with external tempera-
ture changes, which, in turn, result in thermally modulated
attachment and detachment with cells. The advantage of this
system is that cells cultured on such temperature-responsive
surfaces can be recovered as single cells and/or confluent cell
sheets, while keeping the deposited extracellular matrix
intact, simply by lowering the temperature without conven-
tional enzymatic treatment. Here, we focus and compare
various methods of producing temperature-responsive sur-
faces for controlling cell attachment/detachment. Spontane-
ous cell attachment and detachment using several types of
temperature-responsive surfaces are mentioned and various
effects, such as film thickness and polymer conformation, are
discussed. In addition, the development of the next genera-
tion of temperature-responsive surfaces using modifications
of the polymer coating to allow for rapid cell recovery is
summarized.

Keywords—Temperature-responsive surface, Extra cellular
matrix, N-isopropylacrylamide, Cell attachment, Cell detach-
ment, Polymeric thin surface.
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AAc Acrylic acid

AFM Atomic force microscopy

ATR-FTIR Attenuated total reflection-Fourier
transform

ATRP Atom transfer radical polymerization
CIPAAm 2-Carboxyisopropylacrylamide
CS Coverslips
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EB Electron beam

ECM Extra cellular matrix

EC Bovine aortic endothelial cell

EDC 1-Ethyl-3-(3-dimethylaminopropyl)
carbodiimide

FN Fibronectin

HPDL Human periodontal ligament cells

HUVEC Human umbilical vein endothelial cells

TPAAmM N-isopropylacrylamide

LCST Lower critical solution temperature

MDCK Madin-Darby canine kidney

NHS N-hydroxysuccinimide

PEG Poly(ethylene glycol)

RCO Rat calvarial osteoblasts

RGD Arg-Gly-Asp

RGDS Arg-Gly-Asp-Ser

TCPS Tissue Culture Polystyrene

ToF-SIMS  Time of flight secondary ion mass
spectrometer

XPS X-ray photoelectron spectroscopy

INTRODUCTION

Over the past two decades, tissue engineering uti-
lizing biodegradable scaffolds has pursued its useful-
ness in order to re-create many organized tissue
structures.'®3¢ Although its early clinical treatment
results in cartilage or urinary bladder have been
reported,’ the clinical applications of tissue engineering
based on biodegradable scaffold are extremely limited.
The precise reason is that the re-creation of tissue
structures requires the development of diffuse vascular
networks for providing critical nutrients, such as
glucose and oxygen. Furthermore, it seems plausi-
ble that biodegradable scaffolds may be unsuitable
for the regeneration of cell-dense tissues including

© 2010 Biomedical Engincering Society
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myocardium and hepatic structure.!?3%-38:60.61 Ajthough
the degradation of biocompatible and biodegradable
polymers such as poly(lactic acid), poly(glycolic acid),
and their copolymers theoretically allows proliferating
cells to migrate into the space previously occupied by
the degraded biomaterials, the large amounts of ECM
components are often present within the scaffolding
structures. Additionally, significant inflammatory
responses are commonly observed due to the degrad-
able products of polymer materials. While this
inflammatory response can theoretically induce the
recruitment of various leukocytes and possibly direct
new blood-vessel formation, host responses to the
implanted scaffolds can also potentially damage the
cells both within the implanted constructs and in
the surrounding host tissues. Based on these observa-
tions, tissue-engineering techniques that can re-create
adequate blood supplies are essential for properly
reconstructed tissues that possess the structure and
function of the native organs.'>37-3%73

In order to overcome these problems, an innovative
approach to tissue engineering using temperature-
responsive culture surface has been developed since
1990.47° PIPAAm and its copolymers exhibit a
LCST in aqueous media in the vicinity of 32 B
While they hydrate and form an expanded structure in
aqueous media below the LCST, they dehydrate and
form a compact structure above the LCST. Such a
conformational change in response to temperature has
been extensively used to modulate physicochemical
properties of polymeric materials.**#¢#77% At 37 °C,
PIPAAm-grafted surface is slightly hydrophobic,

Enzymatic
Treatment

Hydrophobic

b

Reducing
Temperature

allowing cells to proliferate under normal conditions.
A decrease in temperature below 32 °C, however,
results in the rapid hydration of the polymer surface,
leading to the spontaneous detachment of the cells
as a single cell and/or a uniform tissue sheets. As
PIPAAm is covalently immobilized onto the culture
surfaces, PIPAAm remains bound to the surfaces even
after cell detachment. This gives the non-invasive
harvest of cultured cells as an intact layer cell sheet
containing deposited ECM.*? The cell sheet can be
collected simply by reducing culture temperature
lower than 32 °C for less than 1h, without any
enzymes such as trypsin. This technology allows us to
transplant cell sheets to host tissues without using
biodegradable scaffolds (Fig. 1).

Using cell sheet engineering we can altogether
avoid to use scaffolds, and to fix and suture them for
conventional tissue engineering approaches using
isolated cell injections and scaffold-based technologies
whose applicability is often limited. The direct trans-
plantations have been applied to corneal epithelia,***°
periodontal ligament cells,”® myoblast cells,** and
esophageal epithelia.”'

In this review, the fundamental mechanism of
cell attachment and detachment on temperature-
responsive polymeric surface in response to tempera-
ture is summarized. Especially, we focused on several
topics, (1) the effects of polymer conformation toward
cell attachment and detachment on temperature-
responsive surfaces, (2) the detailed mechanism of cell
detachment from temperature-responsive surfaces with
preserving ECM components beneath a single cell and

TCPS

PIPAAmM
surface

Hydrophilic

FIGURE 1. Cell sheet harvested from PIPAAm-grafted surfaces. Cells can attach and proliferate onto temperature-responsive
surfaces at 37 °C, whereas lowering temperature to 20 °C facilitates the detachment of cell layers as a cell sheets. In the case
of tissue culture polystyrene surfaces, enzymatic treatment, which is necessary for the harvesting of cells, damages cell-cell

connections and the deposited ECM.
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a cell sheet, (3) the acceleration of cell detachment
from temperature-responsive surfaces controlled by
the modification of temperature-responsive surface,
and (4) the affinity control mechanism of novel cell
culture surfaces.

EFFECTS OF POLYMER CONFORMATION
TOWARD CELL ATTACHMENT
AND DETACHMENT ON TEMPERATURE-
RESPONSIVE SURFACES

A conventional culture method was used for grow-
ing confluent cells on the surface of a TCPS surface.
Cells were then harvested by the enzymatic proteolysis
of ECM with trypsin or other proteolytic enzyme, and
by chelating Ca>" ions to disrupt cellcell junctions
with ethylenediamine tetraacetic acid.**® PIPAAm-
grafted TCPS surface as a temperature-responsive
culture substrate have been developed since 1990
allowing cultured cells to be recovered simply by low-
ering temperature.”>’® Temperature-responsive poly-
mers have been widely used as a substrate not only for
single cell recovery but also for engineering cell sheets
as mentioned above. Over the years, many different
types of cells and substrates have been investigated, as
the methods of grafting PIPAAm to surfaces have been
developed. '’

Takezawa et al. have reported cell cultures on TCPS
coated with a mixture of PIPAAm and collagen since
1990.%4%5 Neither adhesion nor proliferation of fibro-
blasts was observed on TCPS coated with only
PIPAAm, whereas cells adhered and proliferated on
TCPS coated with a mixture of PIPAAm and collagen.
These results imply that fibroblasts cannot adhere and
proliferate on coatings composed solely PIPAAm
without the affinity interactions of collagen, because
free PIPAAm chains are released into the solution
from hydrophobic polystyrene surfaces. These data
prove that the graft architecture and thickness of
PIPAAm immobilized covalently on TCPS both play a
crucial role in the temperature-induced alterations of
hydrophilic/hydrophobic properties and cell adhesion/
detachment.

In our preliminary studies, the grafted amounts of
PIPAAm on surfaces also have a significant influence
on cell adhesion behavior.”” The correlation of the
thickness of PIPAAm covalently grafted layer on
TCPS surfaces and cell adhesion/detachment behavior
was studied by Akiyama et al.?® For this purpose,
limited excimer laser ablation and AFM methods for
determining the thickness of PIPAAm grafted layers
were used.

Two types of PIPAAm-grafted TCPSs were evalu-
ated for the grafted amounts of PIPAAm surfaces

and their temperature-responsive wettability changes.’
From ATR/FT-IR measurements, the grafted polymer
amounts on two PIPAAm-grafted surfaces were
determined to be 1.4 & 0.1 ug/cm® (n = 4, PIPAAm-
1.4-TCPS) and 2.9 + 0.1 pug/cm? (n = 4, PIPAAm-2.9-
TCPS), respectively. AFM images clearly show the
section profiles of their ablated domains with the UV
excimer laser for PIPAAm-1.4-TCPS (Fig. 2a) and for
PIPAAmM-2.9-TCPS (Fig. 2b). Section profiles showed
the depth to be 15.5 &+ 7.2 nm, indicating the thickness
of grafted PIPAAm layer of PIPAAm-1.4-TCPS.
Likewise, the averaged thickness of PIPAAm-grafted
layers of PIPAAmM-2.9-TCPS was 29.3 + 8.4 nm.
Bovine endothelial cells (ECs) adhered and spread on
the PIPAAm-1.4-TCPS surfaces (Fig. 2e), whereas
those on PIPAAm-2.9-TCPS failed to do (Fig. 2f).
Adhering and proliferating cells on PIPAAm-1.4-
TCPS surfaces were detached from the surfaces by
reducing temperature below the PIPAAm’s transition
temperature as a single cell and/or a layered cell sheet
depending on cell density on the surfaces.

Cell attachment/detachment control on PIPAAm
layer grafted to the glass coverslips was recently per-
formed by Fukumori er al.!” When the monomer
concentration was 5 wt.% at EB irradiation for syn-
thesizing PIPAAm-grafted coverslips (PIPAAm-CSs),
the grafted polymer density was 0.84 pg/cm? (the film
thickness: 3.5 nm observed by AFM, PIPAAm-0.84-
CS, Fig. 2¢), and cells adhered and spread on the
surface at 37 °C, but detached at 20 °C (Fig. 2g). In
contrast, when the monomer concentration was
35 wt.%, the polymer density was 1.28 ug/ecm?® (the
film thickness: 7.6 nm, PIPAAm-1.28-CS, Fig. 2d),
and the surfaces were cell repellent even at 37 °C
(Fig. 2h). These results show a remarkable contrast to
those obtained from PIPAAm-grafted TCPS, since
various types of cells showed temperature-dependent
cell adhesion/detachment, when the grafted density
was around 2 pg/cm? on these surfaces.

PIPAAm chains at the outermost surfaces also
suffer from progressive dehydration, and consequently
ECM, such as FN, should be adsorbed on the surfaces
for preparing thin layer, but there is much less pro-
gressive dehydration at the outermost surfaces, and as
a result, the surfaces become cell repellent due to the
thicker layer. For glass surfaces, the poor dehydration
of the grafted PIPAAm chains at the interface of the
glass is expected, like hydrophobic TCPS surface, due
to the presence of remaining hydrophilic silanol
groups. To compensate for this drawback, a denser,
thinner layer of grafted PIPAAm may be necessary to
promote the restriction of molecular motion of the
grafted PIPAAm chains and to exhibit cell attachment/
detachment properties in response to a change in
temperature. The fact that cell attachment/detachment
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FIGURE 2. Tapping mode AFM observation for laser-ablated domains on (a) PIPAAm-1.4-TCPS, (b) PIPAAmM-2.9-TCPS,
(c) PIPAAM-0.84-CS, and (d) PIPAAm-1.28-CS surfaces. The baseline and the bottom were the averages of the text data from the
section profiles. The scan size was 100 um x 100 um. Phase-contrast microphotographs of ECs cultured on (e) PIPAAm-1.4-TCPS,
(f) PIPAAmM-2.9-TCPS, (g) PIPAAm-0.84-CS, and (h) PIPAAm-1.28-CS surfaces at 37 °C for 1 day. Adapted from Akiyama et al’

Copyright 2004, American Chemical Society.

controllable PIPAAm layer of PIPAAm-CS is thinner
than that of PIPAAm-TCPS is suggestively a result of
remaining silanol groups and the greater density of the
grafted PIPAAm layer.

The other covalently bonded temperature-respon-
sive surface is synthesized by the plasma polymeriza-
tion of IPAAmM.*>® The thickness, elasticity modulus of
the surface could be controlled by depositing condition.
XPS and ToF-SIMS results revealed that PIPAAm
was covalently bonded to the surface. The sum
frequency generation results showed that the hydro-
phobic isopropyl side moieties were oriented at the
outermost surface above the LCST, while the disor-
dering structure of isopropyl moieties from vertical of
the surface. The cell attachment/detachment studies
showed no obvious difference among the different
batches of plasma-deposited coatings, even among the
different thickness.>® This result suggests that cell
attachment/detachment may be insensitive to the
grafted layer thickness of plasma-polymerized
PIPAAm substrates, but it may be sensitive to the
conformational change of the polymeric surface.

Another temperature-responsive surface was syn-
thesized by a copolymer consisted of IPAAm and 4-(/N-
cinnamoylcarbamide)methylstyrene on TCPS, followed
by crosslinking the copolymer through the dimerization

of the cinnamoyl groups.®” The thickness of PIPAAm
crosslinked surface with the density (2.4-6.9 pg/cm?)
was not dominant factor toward cell adhesion and
proliferation.

In the study of Matsuda’s group, no ECs adhered to
pure PIPAAm or a mixed coating of PIPAAm and
gelatin.?>*!*2 Complete cell adhesion and spreading
were found on a surface coated with a mixture of
PIPAAm-gelatin (20.8 ug/cm?) and PIPAAm (416 ug/
cm?), which was found to be an optimal ratio for cell
attachment. They also found that smooth muscle cells
attached to and proliferated on surfaces with PIPAAm-
to-gelatin ratio higher than 12:1, which results in
mechanically strong, stiff gels, regardless of the con-
centration of PIPAAm-—gelatin. They concluded that
a ratio of at least 12:1 and low concentration of
PIPAAm-—gelatin should be dominant for controlling
cell attachment, proliferation, and detachment.>

In recent years, novel grafting methods have been
developed to prepare well-defined polymer brush
layers on surfaces. ATRP, which is a controlled
polymerization technique, is an attractive polymer
grafting method, because it enables the preparation of
surfaces with dense polymer brushes from surface-
immobilized ATRP initiators. The dense polymer
brush layers exhibit specific properties different from
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the dilute brush layers prepared by conventional
grafting approaches.?**444°

Alexander er al. synthesized PIPAAm brushes by
ATRP within micropatterned domains at surfaces
and discussed the performance of these functional-
ized surfaces in short-term bioadhesion assays under
varying conditions.”?” The polymer brushes showed
temperature-dependent behavior on surfaces as
demonstrated by changes in contact angle, surface
energy components, and aqueous phase AFM. The
responses in the polymer brush domains resulted in
temperature-controlled attachment of bovine serum
albumin, and the common oral bacteria Streptococcus
muramy.2

Mizutani ez al. prepared PIPAAm brushes on
poly(4-vinylbenzyl chloride)-coated polystyrene sur-
faces using surface-initiated ATRP and applied these
to temperature-responsive cell culture substrates in
2008.** The surface characteristics of PIPAAm brushes
in relation to ECs attachment/detachment were con-
trolled by the PIPAAm layer thickness. Though ECs
can be adhered at 37 °C for the thinner surface with
less than 30 nm PIPAAm thickness, cell is unable to
attach on the thicker surface. By adjusting the poly-
merization reaction conditions and time, polymer lay-
ers supporting confluent cultures of ECs were pos-
sible, indicating that PIPAAm brush surfaces prepared
by surface-initiated ATRP techniques give surface
selection in the preparation of cell sheets from

-

Hydrophobic

(b)

Hydrophilic

attachment-dependent cells with a relatively strong
adhesive property for tissue engineering applications.

MECHANISM OF CELL DETACHMENT FROM
TEMPERATURE-RESPONSIVE SURFACES

The mechanism of cell detachment is one of the
most important aspects of cell sheet engineering. Cell
detachment from temperature-responsive surfaces has
been investigated using PIPAAm as a substrate.”™ A
two-step mechanism was proposed by our group in
1995. First step is a passive step, where cell detachment
is induced by the hydration of PIPAAm chains on the
substrate, followed by an active step involving cells’
shape change and detachment from the surface driven
by cytoskeletal action and metabolic processes. Firstly,
cells attached to the surface at 37 °C, followed by the
proliferation. Immediately after reducing temperature,
the cells’ morphology was less spread, and the cell
started to detach. The detachment continues until the
cells no longer have a spread and flattened morphol-
ogy. The schematic depictions of the shape changes
that cells undergo are shown in Fig. 3a.

Detachment seems also to be mediated by active
cellular metabolic processes and cell detachment can be
suppressed by adding an ATP synthesis inhibitor.”!
Selective inhibition of actin filaments, by means of
either an actin stabilizer or an actin depolymerizer,

- o)
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FIGURE 3. (a) Schematic representation showing the mechanism of cell sheet detachment from PIPAAm surfaces. (b) Confocal

laser scanning microscopy of bovine aortic endothelial cells detaching from a PIPAAm-grafted TCPS surface. ECs were plated on a
PIPAAm-grafted surface in the presence of serum and cultured for 6 h at 37 °C. Then temperature was reduced to 20 °C. Shrinking
cells were fixed, stained with rhodamine-phalloidin, and observed by a confocal laser scanning microscope. The obtained fluo-
rescence image (a and red in c) and interference reflection image (b and green in c) were superimposed. F-actin was observed to
remain organized inside the cells as peripheral rings even during the detachment process. Interference reflection microscopy
revealed small deposits on the surfaces. Some deposits were organized into networks. Since deposits were unable to be observed
prior to cell culture, serum proteins such as FNs were presumed to be deposited onto the surfaces. However, small smooth areas
without such deposits were observed only in the vicinity of shrinking and rounding cells. The outlines of the smooth areas highly
resembled that of shrinking cells, implying that the formerly flattened and spread cell occupied the same smooth area before
reducing temperature. Adapted from Yamato et al.”" Copyright 2000, Elsevier.



