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Fig. 3. Stratification of Swiss 3T3 cell sheet on hiPHs promotes hepatic maturation. Human induced pluripotent stem cells (hiPSCs) (Tic and 201B7) were differentiated into
hepatocyte-like cells as described in Fig. 1A. (A—F): On day 25, the gene expression levels of ALB (A), CYP2(9 (B), CYP3A5(C), CYP1A2 (D), GSTAI (E), and CK7 (F) were examined in
monolayer hiPSC-derived hepatocyte-like cells (hiPHs-mono) and hiPSC-derived hepatocyte-like cells stratified with Swiss 3T3 cell sheet (hiPHs-Swiss) by real-time RT-PCR. The
values were graphed as the fold-changes relative to hiPHs-mono differentiated from Tic. All data are represented as means = SD (n = 3). *P < 0.05 **P < 0.01.

attempted to employ a cell sheet engineering technology to further
induce maturation of the hEHs and hiPHs.

We observed a significant increase in the expression of
hepatocyte-related genes in the hEHs- and hiPHs-Swiss as
compared with those in the hEHs- and hiPHs-mono, respectively
(Figs. 2 and 3), indicating that 3D co-culture with the Swiss 3T3 cell
sheet was effective to promote hepatic maturation of the hEHs and
hiPHs. On the other hand, Han et al. have recently shown that hESC-
derived DE cells cannot be promoted to differentiate into hepato-
blasts by co-culture of mouse fibroblast 3T3 cells [38]. Considering
that primary rat hepatocytes are also able to grow and retain their
functions for a long period of time in the presence of Swiss 3T3 cells
[19,20], Swiss 3T3 cells would probably have the capacity to
support the functions of freshly isolated mature hepatocytes and
hESC- or hiPSC-derived hepatocyte-like cells, but not DE cells.
Besides Swiss 3T3 cells, we attempted to maturate the hEHs using

3D co-culture with the bovine carotid artery endothelial cell sheet,
because Kim et al. recently succeeded in creating a functional
hepatocyte culture system by stacking bovine carotid artery
endothelial cell sheets on primary rat hepatocytes [25]. However,
our preliminary data showed that Swiss 3T3 cell sheets were
superior to the bovine carotid artery endothelial cell sheets in terms
of hepatic maturation of hEHs (data not shown). Thus, we con-
ducted the present experiments to facilitate hepatic differentiation
of human pluripotent stem cells using Swiss 3T3 cell sheets.
Interestingly, we found a difference in hepatic differentiation
efficiency among hiPSC lines (Fig. 3). This might have been due to
epigenetic memory of the hiPSC line, because several studies
showed that the epigenetic memory of iPSCs affected the differ-
entiation capacity [39,40]. Kleger et al. showed that iPSCs generated
from mouse liver progenitor cells, could be more effectively
differentiated into hepatocyte-like cells in comparison with iPSCs



4532 Y. Nagamoto et al. / Biomaterials 33 (2012) 4526—4534

A ALB

*k

&%k

S
Ll
4

31 Kk

RN
Oi

Y 4 .

relative gene expression
N

single-culture  insert-cuiture co-culture
CYP1A2
*%
» *%
SA
w | 124
72}
g -
&
@ 81
m E
o
[
o 4 1
@
2 1
St o o . . .
= single-culture  insert-culture co-culture

B CYP2C9

*k

A 84 k%

*&

g Ll .l

relative gene expression
E-N

o

single-culture  insert-culture  co-culture

D CYP3A5
*%k
b

SA
‘@ 6 4
[/}
@ J
53
3] 49
4]
c <
& J
® 2
2, mim 1N
2! o0 ~ v v .
= single-culture  insert-culture  co-culture

Fig. 4. Physical contacts between hESC-derived hepatocyte-like cells and Swiss 3T3 cells promote hepatic maturation. hESCs (H9) were differentiated into hepatocyte-like cells as
described in Fig. 1A until day 14, and then the cells were differentiated into hepatocyte-like cells by single-culture, insert-culture, or co-culture with Swiss 3T3 cells. (A~D): On day
25, the gene expression levels of ALB (A), CYP2C9 (B), CYP1A2 (C) and CYP3AS5 (D) were examined in hESC-derived hepatocyte-like cells (hEHs) differentiated by single-culture, insert-
culture, or co-culture with Swiss 3T3 cells by real-time RT-PCR. The values were graphed as the fold-changes relative to hEHs by single-culture. All data are represented as

means =+ SD (n = 3). **P < 0.01.

generated from mouse embryo fibroblasts [41]. Thus, to more
efficiently differentiate into hepatocyte-like cells from hiPSCs, it
might be valuable to employ hiPSCs generated from freshly isolated
human hepatocytes. Moreover, by using our 3D co-culture system,
such hiPSCs would be differentiated into more mature hepatocyte-
like cells.

We investigated the Swiss 3T3 cell-derived hepatic maturation
factors by using cell culture inserts, and found that the physical
contacts between Swiss 3T3 cells and the hEHs were the major
factors contributing to the hepatic maturation of hEHs (Fig. 4).
Because Swiss 3T3 cell-derived soluble factors partially induce
maturation of hEHs (Fig. 4A and B), it would also be interesting to
search for hepatic maturation factors secreted from Swiss 3T3 cells.

To further investigate the maturation factors, we examined
whether type I collagen, which is abundantly synthesized by Swiss
3T3 cells, could promote hepatic maturation. Stratification of type |
collagen gel could lead to a promotion of hepatic maturation of
hEHs-mono as well as hEHs-Swiss (Fig. 5A). We also found that
hepatic maturation by 3D co-culture with the Swiss 3T3 cell sheet
was suppressed by inhibition of collagen synthesis (Fig. 5D). Taken
together, these results show that type I collagen is one of the key
molecules in promotion of hepatic maturation by stratification of
Swiss 3T3 cells. It is known that the space of Disse, which faces
hepatocytes directly, contains various kinds of ECM proteins,
including type I collagen [42]. Because the conditions in 3D co-
culture, which contains type I collagen synthesized from Swiss
3T3 cells, can mimic the in vivo liver microstructure, including the
space of Disse, the hepatic maturation from hEHs and hiPHs might

be efficiently promoted. Furthermore, it was also reported that, by
the stratification of type I collagen gel in primary rat hepatocyte
culture, the cytoskeletal organizations, such as actin localization, in
primary rat hepatocytes were changed and stress fibers were
obliterated just as in the in vivo state [43]. They also showed that
the stratification of type I collagen gel in primary rat hepatocyte
culture maintained ALB secretion in primary rat hepatocyte. Thus,
the alteration of the cytoskeletal organization might also be
changed in the hEHs and hiPHs by 3D co-culture with the Swiss 3T3
cell sheet. For these reasons, it could be speculated that stratifica-
tion of Swiss 3T3 cell sheets positively affects the maturation
process of hEHs and hiPHs mediated by cell-to-cell and cell-type |
collagen—cell interactions. The expression level of the CK7 gene in
the hEHs was down-regulated by stratification of the Swiss 3T3 cell
sheet or type 1 collagen gel (Figs. 2C and 5B). Although Matrigel,
which contains large amount of type IV collagen, is widely used to
differentiate hESCs and hiPSCs into hepatocyte-like cells, it is
reported that type IV collagen promotes cholangiocyte differenti-
ation [44]. Therefore, it would be important to note that stratifi-
cation of Swiss 3T3 cell sheet inhibits the cholangiocyte
differentiation and thereby allows the cells to drive the way to
hepatic differentiation. Although we showed that a Swiss 3T3 cell-
derived type I collagen plays an important role in hepatic matu-
ration, it was likely that the other soluble factors would also be
involved in the promotion of hepatic maturation.

We employed Swiss 3T3 cells for 3D co-culture with the hEHs
and hiPHs. However, it would be an attractive study to employ
other kinds of cells such as liver sinusoidal endothelial cells, stellate
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cells, and Kupffer cells, to mimic the in vivo liver microstructure. By
mimicking the in vivo liver microstructure, basic molecular mech-
anisms, including cell—cell interactions, in liver development
would be clarified. Moreover, because our cell sheet technology
allows us to stratify the multiple cell sheets and create layered 3D
tissue constructs, combinations with multiple layers consisting of
various types of cells might be able to develop an efficient method
for hepatic maturation of the hEHs and hiPHs. In addition, by using
new biomaterials with cell patterning techniques, more mature
hepatocyte-like cells would be probably generated from human
pluripotent stem cells, and thereby accelerate the research into
tissue generation.

5. Conclusions

We succeeded in promoting the hepatic maturation of both the
hEHs and hiPHs by stratification of the Swiss 3T3 cell sheet using

a cell sheet engineering technology. We also determined that type |
collagen, which is synthesized in Swiss 3T3 cells, plays an impor-
tant role in hepatic maturation. Since our cell sheet engineering
technology enables us to stratify multiple cell sheets, this tech-
nology would have the potential to mimic the in vivo liver micro-
structure and to generate hepatocyte-like cells, which have
functions similar to primary hepatocytes. Our methods would be
powerful tools for in vitro applications, such as drug toxicity
screening in the early phase of pharmaceutical development.
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