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Abstract

AIM: To develop the effective technology for reconstruc-
tion of a liver organ /n vitro using a bio-artificial liver.

METHODS: We previously reported that a radial-flow
bioreactor (RFB) could provide a three-dimensional high-
density culture system. We presently reconstructed the
liver organoid using a functional human hepatocellular
carcinoma cell line (FLC-5) as hepatocytes together with
mouse immortalized sinusoidal endothelial cell (SEC) line
M1 and mouse immortalized hepatic stellate cell (HSC)
line A7 as non parenchymal cells in the RFB. Two x 10’
FLC-5 cells were incubated in the RFB. After 5 d, 2 x 10’
A7 cells were added in a similar manner followed by an-
other addition of 10" M1 cells 5 d later. After three days
of perfusion, some cellulose beads with the adherent
cells were harvested. The last incubation period included
perfusion with 200 nmol/L swinholide A for 2 h and then
the remaining cellulose beads along with adherent cells
were harvested from the RFB. The cell morphology was
observed by transmission electron microscopy (TEM) and
scanning electron microscopy (SEM). To assess hepato-

cyte function, we compared mRNA expression for urea
cycle enzymes as well as albumin synthesis by FLC-5 in
monolayer cultures compared to those of single-type cul-
tures and cocultures in the RFB.

RESULTS: By transmission electron microscopy, FLC-5,
M1, and A7 were arranged in relation to the perfusion
side in a liver-like organization. Structures resembling
bile canaliculi were seen between FCL-5 cells. Scanning
electron microscopy demonstrated fenestrae on SEC
surfaces. The number of vesiculo-vacuolar organelles
(VWWO) and fenestrae increased when we introduced the
actin-binding agent swinholide-A in the RFB for 2h. With
respect to liver function, urea was found in the medium,
and expression of mRNAs encoding arginosuccinate syn-
thetase and arginase increased when the three cell types
were cocultured in the RFB. However, albumin synthesis
decreased.

CONCLUSION: Co-culture in the RFB system can dra-
matically change the structure and function of all cell
types, including the functional characteristics of hepato-
cytes. Our system proves effective for reconstruction of
a liver organoid using a bio-artificial liver.

© 2006 The WIG Press. All rights reserved.
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INTRODUCTION

Liver regeneration technology has made many advances in
recent years. Efforts now are being made toward develop-
ment of embryonic stem cells (ES cells), differentiation of
hemopoietic stem cells, and development of isolation and
culture methods for somatic stem cells originating from
different organs. Hemopoietic stem cells, hepatoblasts
originating from fetal liver, hepatocytes, and pancreatic
duct epithelial cells have been included in the list of candi-
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date cells for liver regeneration’. Development of immot-
talized cells by introduction of the simian virus 40 (SV40)
large T antigen gene or human telomerase reverse tran-
scriptase (WTERT) is also under investigation”. To date,
however, no technique for regenerating and reconstructing
parenchymal organs using these cells has been established.
Conventional cell culture methods have achieved this goal
clinically for skin, cornea, and bone tissue™ .

Reconstruction of organs such as the liver requires
maintenance of viable cells at a high density and cocul-
ture under conditions favorable to several different cell
types that constitute a liver. To make a culture system is
important in reconstructing a liver organoid. Conventional
stationary culture techniques are not well suited to the
culture of cells in a layered form, i.e., in a structural and
functional organoid a simple air/CO2 incubator does not
deliver adequate oxygen supply to layered cells. Further-
more, high-density culture cannot be maintained with the
limited nutrients available in conventional cultures. For
these reasons, construction of a bioreactor that allows
3-dimensional growth in a high-density perfusion culture
has been advocated for reconstructing a liver organoid.
In our study a radial-flow bioreactor (RFB) developed
in Japan was used as a candidate model for high-density
perfusion culture. Filled with a porous carrier, this bioreac-
tor permits culture at a cell density 10 times higher than
that allowed by a hollow-fiber culture system™ . Another
important point is to select a cell source. Clinically, cells
using bio-artificial liver are required to be highly functional
and supplied quickly in large quantities. Therefore we
established a functional human hepatocellular carcinoma
cell line (FLC-5), which can express drug-metabolized en-
zymes (e.g,, human-type carboxyl esterase or cytochrome)
and liver-specific proteins such as albumin. Ir vitro this cell
line retains its three-dimensional form, developing distinct
microvilli on the surface. These cells can be cultured in se-
rum-free ASF104 medium (Ajinomoto, Tokyo). A liver oz-
ganoid cannot be reconstructed with hepatocytes only. At
minimum, coculture of hepatocytes with nonparenchymal
cells, such as sinusoidal endothelial cell (SEC) and hepatic
stellate cell (HSC) is requited. So we established immortal-
ized SEC line M1” and an immortalized HSC line A7"
by isolating nonparenchymal cells from an H-2Kb-tsA58-
transgenic mouse liver transfected with the SV40 large T
antigen gene!”.

Reconstruction of the liver sinusoid is important for
activity of the liver organoid as a functional unit. Also, the
open potes on the sutfaces of SEC in fenestrae have an
important functional role in the liver sinusoid. Fenestrae
are the most remarkable characteristics of SEC, as first de-
scribed by Wisse in 1970"" using transmission electron mi-
croscopy (TEM). Diameters of these pores vary between
species, ranging from 100 to 200 nm"". These fenestrae
facilitate the transport of materials and solutes from the
luminal to the abluminal side of the liver parenchymal cells
and vice versad®. The process and mechanism of formation
of these pores remain largely unclarified"™ ¥, The presence
of actin filaments at the margin of these pores has been
demonstrated by electron microscopic studies'™ ', Swin-
holide A, a most potent microfilament-disrupting drug
available, has been demonstrated to increase the number
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Figure 1 The system of
radial-flow bioreactor. A 15-mL
radial-flow bioreactor (large
arrow), a mass flow controller
(arrow head), and a reservoir
(small arrow) are connected
each other. Culture medium is
perfused in the RFB. Medium
conditions (PH, oxygen,
CO:2 and temperature) are
controlled by computer.

of SEC fenestrae!”. However, when immortalized SEC
was treated in a monolayer culture or as a monoculture in
the RFB, an increase in number of fenestrae could not be
observed when the Swinholide A was introduced. The po-
tential for drug-induced increase also has been reported to
disappear in long-term cultures'”.

In developing a high functioning organoid using a bio-
artificial liver, the function, form and reactivity of phar-
macological agent should be near iz vivo. In the present
study, we reconstructed a functional liver organoid using
immortalized cell lines in the RFB.

MATERIALS AND METHODS

Cell culture and medium

We used the three cell lines mentioned above, FL.LC-5, M1,
and A7. As reported, culture of M1 cells was possible in
serum-free conditions while supplementation of ASF104
medium with 2% fetal bovine serum (FBS) was required
for culture of A7 cells. Therefore, in coculture experi-
ments, ASF104 medium was enriched with 2% FBS.

Coculture in radial-flow bioreactor

As reported elsewhere, the RFB system is composed of a
15-mL radial-flow chamber (RA-15; ABLE, Tokyo), a mass
flow controller (RAD925, ABLE), a reservoir (Figure 1), a
computer, and a tissue incubator as described previouslym
(Figure 1). The culture medium was oxygenated within
the reservoir, and the pH was adjusted automatically to
7.4. Oxygen pressure in the culture medium was measured
both within the reservoir and at the outlet of the bioreac-
tor. Relative oxygen consumption was monitored on the
basis of the oxygen pressure gradient. During the study
the temperature within the reservoir was kept constantly at
37 C. Two X 10" FLC-5 cells were inoculated into the res-
ervoir. The bioreactor was perfused in a closed circuit for
2 h to aid cells in adhering to the porous carrier cellulose
beads (Asahi Kasei, Tokyo). Subsequently the bioreactor
was switched to the open-circuit mode, and incubation was
continued with addition of fresh culture medium to the
reservoir. After 5d, 2 X 10" A7 cells were added in a simi-
lar manner followed by another addition of 10" M1 cells
5 d later. Retinol (10°mol/I) was added during the first 2
d. After three days of perfusion cellulose beads with the
adherent cells were harvested, and cells deposited at the
bottom of the biotreactor also were recovered. Beads with
attached cells were fixed in 1.2% or 2.0% glutaraldehyde as
described below.

Swinholide A experiments
We cultured the three cell lines as described above. The
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last incubation included perfusion with 200 nmol/L swin-
holide A (Sigma catalog number S9810; S) for 2 h. The cel-
lulose beads along with adherent cells were harvested from
the bioreactor. Beads with attached cells were fixed in glu-
taraldehyde and prepared for morphologic observation as
follows.

Electron microscopy

For scanning electron microscopy (SEM), cultured cells
were fixed with 1.2% glutaraldehyde in 0.1 mol/L phos-
phate buffer (PB) at pH 7.4 and postfixed with 1% OsO4
in 0.1mol/L PB. The fixed cells were rinsed twice with
PBS, subsequently dehydrated in ascending concentrations
of ethanol, critical point-dried using carbon dioxide, and
coated by vacuum- evaporated carbon and ion-spattered
gold. Specimens were observed under JSM-35 scanning
electron microscope (JEOL, Tokyo) at an accelerated volt-
age of 10 kV.

For transmission electron microscopy (TEM), cultured
cells were fixed with 2.0% glutaraldehyde in 0.1mol/L PB
for 1 h and postfixed with 1% OsOsin 0.1mol/L PB for 1
h at 4 °C. Specimens were dehydrated in ethanol and sub-
sequently embedded in a mixture of Epon-Araldite. Thin
sections (60 nm) were cut with a diamond knife mounted
on an LKB ultratome, and stained with aqueous uranyl
acetate. Specimens were examined under a JEOL 1200EX
electron microscope.

Amino acid analysis of supernatants

For analysis of amino acid fractions by high-performance
liquid chromatography (HPLC), supernatants were collect-
ed from FLC-5 alone and from cocultures of the three cell
types in the bioreactor. Supernatants were mixed with 5%
sulfosalicylic acid and allowed to stand at 4 ‘C for 15 min.
After centrifugation to precipitate protein, supernatants
were injected into amino acid analysis columns (I.-8500,

Hitachi, Tokyo).

Quantitative TagMan RT-PCR

We measured mRNA expression for the urea cycle en-
zymes, carbamoyl phosphate synthetase (CPS1), ornithine
carbamoyltransferase (OCT), argininosuccinatesynthetase
(ASS), argininosuccinatelyase (ASL), and arginase (ARG),
as well as mRNA expression for albumin, hepatocyte
nuclear factor (HNF)-1 and HNF-4, by quantitative Taq-
Man reverse transcription polymerase chain reaction (RT-
PCR). RT-PCR was performed on the ABI PRISM 7700
sequence detection system using random hexamers from
TaqMan reverse transcription reagents and the RT reac-
tion mix (Applied Biosystems, Rockville, M) to reverse-
transcribe RNA. TagMan universal PCR Master Mix and
Assays-on-Demand gene expression probes (Applied
Biosystems) were used for PCR. A standard curve for
serial dilution of 18S rRNAs was generated similarly. A
relative standard curve method (Applied Biosystems) was
used to calculate the amplification difference in urea cycle-
related enzymes between cocultured and control cells, and
elongation factor 1 (EF1), for each primer set and between
albumin, HNF-1, HNF-4, and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH). Specificity was evaluated using
GAPDH mRNA as an internal control (4310884E; Perkin-

Figure 2 Light microscopic
image of coculture in the RFB.
High-density and layered cells
attached on the cellulose
beads (C). Sinusoid-like
lumen structure (L) could be
observed. SEC was observed
with flat shape on surface of
the lumen and perfusion side
(arrow).

Elmer Applied Biosystems). Each amplification was per-
formed in triplicate, and averages were obtained.

Based on DNA sequences in GenBank, primers and
the TagMan probe for albumin, HNF-1, and HNF-4 were
designed using the primer design software Primer Express
TM (Perkin-Elmer Applied Biosystems, Foster City, CA).
AmpliTaq DNA polymerase extended the primer and dis-
placed the TagMan probe through its 5-3” exonuclease ac-
tivity. Probes were labeled with a reporter fluorescent dye
either 6-catboxy-fluorescein (FAM) or 2, 7 dimethoxy-4,5-
dichloro-6-carboxy-fluorescein (JOE) at the 5’ end and a
quencher fluorescent dye [6-carboxytetramethyl-rthodamine
(TAMRA)] at the 3’ end.

Primers/probes were as follows: ornithine transcat-
bamoylase (OTC) forward primer 5-CCAGGCAATA-
AAAGAGTCAGGATT-3, reverse primer/ 5°-TTAT-
CAAAG TCCCCTGGTTAGAGATACT-3’, ptobe/ 5
-(FAM)- TTCAAATGCTCCTACACCCTGCCCTG-
(TAMRA)-3’; arginosuccinase (ASL) forward primer/ 5’
-TGGCCAAGGAGGTCGTCA-3’, reverse primer 5’
-TTCCTCGTCGTCCGGAAG-3’, probe 5’-(FAM)-
TGTCTTCCAGACCCGGAGACCGAA-(TAMRA)-3%
albumin forward primer/ 5’-CGATTTTCTTTT-
TAGGGCAGTAGC-3’, reverse primetr/ 5°-TG-
GAAACTTCTGCAAACTCAGC-3’, probe/ 5°-(FAM)-
CGCCTGAGCCAGAGATTTCCCA-(TAMRA)-3’;
HNF-1 forward primer/ 5>~ AGCGGGAGGTGGTC-
GATAC-3, reverse primer/ 5-CATGGGAGTGCCCTT-
GTTG-3’, ptobe/ 5-(FAM)-TCAACCAGTCCCACCT-
GTCCCAACA-(TAMRA)-3’; HNF-4 forward primer/
5’-GGTGTCCATACGCATCCTTGA-3’, reverse
primer/ 5> TGGCTTTGAGGTAGGCATACTCA-3,
probe/ 5’-(FAM)-CCTTCCAGGAGCTGCAGATC-
GATGAC-(TAMRA)-3’; GAPDH forward primer/ 5
-CTCCCCACACACATGCACTTA-3, reverse ptimer/ 5
-CCTAGTCCCAGGGCTTTGATT-3’, probe/ 5-(VIC)-
AAAAGAGCTAGGAAGGACAGGCAACTTGGC-
(TAMRA)-3.

RESULTS

Structure of cells cultured in bioreactor

In the bioreactor, cells cultured in high density assumed
layered form on the cellulose beads. Lumen-like structure
was observed. Endothelial cells were exits with flat shape
at the surface of the lumen and the perfusion side (Figure
2). Multiple layers of FLC-5 cells adhered to the cellulose
beads, while A7 and M1 cells were predominantly localized
to the side where perfusion occurred. Layered cells were
seen in a hole of porous cellulose beads. Sinusoid-like lu-
men was observed at perfusion side in the cellulose beads

www.wjgnet.com
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Figure 3 Transmission electron microscopic images of cocultures in the RFB. A: The cells are arrayed on the cellulose beads. Several cell clusters could be seen in a
gap of cellulose beads (arrow). Vascular lumen structure surrounding cell clusters could be seen in the beads (small arrow). Culture media flow through inside of lumen
structure; B: The cells are arrayed in layers on cellulose beads. Part of a cellulose bead (arrow) is visible at the bottom of the layer. A process of a sinusoidal endothelial cell
(arrowhead) is seen at the perfusion side. Scale bar: 5 um; C: Sinusoidal endothelial cells (EC) can be seen at the perfusion side. Hepatic stellate cells (SC) containing fatty
vitamin A droplets are seen overlying the FLC-5 cells (H). FLC-5 cells (H) below EC and SC show bile-canaliculus-like structures (B). Scale bar: 5 ym. D: Bile canaliculus-
like structures (B) containing electron dense bile components. Tight junctions (t) and desmosomes (d) are visible, as are fatty vitamin A droplets (L). Scale bar: 2 ym.

Figure 4 Ultrastructure of sinusoidal endothelial cells. A: Scanning electron microscopic image of sinusoidal endothelial cells localized at the perfusion side. They form
a thin layer (arrowhead), showing the typical appearance of a sinusoid-like vascular structure. Scale bar: 5 ym; B: Transmission electron microscopic image showing
sinusoidal endothelial cell growth at the perfusion side forming a thin layer (arrowhead) overlying the A7 cells (SC). Scale bar: 1 pm; C: Transmission electron microscopic
view showing tight junctions (arrow) between sinusoidal endothelial cells (EC). Scale bar: 200 nm.

Figure 5 Scanning electron microscopic image of the surface of sinusoidal endothelial cells. A: Low-magnification scanning electron microscopic images of the surface
of sinusoidal endothelial cells cultured on plastic dishes. The sinusoidal endothelial cells formed a thin layer on the plastic dish substrate. Scale bar: 5 ym; B: High-
magnification scanning electron microscopy images of the surface of sinusoidal endothelial cells cultured on plastic dishes. Fenestrae could not be detected on the surface
of endothelial cells. Only small pits are seen (arrow). Scale bar: 1 pm; C: Low-magnification scanning electron microscopic view of the surface of sinusoidal endothelial cells
cocultured in the RFB. Fenestrated pores could be observed (arrow). Scale bar: 5 um; D: High-magnification scanning electron microscopic view of the surface of sinusoidal
endothelial cells cocultured in the RFB. Pores have a diameter of 100 - 200 nm. Scale bar: 1 um.

(Figure 3A). TEM showed that cocultured cells assumed
layered form from cellulose beads to the perfusion side
(Figure 3B). M1 and A7 cells containing vitamin A-laden
fat droplets wetre seen mainly at the perfusion side, while
dense layers of FLC-5 cells were observed beneath (Fig-
ure 3C). At sites where the three cell lines were in contact
with each other bile canaliculus-like structures wetre pres-
ent between neighboring FLLC-5 cells. Lumens of these
structures contained electron-dense bile components, tight
junctions and desmosomes also could be observed (Figure
3D). This side showed growth of endothelial cells with
the formation of sinusoid-like vascular structures (Figures
4A and 4B). Tight junctions were seen between endothe-
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lial cells (Figure 4C). Fenestrae which are characteristic of
SEC in vivo, were absent in monocultures of M1 cells on
plastic dishes (Figures 5A and 5B). Because a long time
subculture would change the character of M1 cells, pores
were represent on the sutface of M1 cells co-cultured in
the RFB system (Figure 5C). The pores had a diameter of
100 to 200 nm, being similar in morphology and size to
those of fenestrae shown by SEC 7 vive (Figure 5D).

Morphology of M1 cells incubated with swinholide A

Cells incubated for 2 h with 200 nmol/L of the actin-dis-
rupting agent swinholide A showed the increased number
of pores (Figure 6), while some pores were dilated (about
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Figure 6 Scanning electron micrographs of the
surface of swinholide A - treated SEC cells in the RFB
culture system. Large open pores have a fenestra-like
appearance (short arrow). Small pores were detectable
in the nonfenestrated area (long arrow). Scale bar: 1 pm.

Amino acid analysis
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Figure 8 Amino acid and urea analysis in supernatants. Urea was detectable only
in coculture, at 523 nmol/ml. ASF 104 designates culture medium. Mean value *
SD.

1 um). Small pores (tens of nanometers in size) that prob-
ably resembled coated pits were abundant in the nonfenes-
trated areas.

TEM investigation showed that treatment with swin-
holide A resulted in fenestrated pores with a diameter
between 100 and 200 nm. The pores fused with each other
formed labyrinthine structures (Figure 7A). In addition,
vacuoles with a diameter of about 200 nm, similar to pre-
viously described vesiculo vacuolar organelles (VVO), were
noted. These structures typically were seen in ateas where
relatively regular overlap was seen in FLC-5, A7, and M1.
The number of VVO increased when cells were treated
with 200 nmol/L swinholide A, which was associated with
partial fusion (Figure 7B).

Amino acid fractions from supernatants

At the end of culture, the supernatant was subjected to
amino acid analysis. Urea production was not seen in
monocultures of FLC-5 cells in the RFB, while FL.C-5
cells cocultured with M1 and A7 cells produced 523 nmol
urea /mL in the culture medium, suggesting that the urea
cycle was activated in the coculture RFB system (Figure 8).
Several amino acids were increased in the medium.

We compared mRNA expression of CPS1, OTC, ASS,
ASL, and ARG in FLC-5 monolayer cultures with those
of monocultures in the RFB system. In addition, mRNA
expression in cocultures in the RFB also was assessed. We

Figure 7 Transmission electron micrographs of sectioned SEC cells after swinholide A - treatment; A:
Numerous open pores or fenestrae in the cytoplasm (arrow). Fine cytoskeletal elements showing a close
spatial relationship with these pores (arrowhead). Scale bar: 200 nm; B: VVO could be observed in SEC
cells (arrows) in response to stress or actin fibers (arrowheads). Scale bar: 200 nm. Inset shows the overall
composition of the cells. Scale bar: 1 um.

8,
@ FLC-5 monolayer culture
0O FLC-5 in the RFB
6r B FLC-5 cocultured in the RFB

Relative expression of mRNA
(ratio to EF1 o)

ASL CPS1 ASS ARG oTC

Figure 9 Comparison of expressions of CPS1, OTC, ASS, ASL, and ARG mRNA
in FLC-5 incubated under different conditions as assessed by TagMan 1-step RT-
PCR. The mRNA expression of each enzyme in different conditions is relative to
that in monolayer cultures. Mean value + SD.

could not detect OTC in any type of culture. Expression
of other urea cycle enzymes showed no notable difference
between monolayer culture of FLC-5 and monoculture of
FLC-5 in the RFB. However, ASS and ARG expressions
in co-culture in the RFB were about 7 and 3 times greater
than those in FLC-5 monolayer culture (Figure 9).

Albumin synthesis and expression of nuclear factors

We compared mRNA expression of albumin and HNF-1
and HNF-4 as transcription regulation factors between ex-
perimental conditions. Expression of mRNA encoding the
three proteins was less in FLC-5 co-cultures in the RFB
system than in FLLC-5 RFB monocultures or in FL.C-5 cells
in monolayer culture (Figures 10A-10C). In a previous
study, albumin production was enhanced in the RFB using
the immortalized cell line'"”, However it was different cell
line in this study.

DISCUSSION

Introduction of a functional human hepatocellular carci-
noma cell line (FLC) in our system can allow the cells to
be cultured at high density in a layered array and maintain
viability for long periods""'®.,

Immortalized cells can be used for artificial liver. The
reason is that it can supply cells in large quantities and
quickly. Immortalized cells lose several characteristics in

www.wjgnet.com
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FLC-5 monolayer culture FLC-5 in the RFB FLC-5 cocultured in the RFFB

FLC-5 monolayer culture FLC-5 in the RFB FLC-5 cocultured in the RFFB
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Figure 10 Expression of mRNA for albumin (A), HNF-4 (B) and HNF-1 (C) as transcription regulation factors in each condition. Messenger RNA expression for these three
proteins decreased in cocultured FLC-5 in the RFB compared with FLC-5 monocultures in the RFB and FLC-5 cultured in a monolayer. Mean value + SD. The ratio of mRNA
for each protein versus GAPDH is shown. Differences with respect to each condition were statistically significant (°P<0.01) according to Student’s t-test.

morphology and function. However, three cell lines were
studied in our RFB culture system, including their fine
structure according to electron microscopy. Layers of
FLC-5, A7, and M1 were arranged respectively from the
carrier attachment side to the perfusion side. In some at-
eas, liver-like architectures, sinusoid-like lumen structure,
bile-canaliculi and functional complex, were observed,
comparable to i vivo tissue relationship. The M1 cell line
well covered the perfusion side, mimicking vascular struc-
tures, indicating that this cell type forms an arrangement
similar to that z» vipe. Furthermore, M1 cells in monolayer
culture did not express fenestrae, probably reflecting a
long culture or subculture time”. In a previous study, we
found that M1 cells also lack fenestrae in monocultures in
the RFB"". In contrasts, fenestrated pores were seen in M1
cells cocultured according to the present RFB experimental
design. Coculture and cell to cell contact have an influence
on these morphological changes. Because fine structures
in vive could be observed better than monoculture in the
RFB.

The electron microscopic observations in the present
study cleatly showed that if an approptiate environment
for cell growth was provided in a perfusion culture system,
the individual cell types could arrange themselves accord-
ing to their in vivo characteristics, even in a high-density
layered culture.

This study also examined the numerical dynamics of
fenestrae. For this we exposed the cocultures to the actin-
disrupting drug swinholide A", When the cells were treat-
ed with swinholide A, the number of pores with a diam-
eter of about 100 to 200 nm increased 2 h after swinholide
A treatment. Furthermore, by TEM, cytoplasmic vesicles
about 200 nm in diameter could be seen and were much
larger than the caveolae in the cytoplasm, and their num-
ber increased in the presence of swinholide A. These vac-
uolar-like vesicles probably represent the vesiculo vacuolar
organelle (VVO) as described by Feng e# a/””. The VVO is
an organelle contributing to transport of macromolecules
between luminal and abluminal sides of endothelial cells,
thus increasing transcellular permeability. Vascular perme-
ability factor and vascular endothelial growth factor (VPF/
VEGF) can induce formation of VVO*, FL.C-5 used in
this study, could express VPF/VEGF (data not shown).
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The presence of vascular factors may partially explain
why VVO is noted in cocultures and why fenestrae could
be observed in our experiments™. VVO is thought to be
formed by fusion of caveolae, when multiple VVOs fuse
together, a structure extending from the luminal to the ab-
luminal sides of endothelial cells is formed. In the present
study, fused VVOs also were seen in swinholide A - treated
specimens by transmission electron microscopy, suggest-
ing that this fusion represents a process culminating in
formation of the labyrinthine structures in SEC*Y. The
mechanism of pore formation in immortalized SEC and
under cocultured perfusion conditions remains unknown
from the present study. However, pore formation may
result from multiple effects or factors working in concert
upon endothelial cells, such as cytoskeletal dynamics rep-
resented by actin and/or the influence of a yet unknown
factor secreted by other cell types present in the cocultures
such as VEGE The observation that hepatic endothelial
cells maintain one of their typical morphological features
(i.e. an abundant number of membrane-bound coated-pits,
uncoated vesicles/vacuoles and fenestrae) is an indication
that the bioreactor mimics a nearby physiological cultiva-
tion environment for the various liver cell types. However,
the mechanism by which the bioreactor and its culture
environment bring about and maintain these membrane-
bound vesicles and fenestrae in endothelial cells remain to
be elucidated and consequently open up new directions for
future experiments.

To assess hepatocyte function, we compared mRNA
expression for urea cycle enzymes and albumin synthesis
by FLC-5 in monolayer culture compared to these single-
type cultures and cocultures in the RFB. Previously, we
have demonstrated hepatocyte functions such as albumin
synthesis and cytochrome expression ate enhanced in the
RFB™ *, Urea production is among the most primitive
functions of liver cells. We could not detect urea in me-
dium from monolayer cultures or monocultured FL.C-5 in
the RFB. In contrast, FLLC-5 cells cocultured in the RFB
exhibit ability to produce urea, and mRNA expression
for ASS and ARG is enhanced. The medium used in this
experiment, ASF 104 contained arginine, so urea produc-
tion was observed in cocultures in the REFB although OTC
was not expressed. One report showed that urea produc-
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Figure 11 RFB and intact organ. A: In the RFB system, culture medium flows from
outside the column toward the center of the reactor. Medium flows faster at the
center than at the periphery. Biases in distribution of oxygen and nutrition at inflow
and outflow are minimized. B: In the hepatic lobe, blood flows from the portal
vein to central vein. The RFB system is similar to the organization of the hepatic
primary lobe®. Figure 11B is reproduced from Figure 9 in reference 31.

tion in OTC-deficient mice could be detected under the
same condition®. Glutamic acid, glutamine and alanine
were also increased in supernatant co-cultured in the RFB,
indicating that amino acid metabolism becomes active.

It was reported that three-dimensional spherical cul-
ture induces albumin synthesis, a particularly important
hepatocytic function” *!. However, in the present study,
mRNA expression of albumin was decreased under co-
culture conditions in the RFB. Nuclear transcriptional
factors HNF-4 and HNF-1, which regulate albumin syn-
thesis, were decreased under coculture conditions in the
RFB. Albumin in supernatant was also decreased during
culture (data not shown). The results suggest that the cul-
ture environment (cell-to-cell communication, cell polarity,
shear stress, and other factors) can control manifestations
of intracellular nuclear transcription factors and therefore
dramatically influence albumin production by liver cells.
Immortalized cells can be used for artificial liver. The rea-
son is that it can supply cells in large quantities and quickly.
But immortalized cells may change the characteristics
of its original cells. In this study, albumin synthesis was
decreased. It was not useful for artificial liver. In future
study, we have to try other cell sources (ES cell, oval cell,
and other immortalized cell lines).

Finally, several points should be noted concerning our
culture system. First, controlling the mixture ratio of the
three cell types used is very difficult since each type pos-
sesses its own potential for active growth. Thus, growth
rates vary between cell types and are difficult to control.
For examples, A7 cells grew less rapidly and tended to be
less than the other two cell types in the coculture system.
Second, the hepatic lobule spans about 140 um 7 vivo, ex-
tending from the portal to the central area, toward which
portal blood flows in a radial manner. According to Matsu-
moto ¢ a/””, the liver is an organ composed of numerous
groups of microscopic three-dimensional units (minimal
radial-flow bioreactors) extending from the inflow side
(composed of combinations of parabola-shaped inflow
fronts) to the central vein®”. According to this model, the
liver microcirculation as observed 7z vivo could not be re-
produced faithfully with a radial-flow bioreactor, since the

distance between inflow and outflow sides in the bioreac-
tor is about 1.5 cm (Figure 11). Thitd, bile canaliculus-like
structures are formed between hepatocytes. Since we did
not use the bile duct cells in this study, whether different
cell types can reconstruct bile ducts remains to be eluci-
dated”". Finally, although several questions remain, the re-
sults of the present study suggest that liver reconstruction
is possible iz vitro. Such organ reconstruction technology is
expected to contribute greatly to the development of so-
phisticated attificial livers and other organs for transplanta-
tion. Our culture system may be a very important tool to
maintain liver organ.
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