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Figure 3 Transmission elestron 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 celiulose 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 m; C: Sinusoidal endothelial cells (EC) can be seen at the perfusion side. Hepatic stellate cefls (SC) containing fatty
vitamin A droplets are seen overlying the FLC-5 cells (H). FLC-5 cells (M) below EC and SC show bile-canaliculus-fike structures (B). Scale bar; 5 um. D: Bile canaliculus-
fike structures (B) containing electron dense bile components. Tight junctions {t} and desmosomes (d) are visble, as are fafty vitamin A droplets (L). Scale bar: 2 m.

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 (arowhead), showing the typical appearance of a sinusoid-iike vascular structure. Scale bar: 5 um; 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 um; C: Transmission electron microscopic
view showing tight junctions (arrow) between sinusoidal endothelial cefls (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 tayer on the plastic dish substrate. Scale bar: 5 um; 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 m; C: Low-magnification scanning electron microscopic view of the surface of sinusoidal endothelial cells
cocultured in the RFB. Fenastrated pores could be observed {arrow). Scale bar: 6 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 ym.

(Figure 3A). TEM showed that cocultured cells assumed lal cells (Figure 4C). Fenestrae which are characteristic of

layered form from cellulose beads to the perfusion side SEC in wvive, were absent in monocultures of M1 cells'on
(Figure 3B). M1 and A7 cells containing vitamin A-laden plastic dishes (Figures 5A and 5B). Because a long time
fat droplets were seen mainly at the perfusion side, while subculture would change the character of M1 cells, pores
dense layers of FLC-5 cells were observed beneath (Fig- were represent on the surface of M1 cells co-cultured m
ure 3C). At sites where the three cell lines were in contact the RFB system (Figure 5C). The pores had a diameter of
with each other bile canaliculus-like structures were pres- 100 to 200 nm, being similar in morphology and size to

ent between neighboring FLC-5 cells. Lumens of these those of fenestrae shown by SEC é vive (Figure 5D).
structures contained electron-dense bile components, tight

junctions and desmosomes also could be observed (Figure Morphology of M1 cells incubated with swinholide A

3D). This side showed growth of endothelial cells with Cells incubated for 2 h with 200 nmol/L of the actin-dis-

the formation of sinusoid-like vascular structures (Figures rupting agent swinholide A showed the increased number
4A and 4B). Tight junctions were seen between endothe-  of potes (Figure 6), while some pores were dilated (about
www.wijgnet.com
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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

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: VWO could be observed in SEC
cells (arrows) in response to stress or actin fibers (arrowheads). Scale bar: 200 nm. Inset shows the overall

in the nonfenestrated area {long arrow). Scale bar: 1 ym.
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Figure 8 Amino acid and urea analysis in supematants. Urea was detectable only
in coculture, at 523 nmol/ml. ASF 104 designates culture medium. Mean value =
sD.

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

TEM mvestigation showed that treattment 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 areas where
relatively regular overlap was seen m 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 FLC-5
cells cocultured with M1 and A7 cells produced 523 nmol
urea /mL in the culture medium, suggesting that the urea
cycle was activated m the coculture RFB systemn (Figure 8).
Several amino acids were mncreased in the medium.

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

1

composition of the cells. Scale bar: 1 ym.,

FLC-5 monolayer culture
3 FLG5 in the RFB
B FLC-5 cocultured in the RFB

Relative expression of mRNA
{ratio to EF1 a)
Y
T

ASS

ASL CPS1 ARG orc

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 REFB. However, ASS and ARG expressions
n co-culture in the RFB were about 7 and 3 times greater
than those in FL.C-5 monolayer culture (Figure 9).

Albumin synthesis and expression of nuclear factors

We compared mRNA expression of albumin and HNF-1
and HINF-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 FL.C-5 RFB monocultures or i FLC-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 m 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
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Figure 10 Expression of mRNA for albumin (A), HNF-4 (B) and HNF-1 (C) as transeription regulation factors in each condition. Messenger RNA expression for these three
proteins decreased in coculiured 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 ttest,

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 ar-
eas, liver-like architectures, sinusoid-like lumen structure,
bile-canaliculi and functional complex, were observed,
comparable to z sire 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 é# wine. 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 m
the REBY. 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
n wivo could be observed better than monoculture in the
REB.

The electron microscopic observations in the present
study clearly showed that if an appropriate environment
for cell growth was provided in a perfusion culture system,
the individual cell types could arrange themselves accord-
ing to thetr 7z 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 a2 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, FLC-5 used in
this study, could express VPE/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 out experimentsm]. VVO 1s 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 SECP!. 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 mfluence of a yet unknown
factor secreted by other cell types present in the cocultures
such as VEGE The observation that hepatic endothelial
cells mamtain 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 mamtain 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 are enhanced in the
REB™*, Urea production is among the most primitive
functions of liver cells. We could not detect urea in me-
dium from monolayer cultures or monocultured FLC-5 in
the RFB. In contrast, FLC-5 cells cocultured in the RFB
exhibit ability to produce urea, and mRNA expression
for ASS and ARG is enhanced. The medum used in this
expermment, ASF 104 contained arginine, so urea produc-
tion was observed in cocultures in the RFB 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 mcreased in supernatant co-cultured m the RFB,
mndicating that ammo 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 FINF-4 and HNF-1, which regulate albumin syn-
thesis, were decreased under coculture conditions in the
REB. Albumin in supernatant was also decreased during
culture (data not shown). The results suggest that the cul-
ture eavironment (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 immortahzed cell lines).

Finally, several pomts 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 i the coculture system.
Second, the hepatic lobule spans about 140 pm 2z we, ex-
tendmg from the portal to the central area, toward which
portal blood flows in a radial manner. According to Matsu-
moto et aF’”, the liver is an organ composed of numerous
groups of microscopic three-dimensional units (mmimal
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 # wivo could not be re-
produced faithfully with a radial-flow bioreactor, since the

distance between mflow and outflow sides in the bioreac-
tor is about 1.5 cm (Figure 11). Third, 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
15 possible 2z vitro. Such organ reconstruction technology is
expected to contribute greatly to the development of so-
phisticated artificial livers and other organs for transplanta-
tion. Our culture system may be a very important tool to
maintain liver organ.
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Bioreactors for 3-dimensional high density culture of
human cells

Tomokazu MATSUURA
Department of Laboratory Medicine, The Jikei University School of Medicine, Tokyo

Abstract

A bioreactor was developed as an instrument to culture human or animal cells that require
attachment in a large quantity or at a high density. The purpose for developing such a bioreactor
is two-fold: to produce a large quantity of animal or human cells that have been modified by gene
recombination technology to accommodate manufacture of physiologically-active substances or
human proteins on an industrial scale; and for research to culture animal cells to form a high-
density 3-dimensional structure as a morphological or functional tissue or organ entity. In the
current report, the circulatory flow bioreactor and radial flow bioreactor (RFB) are introduced, in
which the former can be scaled up. As a small bioreactor produced for the latter purpose, a rotary
cell culture system and novel multicoaxial hollow-fiber bioreactor are introduced. Finally, a small
RFB culture system that was scaled down by the present author and his collaborators for the
study of a 3-dimensional high density culture system is described. The RFB can be readily scaled
up for manufacturing or scaled down for research purposes. This is a cell culturing system that
can induce the functions of human tissues by preparing a high density 3-dimensional organiza-
tion of cells of human origin.

Key words: 3-dimensional culture, bioreactor, high density culture, organoid, protein production.

INTRODUCTION

An animal-cell culturing method using a bioreactor has
been developed to mass produce cells for manufacturing
physiologically-active substances on an industrial scale;
and to culture high-density 3-dimensional masses of
these cells for reconstruction of tissue and organ entities
to improve their functions. The bioreactors for the latter
purpose can also be used for the development of bio-
artificial organs. The intent of this overview is to describe
the bioreactors that are currently being developed and
utilized for high-density 3-dimensional culturing of cells.
Introduced at the end of this study is a radial flow
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bioreactor (RFB), which has been scaled down, adapted
to a simpler high-density 3-dimensional culturing system
and utilized for the development of a bio-artificial liver.

BIOREACTORS FOR INDUSTRIAL
PRODUCTION

A bioreactor for industrial production was developed to
culture as many cells of animal origin as possible to produce
the desired preparation. Unlike yeasts and coliform
bacteria, many animal cells cannot be maintained while
suspended in a fermentation vat: they require attachment
for growth. The pharmaceutical industry engages in the
commercial drug production of physiologically-active
substances that are normally produced in minute
quantities (e.g. interferon, erythropoietin and G-CSF).
Many of the bioreactors that are used for this purpose
rely on the roller bottle system.! In practice, many
large culture bottles are arranged in a large-scale
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pharmaceutical-company facility that is operated under
strict safety controls to conform to Good Manufacturing
Practices (GMP) and cells are cultured using a large
quantity of a culture fluid. The substance that is produced
by these cells and released into the culture fluid is extracted,
purified and turned into the desired preparation. To
increase the culture yield, microcarriers measuring 100—
200 pm in particle diameter and having a specific gravity
of 1.03-1.05 are added to the fermentation vat as a
carrier of the cultured cells.2 In this manner, the surface
area to which the cells attach themselves is substantially
increased. The physiologically-active substances, such as
those noted above, are given to a patient in trace amounts,
i.e. in the order of pg in the form of a pharmaceutical
product. Thus the conventional roller bottle system is
adequate for the production of active substances in
minute cuantities. Currently however, a variety of
antibody preparations (represented by a human-mouse
chimera monoclonal antibody against mammary cancer
HER2, trastuzumab [Herceptin, Chugai-Roche]) have
been developed and are expected to become the mainstay
of the pharmaceutical industry® The dosage of these
antibody preparations is administered in the order of mg
to a patient. Thus the need to design a highly efficient
mass production system to accommodate the manufacture
of antibody preparations was recognized. Furthermore, it
will become necessary in the near future to develop a
production system for plasma products, such as albumin
and several coagulation {actors that have to be measured
in grams and added to the actual production line. Many
researchers believe that yeasts and coliform bacteria may
be used instead of human cells to mass produce these
human proteins. It is true that from a cost aspect, serial
culture systems (such as those using yeast cells) are most
efficient for producing substances that utilize gene
recombination technology. But no matter how thorough
efforts may be in the purification process to remove
impurities, such as yeast proteins, the increase in the
dosage normally given to a patient will inevitably result in
contaminating the product with a small amount of
foreign proteins. This minute quantity of impurity may
cause severe allergic reactions, such as an anaphylactic
shock. For this reason, a bioreactor is needed that enables
one to culture a large quantity of human cells at a high
density, thus manufacturing human protein products as
inexpensively and safely as possible.

A bioreactor that has already been in use on a produc-
tion line is a circulatory flow type developed by Meiji
Dairies Corporation (Fig. 1).* One may consider this to
be a type of bioreactor that enables culturing in an
improved fermentation vat or simply a fluid-type biore-
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Figure 1 The circulatory flow bioreactor developed by Meiji
Dairies Corporation.

actor. Animal cells that proliferate at rates much slower
than yeasts and a production system that relies on a batch
process are associated with very poor efficiency. There-
fore various innovations have been made to improve
productivity, through repeated batch processing, fluid
culturing and serial culturing. In this bioreactor, produc-
tivity is improved by sealing the animal cells in the system
at a high density to eliminate the time required for prolif-
eration, supplying the medium serially and extracting
the product. To maximize the density of the cells to be
cultured, a gas exchange chamber is located at the upper
section of the vat; the culture fluid and the gas (a mixture
of oxygen and air) are agitated by a rotor within the vat;
and the resultant fluid is circulated in the section where
cells are cultured to supply sufficient oxygen and nutri-
ents. A folded glass-fiber cloth fills the section where the
cells are cultured to provide an attachment carrier for
these cells and maximize the cell density. The Meiji Dair-
ies Corporation prepared 50-L vats. They successfully
cultivated those cells producing the HBs antigen in a high
quantity (huGK-14 cells) that had been cloned from
Huh1 cells. This company manufactures and markets the
HBs antigen protein that precipitated as a type B hepatitis
vaccine.

The radial flow bioreactor (RFB), a cell-filling type
bioreactor that was developed by Central Laboratories for
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Key Technology of Kirin Brewery Co., Ltd, raises the den-
sity of the cells being cultured to the absolute maximum
and increases the protein productivity more than 100
times that of the roller bottle culture syster’ (Fig. 2). The
columnar bioreactor is filled with the cell carriers for
seeding and attaching the cells, while the culture fluid is
radially circulated from the periphery of the column to
the central section. The deviations in the nutrient and
oxygen concentrations at the entry and exit of the culture
fluid that are caused by high-density cultivation are
adjusted by the reflux velocity associated with the circu-
lation in the direction toward the center of the column.
Kirin claims that high-density culturing at a volume of
1 % 108mL, which is the highest ever achieved by any
bioreactor, is possible. As its prototype, a bioreactor with
a total capacity of 2.8 L and the capacity of the section
(to be filled by the carrier) of 0.9 L has been fabricated
and operated. Theoretically, it is possible to increase the
capacity to 67 L. 1t is a very promising bioreactor for
human and animal cells culturing to produce desired
products.

BIOREACTORS FOR RESEARCH
PURPOSES

For research, many bioreactors have been developed for
diverse purposes, which include: (i) studies of infections
(HIV, Ebola virus infection, Lyme disease, and HCV);
(ii) cancer models (involving prostate, breast, ovary, lung
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Figure 2 The radial flow bioreactor
(RFB) developed by Kirin Brewery
Co. Ltd. (A) 200-mL-volume RFB;
(B) 50-mL-volume RFB; (C) 15-mL-
volume RFB.

and colon); (iif) research on diabetes mellitus; (iv) therapies
for musculoskeletal tissue disorders (in space and on
earth); (v) drug efficacy (nonanimal/nonclinical testing
of drug effects and toxicity); and (vi) development of
bio-artificial organs. These goals cannot be met by simply
culturing a large quantity of cells: the animal cells must
be cultured as 3-dimensional clusters forming cellular
polarities. In other words, these bioreactors are devices to
reconstruct tissue and organs from cells. The conditions
to achieve such an end include: () correction of deviations
in the oxygen and nutrient concentrations; (ii) removal
of waste products; (iii) optimum shear stress; and (iv)
adjustment of cell precipitation caused by gravity.
Among the bioreactors that have been developed, only
a limited number of them meet these conditions. For an
all-purpose research reactor, the rotary cell culture sys-
tem (RCCS) that has been developed by NASA is cited
first. Commonly called a rotating wall vessel bioreactor
(RWV), it is manufactured and marketed by Synthecon
Inc., Houston, TX (it is handled by TOMY Digital Biology
Co., Lid. in Japan, http//iwwwdigital-biology.co.jp)
(Fig. 3).% Originally, the reactor was characteristically
rotated in the weightless environment of a spaceship to
create microgravity with a scenario in which animal cells
are cultured in a 3-dimensional form. This concept is also
effective on the earth’s surface. The columnar reactor
(vessel) is laid horizontally and filled with the culture
fluid. Tts axis is slowly rotated, generating an average
microgravity of 1072 X g. Thus the cells in the RWV are

© 2006 The Author
Journal compilation © 2006 Japan Human Cell Society



Figure 3 The rotary cell culture system
(RCCS) developed by NASA. It is handled
by TOMY Digital Biology Co., Ltd. (http://
www.digital-biology.co.jp) in Japan. (A) 3-
dimensional cell culture system for one
vessel (RCCS-1); (B) 3-dimensional cell
culture system for four vessels (RCCS-4).
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Figure 4 A novel multicoaxial hollow-
fiber bioreactor (schema). (A) The three
concentric tubes and housing tube: a,
inner hollow fiber; b, middle hollow
fiber; c, silicon tube; d, housing tube.
(B) three major compartments of the
multicoaxial bioreactor. The ECC and
ICC reservoirs are on the top and
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bottom of the flow diagram.

kept from being exposed to gravity as high as 1 x g, This
result in cellular aggregation, subsequent intercellular
adhesion, and gradual formation of 3-dimensional cell
clumps. Of the conditions for 3-dimensional culturing
cited above, the RWV satisfies “(iii) optimnum shear stress”
and “(iv) adjustment of cell precipitation caused by grav-
ity.” In fact, there is a report on the successful formation
of a liver “organoid” measuring 1-3 cm in length by com-
bination with a microcarrier.” The device is also suitable
for coculturing and tissue explanting, allowing observa-
tion of the manner by which cancer cells adhere and infil-
trate the host tissue. Rotary Culture Max, a large culture
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system for preparing large 3-dimensional tissue architec-
tures and organoids, has also been developed.

The conventional hollow-fiber bioreactor has been
plagued by a problem: the uneven distribution of oxygen
and nutrients, which disturbs high-density culturing.
Therefore it was difficult to scale-up with this device. The
novel multicoaxial hollow-fiber bioreactor, originally
developed to prepare a bio-artificial liver, was designed to
overcome this problem (Fig. 4).8 The device is composed
of a combination of two tubes and two hollow fibers; a
housing tube composed of a polycarbonate that does not
permit gases to permeate from outside; a silicon tube with
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good gas permeability but with no liquid permeability;
a hollow fiber (middle hollow fiber, MHF) measuring
1 mm in diameter and having 0.2-pm inside; and a hol-
low fiber (inner hollow fiber, IHF) measuring 1 mm in
diameter with 0.65-lum pores further inside. The cells are
cultured in the space between the MHF and IHF or on the
surface of these hollow fibers. The culwure fluid is sup-
plied to the space between the silicon tube and MHF; and
oxygen- and carbon dioxide-mixed gases are brought in
from the outside. Through pores measuring 0.2 pm of
the MHE the culture fluid flows radially to the cells, then
to the IMH through its pores (measuring 0.65 pim) and is
extruded. The capability of this bioreactor in culturing
at a high density and the extent of its scaling up cannot
be ascertained from the literature; but it is interesting
because of the improvement that was made over the
uneven distribution of oxygen and nutrients in the con-
ventional hollow fiber bioreactor,

SIMPLIFIED SMALL RFB CULTURE
SYSTEM FOR EXPERIMENTAL STUDIES

The RFB cited earlier was originally developed in Japan
for use as a cell-filled bioreactor to mass produce proteins.
Nagarmori et al. scaled down this design for the production
of a bio-artificial liver9-12 The models developed for
kinetic studies by Mizutani of Central Laboratories
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for Key Technology (now the Central Laboratories for
Frontier Technology) of Kirin Brewery, Inc. include large
reactors, ranging in capacity from 900 mL to as small as
400 mL. Nagamori et al. created a 100-30 mL capacity
RFB and cultured human hepatoma cells to be used as a
bio-artificial liver in a preclinical experiment. The author
and his colleagues cultured highly functional human
hepatoma cells, FLC-4, in a 15 mL capacity RFB and
created an extracorporeal type bio-artificial liver. In this
experiment, an acute hepatic failure was induced in
minipigs that weighed 10-15kg. An experiment was
conducted on extracorporeal circulation using this bio-
artificial liver, which was found to be effective in averting
the development of fatal hepatic encephalopathy The
RFB constituting the mainstay of the bio-artificial liver
is operated by an extensive system composed of a large
reservoir, oxygen electrode, thermometer, pH sensor,
controller, personal computer and pump, all of which
were incorporated into the extracorporeal circulatory
system at the time ol treatment. For a 3-dimensional
high-density reflux culture test, the current author and
his collaborators developed a small RFB culture system
by further reducing the size of the RFB to a 5 mL capacity
and simplifying the peripheral equipment (Fig. 5). To
prevent the cells from precipitating by gravity, the culture
fluid was designed to circulate upward from the lower
section of the bioreactor. The reactor was filled with

Figure 5 The mini-RFB culture system.
(A) 5-mL-volume RFB; (B) Bioreactor
system: 1, mini-RFB; 2, reservoir; 3, cir-
culation purmp. (C) Two mini-RFB culture
systerns supplied CO,—air mixture gas;
4, a mixed gas feeder.
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porous hydroxyapatite beads measuring around 1 mm in
diameter (PENTAX, Tokyo). The culture fluid enters from
the lower part of the reactor, is refluxed radially from the
periphery toward the center and leaves at the lower
section. The most prominent innovation of this small RFB
culture system is the device to supply a CO,—air gas
mixture. Initially, the entire system was placed in a CO,
incubator to operate but it was soon found out that when
cells have proliferated, the culture fluid tends to become
acidic in the 5% CO,—air mixture and the product does
not function well as an organoid. To fix this, a device was
created in which the CO,~air mixing ratio was manually
reduced and the gas mixture was supplied at a fixed
(20 mL/minute) flow volume (patent pending, JK Bio,
jkbio@hotmail.co.jp). By this means, it became possible
to culture cells in multiple small RFBs under identical
conditions. A high-density 3-dimensional culture systern
permits one to observe the process of enzyme (CYP3A)
induction for the first time, which was not possible in a
single layer culture.!® CYP3A is induced in vivo by drugs
such as rifampicin, constituting a major cause for drug
interactions. The CYP3A4 enzyme is induced when
pregnane X receptor (PXR), a nuclear transcription
factor, binds the retinoid X receptor (RXR) to form a
heterodimer in ERS of the promoter region of CYP3A4
gene. It has been proven that when human hepatoma cell
FLC-5 undergoes a high-density 3-dimensional culturing
process in the RFB, this heterodimer further binds some
nuclear protein to form a larger complex and CYP3A4
is more intensely induced. It became evident that by
employing a 3-dimensional high-density culture technique,
enzyme reactivity occurs that simulates the process
taking place in the hepatic tissue in vivo more closely than
any of the conventional systems. These observations
suggest that this bioreactor may be useful in the study of
reconstruction of not only the liver but also various other
tissues, such as the kidney and pancreas.

CONCLUSION

The radial flow bioreactor was developed as a reactor
— theoretically scaled up to 67 L - for high-density
culturing and the production of biological products. It
was currently scaled down to a volume of 5 mlL and an
improved small bioreactor system that one can use for
research without cumbersome procedures was produced.
It is a very versatile bioreactor that may be used to
reconstruct human organs and tissues from human cells
for the study of virus infections, developing cancer models,
diabetic investigations, and pharmacological research
related to drug metabolism, toxicity, and interactions,
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and Dbio-artificial organ development. It is earnestly
hoped that many researchers take advantage of this
cutting edge biotechnology of which Japan can be proud.
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