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a b s t r a c t

We recently demonstrated in several mammalian species, a novel procedure to obtain liver-macrophages
(Kupffer cells) in sufficient numbers and purity using a mixed primary culture of hepatocytes. In this
study, we applied this method to the C57BL/6 mouse liver and established an immortalized Kupffer cell
line from this mouse strain. The hepatocytes from the C57BL/6 adult mouse liver were isolated by a two-
step collagenase perfusion method and cultured in T25 culture flasks. Similar to our previous studies, the
mouse hepatocytes progressively changed their morphology into a fibroblastic appearance after a few
days of culture. After 7–10 days of culture, Kupffer-like cells, which were contaminants in the hepatocyte
fraction at the start of the culture, actively proliferated on the mixed fibroblastic cell sheet. At this stage, a
retroviral vector containing the human c-myc oncogene and neomycin resistance gene was introduced
into the mixed culture. Gentle shaking of the culture flask, followed by the transfer and brief incubation
of the culture supernatant, resulted in a quick and selective adhesion of Kupffer cells to a plastic dish
surface. After selection with G418 and cloning by limiting dilutions, a clonal cell line (KUP5) was
established. KUP5 cells displayed typical macrophage morphology and were stably passaged at 4–5 days
intervals for more than 5 months, with a population doubling time of 19 h. KUP5 cells are immunocy-
tochemically positive for mouse macrophage markers, such as Mac-1, F4/80. KUP5 cells exhibited
substantial phagocytosis of polystyrene microbeads and the release of inflammatory cytokines upon
lipopolysaccharide stimulation. Taken together, KUP5 cells provide a useful means to study the function
of Kupffer cells in vitro.

& Published by Elsevier B.V.
1. Introduction

Liver-macrophages known as Kupffer cells are the resident
macrophages in the liver [1]. These cells are localized along the
sinusoidal space or its immediate vicinity and comprise approxi-
mately 10–15% of all liver cells [2]. The main functional roles of
Kupffer cells are the phagocytosis of foreign materials, immune
surveillance and regulation of hepatic physiological homeostasis
[3]. Kupffer cells play a protective role against hepatic damage and
promote the regeneration and fibrosis in cholestatic liver injury
[1]. However, in pathological conditions, activated Kupffer cells
le; DMEM, Dulbecco's mod-
sorbent assay; FC, flow
stimulating factor; RT-PCR,
can aggravate liver damage, leading to cirrhosis and eventually
failure of the organ. Therefore, Kupffer cells are considered to be
an important strategic target for pharmacological intervention
against liver disease [4,5].

The methods of isolating Kupffer cells for in vitro studies have
been well reported in a variety of mammals, including the mouse
[6], rat [7], human [8] and bovine species [9]. However, only a
limited number of immortalized Kupffer cell lines have been
reported in the mouse [10,11] or Chinese hamster [12]. In our
previous studies, we have reported a simple and efficient proce-
dure for obtaining liver-macrophages in a sufficient number and
purity using a mixed primary culture of liver cells from rat [13,14],
bovine [15] and porcine species [16]. In this study, we applied this
method to the adult C57BL/6 mouse liver and established an
immortalized Kupffer cell line by a retrovial transduction of c-
myc oncogene. The cell line (KUP5) constitutes a useful tool for the
in vitro study of Kupffer cells engaged in the innate immune
response in liver disease.
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Fig. 1. Primary culture of adult C57BL/6 mouse hepatocytes and the proliferation of
Kupffer cells. After 2 days of culture, hepatocytes spread onto the surface of the
culture flasks and displayed a typical polygonal cobblestone-like morphology.
Hepatocytes that lost their epithelial cell morphology after 4 days in culture
changed into more flattened, fibroblastic cells. Around days 7–10, phase contrast-
bright, round Kupffer-like cells started to proliferate on the fibroblastic cell sheet
(arrowheads). The proliferation of Kupffer cells continued and reached a maximum
on day 10 and continued thereafter. Scale bar ¼ 100 mm.

Fig. 2. Selective isolation of immortalized C57BL/6 mouse Kupffer cells by a
shaking and attachment method. Kupffer cells that proliferated on the mixed cell
sheet (A) were infected with a retroviral vector containing the human c-myc
oncogene and neomycin resistance gene. After infection for 3 days, Kupffer cells
were suspended into the culture medium by gently shaking the flasks, subse-
quently transferred into a non-tissue culture grade plastic dish and incubated for
30 min at 37 °C. Kupffer cells promptly attached to the dish surface, while other,
contaminating fibroblastic cells remained suspended. After a rinse with PBS, a
highly purified Kupffer cell population was obtained (B). After selection and cloning
with neomycin containing medium, the KUP5 cell line was established. The stable
proliferative capacity of KUP5 cells was demonstrated by the continuous passage at
4–5 days intervals for 5 months with a constant population doubling time of
approximately 19 h (C). Scale bar ¼ 100 mm.
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2. Materials and methods

2.1. Primary culture of C57BL/6 mouse hepatocytes

The primary culture of adult C57BL/6 male mouse hepatocytes
(Hepatocyte Culture Kit; F-4) were purchased from Cosmo Bio. Co.,
Ltd., Tokyo, Japan. In brief, after a two step perfusion of saline
followed by collagenase though the portal vein, hepatocytes were
suspended in a growth medium composed of DMEM (D6429,
high-glucose type, Sigma-Aldrich, St. Louis, MO) containing 10%
heat inactivated FCS (Sanko Junyaku Co. Ltd., Tokyo, Japan)
supplemented with 100 mM β-mercaptoethanol (M3148, Sigma-
Aldrich), 10 mg/ml insulin (I5500, Sigma-Aldrich), 100 mg/ml strep-
tomycin and 100 U/ml penicillin (15140-122, Life Technologies,
Carlsbad, CA), and seeded into tissue culture flasks (surface area:
25 cm2, Sumitomo Bakelite Co., Ltd., Tokyo, Japan) at a density of
1.0�105 cells/cm2. The culture flasks were coated with type I
collagen and the culture medium was replaced every 2–3 days.
Adult mouse hepatocytes readily attached to the surface of a
collagen-coated tissue culture flask and formed a polygonal
cobblestone-like monolayer after 2 days of incubation (Fig. 1). As
the culture proceeded from days 4 to 7, the hepatocytes lost the
epithelial cell morphology and turned into more flattened, fibro-
blast-like cells (Fig. 1). The morphological transformation process
of mouse hepatocytes was very similar to other mammalian
species reported previously [13,15,16].

2.2. Infection with a retrovial vector containing c-myc and isolation
of immortalized Kupffer cells

After approximately 10 days of culture, when most of the
hepatocytes had transformed into fibroblastic cells, round macro-
phage-like cells started to proliferate vigorously on the cell sheet
and form distinctive colonies (Fig. 1), as reported previously
[13,15,16]. These macrophage-like cells probably originated from
macrophages, which were contaminants in the hepatocyte frac-
tion at the start of the culture [13]. After shaking the culture
flasks, macrophage-like cells were obtained by the selective
adhesion to non-tissue culture grade plastic dishes [13], and
used as the primary Kupffer cells. Also, at this stage, a retroviral
vector containing human c-myc oncogene and the neomycin
resistance gene (a gift from Dr. M. Noda, Kyoto University, Japan)
was introduced into the mixed culture. After infection for three
consecutive days (Fig. 2A), the loosely attached liver-macro-
phages were then suspended by reciprocal shaking of the culture
flasks at 180 strokes per minute for 20 min at 37 °C. The culture
medium was transferred into 60 mm non-tissue culture grade
plastic dishes (351,007, Corning). After incubation for 30 min at
37 °C, followed by rinsing with PBS, the liver-macrophages
attached onto the dish surface (Fig. 2B) were subjected to
selection with G418 disulfate (16512-52, Nacalai Tesque Inc.,
Kyoto, Japan) at 600 mg/ml of the growth medium. G418-resistant
liver-macrophages were harvested by scraping and pipeting and
subcultured into new 60 mm non-tissue culture grade plastic
dishes. After expansion, these cells were suspended in a cell
freezing medium (Cell Banker, CB011, Takara Bio, Inc., Shiga,
Japan), aliquoted in cell freezing vials (MS-4503, Sumitomo
Bakelite Co., Ltd.) and kept frozen in liquid nitrogen. These cells
were cloned twice by a limiting dilution in a 96-well plate, and a
representative clone (KUP5) was established and characterized.
For the growth analysis of KUP5, the cells were seeded in 60 mm
non-tissue culture grade plastic dishes (5�104 cells/dish in
duplicate). After 4–5 days of culture, the cells were harvested
and the cell number in the dish counted by a disposable
hemocytometer. An aliquot of the cells (5�104 cells) was seeded
into new 60 mm non-tissue culture grade plastic dishes to
continue the passage. Population doubling during the culture
period was calculated and the cumulative number of doublings
plotted against the cumulative culture days (Fig. 2C).
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2.3. Immunocytochemistry

The primary Kupffer cells and KUP5 cells were seeded on eight-
well chamber glass slides (354,118, Corning) at the density of
2�104 cells/well with the growth medium. The next day, the cells
were washed with PBS, fixed with 95% ethanol and 1% acetic acid,
and processed for immunocytochemistry, as described [17]. For
comparison, immortalized macrophage cell lines established from
C57BL/6 mouse by the same c-myc-containing retroviral vector
were examined in parallel. MG6 is a microglial cell line [18,19] and
BMDM is a bone marrow-derived macrophage cell line [20,21]. The
primary antibodies were as follows: rat monoclonal anti-mouse
CD11b (Mac-1; Bio-Legend); rat monoclonal anti-mouse F4/80
(Bio-Legend); rat IgG (Sigma-Aldrich) as a negative control. After
rinsing the slides with PBS containing 0.05% Tween 20, HRP-
conjugated goat anti-rat IgG (Life Technologies) for the rat primary
antibodies was used to visualize the antibody-antigen reaction.
The immunostained slides were observed and photographed with
a Leica DM5000B phase contrast microscope equipped with a
digital camera system.
2.4. Phagocytic assay

Fluorescence-labeled polystyrene microbeads (1.0 mm dia-
meter, #17154, Polysciences, Inc., Warrington, PA) were diluted
to 1:800 in the growth medium and added to the primary Kupffer
cells, KUP5, MG6 and BMDM cells seeded in 60 mm non-tissue
culture grade plastic dishes (5�105 cells/plate). After 1 and 2 h,
the cells in the plastic dishes were rinsed with PBS three times to
remove nonphagocytosed beads [22,23], harvested with TrypLE
Express and fixed with 3.7% formalin in PBS at room temperature
for 15 min. After washing with PBS, cells were suspended in 0.5 ml
of Iso Flow (Beckman Coulter, Fullerton, CA) and analyzed with a
flow cytometer (Epics XL-MCL, Beckman Coulter) for phagocytosis
of the fluorescence-labeled microbeads.
2.5. Cytokine production

The primary Kupffer cells, KUP5, MG6 and BMDM cells were
seeded in a 12-well cell culture plate at a density of 2�105 cells/
well. The next day, the medium was replaced by growth medium
containing lipopolysaccharide (L3129, Sigma-Aldrich) at 0.1–
1.0 mg/ml. After incubation for 24 h at 37 °C, the culture super-
natant was collected, filtered with a membrane filter (0.20 mm
pore size, Millipore Millex) and stored at �80 °C until use.
Aliquots of the samples were assayed using mouse cytokine ELISA
kits (R&D Systems, Minneapolis, MN), according to the manufac-
ture's instructions. The experiments were independently per-
formed three times and the cytokine concentrations in the culture
supernatant are expressed as the mean value7SEM.
2.6. Induction of multinucleated giant cells by GM-CSF

The KUP5 and MG6 cells were seeded in eight-well chamber
glass slides at the density of 2�104 cells/well along with the
growth medium containing recombinant mouse GM-CSF (415-ML,
R&D Systems, Minneapolis, MN) at 10 ng/ml. After incubation for
3 days, the cells were washed with PBS, fixed with 95% ethanol
and 1% acetic acid. After rinsing with PBS, the slides were mounted
with mounting medium containing DAPI and photographed with a
Leica DM5000B fluorescent microscope system equipped with a
digital camera.
3. Results and discussion

3.1. Morphological and immunocytochemical characterization of
KUP5 cells

We established an immortalized Kupffer cell line (KUP5) from a
mixed primary culture of adult C57BL/6 mouse hepatocytes by a
retrovial transduction of the c-myc oncogene. These macrophage-
like cells probably have originated from Kupffer cells, which were
contaminants in the parenchymal hepatocyte fraction at the start
of the culture. These cells proliferated vigorously in response to
the specific culture environment provided by the morphologically
transformed mouse hepatocytes [13], and thus were susceptible
for the infection by the retroviral vector.

KUP5 cells had a round ameboid cell body with filopodia and
lamellipodia, displaying a typical macrophage morphology in
these culture conditions (Fig. 2B). KUP5 cells exhibited a stable
proliferative capacity, as demonstrated by the successful passage
at 4–5 days intervals for more than 5 months with a constant
population doubling time of approximately 19 h (Fig. 2C). The
expression of human c-myc oncogene was confirmed by RT-PCR
analysis in KUP5 cells (data not shown). In addition, KUP5 cells can
be frozen in a conventional cell-freezing medium. After cryopre-
servation in liquid nitrogen for 3 years, followed by thawing, KUP5
cells still retained its morphological properties and stable prolif-
erative capacity (data not shown).

The primary Kupffer cells, KUP5, MG6 and BMDM cells were
strongly positive for mouse macrophage markers, such as Mac-1
and F4/80 (Fig. 3). Mac-1 and F4/80 are cell surface markers, but
the antibody–antigen reaction was so intense that the cellular and
nuclear structures were difficult to distinguish under a phase
contrast microscope. A negative control, rat IgG showed only faint
immunostaining (Fig. 3). In addition, multinucleated giant cells
were occasionally observed in the KUP5 culture (Fig. 3, arrow-
heads), suggesting that these cells tend to fuse with each other
during culture. Multinucleated giant cell formation is associated
with the inflammation associated with macrophages [24–26],
including Kupffer cells [27]. These results suggest that KUP5 cells
have the typical biological properties of macrophages, i. e. Kupffer
cells or their precursors, and proliferated in the mixed primary
culture of mouse liver cells.

Using the same retroviral vector, we previously established
microglial cell lines from a C57BL/6 mouse strain (MG6, deposited
at RIKEN, Cell Bank, RCB2403) [18], as well as transgenic and gene-
knockout mouse strains [28,29]. In addition, this retroviral vector
has a capacity for infectivity of mouse bone marrow-derived
macrophages in culture [20], suggesting that the present retroviral
vector is a powerful tool for immortalizing mouse macrophages.
Bioassay revealed that there is no infectious viral particles pro-
duced in the culture supernatant of KUP5 cells or other microglial
and macrophage cell lines immortalized by the same retroviral
vector (data not shown).
3.2. Phagocytic activity

The primary Kupffer cells, KUP5, MG6 and BMDM cells phago-
cytosed polystyrene microbeads. The phagocytic activities of the
cells were quantitatively demonstrated by FC (Fig. 4), indicating
that the proportion of the fluorescence-positive cells increased to
more than 95% after 2 h of administration. The levels of phagocy-
tosis did not differ among these cell types. These results demon-
strate the substantial phagocytic activity of KUP5 cells, which is a
distinctive characteristic of macrophages in the liver [22,23,30].



Fig. 3. Immunocytochemical staining of the primary Kupffer cells, KUP5, MG6 and BMDM cell plated on eight-well chamber glass slides in DMEM-based medium containing
10% FCS. The cells were fixed and stained with specific antibodies against Mac-1, F4/80, and rat IgG, as described in Section 2. Mac-1 and F4/80 are cell surface markers, but
the antibody–antigen reaction was so intense that the cellular and nuclear structures were difficult to distinguish under a phase contrast microscope. A negative control, rat
IgG showed only faint immunostaining. Multinucleated giant cells were occasionally observed in the culture of KUP5 cells (arrowheads). Scale bar ¼ 100 mm.

Fig. 4. Phagocytosis of fluorescence-labeled microbeads by the primary Kupffer
cells, KUP5, MG6 and BMDM cells. After incubation for 1 or 2 h at 37 °C in the
presence of microbeads, cells were washed three times with PBS, fixed with
formalin and analyzed by FC, as described in Section 2.
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3.3. ELISA analysis of cytokine release

We assayed the capacity of the primary Kupffer cells, KUP5,
MG6 and BMDM cells to produce inflammatory and anti-inflam-
matory cytokines in response to lipopolysaccharide. All of these
cells secreted a substantial amount inflammatory cytokines, such
as TNFα, IL-6 and RANTES (Fig. 5a). These results suggest that
these cells primarily have strong M1 phenotype in the response to
bacterial endotoxin [31]. The primary Kupffer cells and KUP5 cells
secreted a substantial amount of anti-inflammatory cytokine (IL-
10) after stimulation with lipopolysaccharide for 24 h (Fig. 5b).
This is in accordance to the previous reports on the response of
Kupffer cells to lipopolysaccharide [32,33]. In sharp contrast, MG6
and BMDM did not secrete measurable IL-10 (Fig. 5b). The
capability to secrete IL-10 upon lipopolysaccharide stimulation
may suggest the inherent property of the primary Kuppfer cells
might be maintained in its immortalized KUP5 cells. Further
studies are needed to compare the anti-inflammatory response
profiles of KUP5, MG6 and BMDM cells to various stimuli in detail.

The primary Kupffer cells did not secrete measurable IL-1α and
IL-1β and KUP5 cells secreted only low levels of these cytokine (ca.
50–150 pg/ml) after stimulation with lipopolysaccharide (Fig. 5b).
MG6 cells secrete slightly higher levels of IL-1α and IL-1β (ca.
200–600 pg/ml) BMDM cells did not secrete these cytokines
(Fig. 5b). Although there were slight differences among the cells,



Fig. 5. Secretion of inflammatory and anti-inflammatory cytokines from the primary Kupffer cells, KUP5, MG6 and BMDM cells after stimulation with
lipopolysaccharide for 24 h. The experiments were independently performed three times. The cytokine concentrations in the culture supernatant were quantified
using specific mouse ELISA kits and expressed as the mean value7SEM.
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Fig. 6. Induction of cell fusion in KUP5 cells by GM-CSF. Recombinant mouse GM-
CSF at 10 ng/ml induced multinucleated giant cell formation in KUP5 cells (arrow-
heads), whereas only a very few multinucleated giant cells were observed in
untreated controls (arrowhead). In contrast, recombinant mouse GM-CSF did not
induce multinucleated giant cell formation in MG6 cells. The cells were fixed and
mounted with DAPI-containing mounting medium. Photomicrographs were taken
under phase contrast/fluorescence microscopy, as described in Section 2. Scale
bar ¼ 100 mm.
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this is in agreement with macrophages of human or murine origin,
which usually require a second stimulus, such as ATP, for the
maturation and release of these cytokines [34,35]. In relation to
this scenario, some of the KUP5 and MG6 cells showed morpho-
logical signs of cell death (phase-contrast dark floating cells) after
24 h of lipopolysaccharide treatment. Intracellular ATP may have
been released from dead KUP and MG6 cells, and stimulated the
maturation and release of IL-1α and IL-1β in an autocrine fashion.
The cellular sensitivity of KUP5 and MG6 to lipopolysaccharide
may not simply be explained by the introduction of c-myc
oncogene alone, as BMDM cells seems to be more tolerant. In
untreated negative controls, the concentrations of all the cytokines
were under the detection limit of the ELISA kits.
3.4. Multinucleated giant cell formation induced by recombinant
mouse GM-CSF

Multinucleated giant cell formation is suggested to associate
with the inflammation of macrophages [24–27] and the fusion
process is enhanced by specific cytokines, such as GM-CSF [36,37].
In accordance with these reports, recombinant mouse GM-CSF
induced multinucleated giant cell formation in KUP5 cells, but not
in MG6 cells (Fig. 6). In contrast, only a small number of multi-
nucleated giant cells were observed in untreated controls (Fig. 6).
For a negative control, recombinant human GM-CSF at the same
concentration showed no effect on the increase of KUP5 or MG6
cell fusion (data not shown), indicating the species specificity of
this recombinant cytokine. The GM-CSF-induced fusion of KUP5
cells may provide a useful system for analyzing the cellular and
molecular mechanisms of macrophage fusion [26,38].
3.5. Conclusion

KUP5, a c-myc-immortalized C57BL/6 mouse Kupffer cell line,
constitutes a useful tool for the in vitro study of the innate immune
responses of these specific cells during various hepatic diseases
such as non-alcoholic fatty liver disease [39] or nonalcoholic
steatohepatitis [40]. In addition, we recently examined the pur-
inergic P2X and P2Y signalings of KUP5 cells on the production of
IL-1β [41] and IL-6 [42], suggesting KUP5 cell line provides a good
platform for both drug discovery and basic scientific study. We
plan to deposit this cell line in RIKEN, Cell Bank for public access.
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