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Fig. 1 Cellular characterization of uncultured bone marrow cells
(BMCs) by flow cytometric analysis (FITC fluorescein isothiocyanate,
PE phycoreythrin, iso isotype). Representative flow cytometric

assay (Agata et al. 2009). At 24 h after seeding, floating
cells were removed and the medium was replaced with a
fresh medium. Thereafter, the medium was replaced every
other day. After incubation for 14 days, cultured bone-
marrow-derived cells that had attached to the dish were
removed by using trypsin-EDTA (Life Technologies).
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Fig. 2 Proliferation of green fluorescent protein (GFP)-transgenic
murine bone-marrow-derived cells. a Number of cultured bone-
marrow-derived cells (error bars SD). *P<0.001, n=6 cach. b-g
Morphology of cultured cells. Magnification x100. b—d Cells at
day 7. e-g Cells at day 14. b, e Cells seeded at 1.0x10%well
(9.6 cm®) on a non-coated dish with Dulbecco’s modified Eagle’s
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Detached cells were collected in 15-ml centrifuge tubes
and were then washed with cold 3% FBS (Life
Technologies) in PBS. After centrifugation at 300g for
3 min, the cell pellet was recovered. Following further
centrifugation, the supernatant was removed and the cells
were resuspended to give a suspension of 1.0x10° GFP-

medium (DMEM) with 10% fetal bovine serum (FBS). ¢, f Cells seeded
at 1.0x10%well on a CELL-start-coated dish with StemPro MSC Xeno
Free medium with 2 mML-glutamine and StemPro LipoMax supple-
ment. d, g Cells seeded at 1.0x10"/well on a CELL-start-coated dish in
StemPro MSC Xeno Free medium with 2 mML-glutamine and Stem-
Pro LipoMax supplement. Bars 100 um (b-g)
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positive cultured BMC per milliliter. Cellular characteriza-
tion was performed by flow cytometric analysis.

Cellular characterization by flow cytometric analysis

For flow cytometric analysis, we isolated BMCs from male
C57 BL/6 mice without expressing GFP (aged 6 weeks). We
analyzed both uncultured and cultured BMCs. After incu-
bation for 14 days, cultured bone-marrow-derived cells at-
tached to the dish were trypsinized by using trypsin-EDTA
(Life Technologies) and washed with cold PBS. After cen-
trifugation at 300g for 3 min, the cell pellet was resuspended
in cold PBS. Cells were incubated with mouse FcR
Blocking Reagent (Miltenyi Biotec., Tokyo, Japan) for
20 min on ice to reduce nonspecific binding. Then, cells
were labeled with fluorescein isothiocyanate (FITC)-conju-
gated rat anti-mouse CD45, phycoreythrin (PE)-rat anti-
mouse CD11b, or allophycocyanin (APC)-rat anti-mouse
CD90 (Beckman Coulter). For the isotype control, cells
were labeled with FITC-rat IgG isotype control, PE-rat
IgG isotype control, or APC-rat IgG isotype control
(Beckman Coulter). Dead cells were stained with propidium
iodide (PI). After 20 min of incubation, cells were washed
with cold PBS and measured by a Gallios flowcytometer
(Beckman Coulter). Data were analyzed with Flowjo soft-
ware (Tree Star, Ashland, Ore., USA).

Experimental protocol

In 6-week-old female C57 BL/6 mice, CCl, at a concentra-
tion 1.0 ml/kg was repeatedly administered into the perito-
neal cavity, twice weekly, for 4 weeks, in order to induce
chronic liver injury. At 4 weeks after starting CCl, treat-
ment, cultured cells (1x1 0% cells/animal) were administered,
via the caudal vein, into the treated animals (cultured BMCs
+ CCly: group C; n=7). CCly was continuously administrat-
ed for 4 more weeks, after which the mice were killed and
blood and tissue samples were collected. As control groups,
CCly-treated mice were administered, via the caudal vein,
uncultured BMCs (1x10%/animal) from C57 BL/6 GFP-
transgenic mice (bone marrow infusion + CCly: group B;
n=12) or PBS (CCly: group A; n=11).

Immunohistochemistry and double-immunofluorescence
examination

In all experiments, 5-um-thick sections were prepared from
the right lobe of mouse livers, fixed in 10% formalin for
24 h, embedded in paraffin, stained with Azan and Sirius red
and processed for immunohistochemical analysis. For im-
munohistochemical analysis, the Vectastain ABC kit (Vector
Laboratories, Burlingame, Calif., USA) with anti--smooth
muscle actin («-SMA) antibody (an indicator of stellate cell
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activation; Dako, Glostrup, Denmark), anti-matrix
metalloproteinase-9 (MMP-9) antibody (a collagenase to
improve liver fibrosis; Santa Cruz Biotechnology, Santa
Cruz, Calif.,, USA), anti-GFP antibody (Santa Cruz
Biotechnology) and anti F4/80 antibody (a marker of macro-
phages; Abcam, Cambridge, Mass., USA) were used
according to the avidin-biotin-peroxidase complex method,
as described previously (Jin et al. 2007). To estimate the
Sirius-red- or MMP-9-positive areas, a computerized image
analysis system utilizing MetaMorph software (Universal
Imaging, Downingtown, Pa., USA) was used at x40 mag-
nification. Seven randomly selected areas per specimen
were analyzed. Positive areas were expressed as a percent-
age of the total area of the specimen.

For fluorescence immunohistochemistry, tissues were in-
cubated with Alexa Fluor R 488 and 568 donkey anti-goat
IgG (H+L) conjugate, Alexa Fluor R488 goat anti-rabbit
IgG (H+L) conjugate and Alexa Fluor R 568 goat anti-rat
IgG (H+L) conjugate (Molecular Probes, Eugene, Ore.,
USA) as secondary antibodies. Positive cells in the liver
were quantified by using a Provis microscope (Olympus,
Tokyo, Japan) equipped with a charge-coupled device cam-
era, followed by computer-assisted image analysis with
MetaMorph sofiware (Universal Imaging).

Serum albumin level analysis

Serum samples were obtained from the abdominal aorta.
Serum albumin levels after 4 weeks of cell infusion were
analyzed by using the SPOTCHEM EZ SP-4430 dry chem-
ical system (Arkray, Kyoto, Japan).

Statistical analysis

Values are shown as means + SD. Data were analyzed by
analysis of variance with Fisher’s projected least significant
difference test. A P-value of less than 0.05 was considered
statistically significant.

Results
Flow cytometric analysis of BMC and cultured BMC

As shown in Fig. 1, CD45- and CD11b-positive cells were
included in the uncultured whole BMCs, showing that a
macrophage fraction existed in uncultured BMCs.
However, CD45-negative and CD90-positive cells indicat-
ing a mesenchymal fraction in whole BMCs were rare. The
proliferation rate and character of BMCs cultured by
StemPro MSC Xeno Free medium (Life Technologies) are
shown in Fig, 2. Flow cytometric analysis demonstrated that
the cultured BMCs from male C57 BL/6 mice were strongly
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positive for CD11b and negative for CD90 (Fig. 3b, d).
Only 0.047% of cultured cells were CD-90-positive and
CD-45-negative, consistent with MSC characteristics
(Fig. 3d). Flow cytometric analysis showed that mainly
macrophage fractions were increased in the cultured system;
these cells were subsequently used in our study.

Improvement in serum albumin after BMC and cultured
BMC infusion

Serum albumin was lower in the CCly injury group (group
A) but was significantly higher in the BMC-treatment group
(group B) and the cultured cell-treatment group (group C).
No significant differences were apparent between groups B
and C (Fig. 4). These results showed that the improvement
of liver function was similar between primary BMC and 1/
10 the amount of cultured BMC. Except for the serum
albumin levels, no significant differences were observed in
other blood data (e.g., alanine aminotransferase, total biliru-
bin; data not shown) between the three groups.

Improvement in liver fibrosis after BMC and cultured BMC
infusion

Liver fibrosis was evaluated by Sirius-red staining. As com-
pared with the CCly injury group (group A), the fibrosis area
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Fig. 4 Serum albumin (A/b). After 8 weeks of treatment with CCly
(4 weeks after BMC/cultured cell administration), mouse blood was

collected and analyzed. CCly group (4), CCl, + BMC group (B), and
CCly + cultured cell group (C). ¥*P<0.05 (N.S. not significant)
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was smaller in the BMC-treatment group and cultured-cell-
treatment group (Fig. Sa-d). In groups B and C, GFP-positive
cells were mainly observed in the portal region (Fig. 5e-h). In
addition, MMP-9 expression was significantly elevated in
groups B and C (Fig. 5i-1). Immunohistochemical analysis
showed a few F4/80-positive cells around the liver in groups
A and B (Fig. 6a, b). On the other hand, in group C, many F4/
80-positive cells were mainly observed in the portal region
(Fig. 6¢). Double-immunostaining revealed that a few F4/80/
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Fig. 5 Sirius-red staining;
immunohistochemical analysis
of GFP and metalloproteinase-9
(MMP-9) expression in liver.
After 8 weeks of treatment with
CCl, (4 weeks after BMC/cul-
tured cell administration), livers
from all mice were resected. a~d
Sirius-red staining. a CCly
group. b CCl, + BMC group. ¢
CCly + cultured cell group.
Magnification x40. d Image
analysis of the Sirius red-positive
area. CCly group (4), CCl, +
BMC group (B), CCl, + cultured
cell group (C). #*P<0.05 (N.S. not
significant). e-h Immunostaining
for GFP. e CCl, + BMC group.
Magnification x100. f Magnified
view of e. Magnification x200. g
CCly + cultured cell group.
Magnification x100. h Magni-
fied view of g. Magnification
%200. i-1 Immunostaining for
MMP-9. i CCly group. j CCly +
BMC group. k CCl, + cultured
cell group. Magnification %200.
1 Image analysis of the MMP-9-
positive area (4—C as in d).
*P<0.05 (V.S. not significant).
Bars 100 um (a—c, e-k)
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Fig. 6 Immunohistochemical
analysis of F4/80 expression in
liver. After 8 weeks of treatment
with CCly (4 weeks after BMC/
cultured cell administration),
the livers from all mice were
resected. a—c Immunostaining
for ¥4/80 (red arrows F4/80-
positive cells). a CCl, group. b
CCl, + BMC group. ¢ CCly +
cultured cell group.
Magnification x100. d—f BMC-
treatment group (BMC treat-
ment group). d GFP (green). e
F4/80 (red. f GFP (green), F4/
80 (red), GFP and F4/80 (yel-
low). Note the GFP/F4/80
double-positive cells (white
arrows). Magnification %200,
g—i Cultured-cell-treatment
group (Cultured cell treatment
group). g GFP (green), h F4/80
(red. i GFP and F4/80 (yellow).
Note the GFP/F4/80 double-
positive cells (white arrows).
Magnification x200. Bars

100 um (a—c), 50 um (d-i)

BMC treatment group  Cultured cell treatment
group
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GFP double-positive cells were present in group B, whereas
numerous F4/80/GFP-positive cells were observed in group C
(Fig. 6d-i). These results showed that-a higher number of F4/
F80 cells had repopulated into the cirrhosis liver after cultured
BMC infusion.

In order to characterize GFP-positive cells in the
liver, we performed double-immunostaining. In the
BMC-treatment group, numerous cells with co-
positivity for GFP and MMP-9 were seen (Fig. 7a-c)
but cells with co-positivity for GFP and «-SMA were
not observed (Fig. 7d-f). In the cultured-cell-treatment
group, the results were similar (Fig. 7g-1). These find-
ings suggest that MMP-9 was mainly secreted from the
migrating infused GFP-positive cultured cells. In addi-
tion, a few cells were co-positive for vimentin and GFP,
thus indicating graft survival of mesenchymal cells in
the liver (Fig. 7m-o).

Fig. 7 Double-immunostaining
(BMC group vs. cultured cell
group). After 8 weeks of
treatment with CCl, (4 weeks
after BMC/cultured cell
administration), the livers from
all mice were resected. a—f
BMC treatment group. a MMP-
9 (red). b GFP (green). c MMP-
9 (red)/GFP (green)/GFP and
MMP-9 (yellow). Note the co-
positive cells (short white
arrows). d x-SMA (red). e GFP
(green). f «-SMA (red)/GFP
(green). Magnification x100.
g—o Cultured-cell-treatment
group. g MMP-9 (red). h GFP
(green). i MMP-9 (red)/GFP
(green)/GFP and MMP-9 (yel-
low). Note the co-positive cells
(short white arrows). j a-SMA
(red). k GFP (green). 1 x-SMA
(red)/GFP (green)/x-SMA and
GFP (yellow). m Vimentin
(red). n GFP (green). o Vimen-
tin (red)/GFP (green)/vimentin
and GFP (yellow). Note the co-
positive cells (long white ar-
row). Magnification x100. Bars
50 um (a—o)

Discussion

In this study, we cultured bone-marrow-derived cells by
using serum-free medium and analyzed their ability to im-
prove liver cirrhosis. Several studies of cultured bone-
marrow-derived cells have been reported (Wu et al. 2005;
Zheng et al. 2006; Fang et al. 2004; Zhao et al. 2005; Oyagi
et al. 2006) but the culture of bone-marrow-derived cells
from GFP-transgenic mice has been difficult, because of
their decreased proliferation potential (Peister et al. 2004).
In addition, in a previous study conducted with cultured
murine BMCs, numerous macrophages were reported
(Tropel et al. 2004). Employing a previously reported
GFP/CCl, model, we first improved the culture methods to
obtain cultured cells efficiently. In standard culture proto-
cols, BMCs are seeded at a density of 1x10°%/ml but the
proliferation rate is insufficient (Soleimani and Nadri 2009).
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By increasing the cell density for primary culture to 1x107/
ml, we found that BMCs could be grown more efficiently.
Serum and fibroblast growth factor are usually added to the
medium (Zheng et al. 2006) but beause of the possibility of
clinical application, we used serum-free medium and GMP-
grade reagents (Agata et al. 2009). As shown in Fig. 2, by
2 weeks after cultivation, a sufficient number of cells was
obtained. Moreover, the administered fraction had a high
percentage of cells positive for CD11b and CD45 (Fig. 3).

Our macrophage fractions taken from mouse bone mar-
row increased by simply seeding them onto plastic in the
presence of serum-free medium and GMP-grade reagents.
With the administration of GFP-transgenic mice bone-
marrow-derived cultured cells, we confirmed GFP-positive
cells in the liver and like the GFP/CCl, model that we had
previously reported, serum albumin increased and fibrosis
improved in the treated mice (Figs. 4, Sa-d). Moreover, for
this improvement effect, the number of administered cells
was 1x10% cells/body, i.e., only 1/10 the usual amount,
whereas the effects, as compared with conventional bone
marrow administration, were not inferior.

In addition, double-immunostaining was performed to
characterize the GFP-positive cells in the liver. Similarly,
as we have earlier reported, there was co-expression of
MMP-9 but cells co-expressing «-SMA were not observed
(Fig. 6a-1; Sakaida et al. 2004; Higashiyama et al. 2007).
The presence of GFP-positive cells co-expressing F4/80 was
confirmed (Fig. 6) and, whereas GFP-positive cells co-
expressing vimentin were also found, their number was
low (Fig. 7m-o; Fang et al. 2004). These findings suggest
that numerous cultured macrophages and some MSCs had
repopulated the liver. As shown in Fig. 3, we infused mainly
a macrophage fraction from our culturing system. Hence, we
consider it reasonable that more F4./80/GFP-positive cells
were found in the cultured BMC group than the primary
BMC culture groups. In this mice study, we believe that the
macrophage fraction mainly improved liver fibrosis.
However, we need to examine which of the fractions are
more effective for liver regeneration therapy.

We used a StemPro MSC Xeno Free medium to expand
the mouse BMCs. Under these conditions, many macro-
phages were obtained and these macrophages contributed
to the observed liver regeneration. On the other hand, in
humans, MSCs are expanded under similar conditions. The
reason for this might be attributable to species differences.
Further studies will be required to understand the mecha-
nism of this difference.

In the present study, bone-marrow-derived cells cultured
with a serum-free medium clearly had an effect on repairing
liver fibrosis. These results are important for translational
research on cultured bone-marrow-derived cell therapy for
liver cirrhosis. Issues for further investigation include an
examination of the most effective cell fraction for improving
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liver fibrosis and whether the present system can reliably
yield cultured cells from human BMCs. Studies analyzing
the possibility of using human BMCs for cell therapy in
liver cirrhosis are urgently needed.
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