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cells) and, after the cells had been processed, we administered
an average of 5.2x10° cells (Terai et al. 2006). In the BM-
MNC:s, there were 0.001-0.01 % MSC present (Pittenger et al.
1999). Therefore, the number of MSCs administered in ABMi
therapy converts to a range of 0.5 to 5x 10° cells. In this
research, approximately 4x10° BM-MNCs were cultured
through two passages; assuming 94 % of the approximately
3x10% recovered cells were MSCs, we obtained approximate-
ly 2.8x10° MSCs. For example, in 10 mL of bone marrow
aspirate, which can be collected under local anesthesia, the
number of BM-MNCs is approximately 2x 10 cells, which
converts mathematically to approximately 0.2 to 2x10*
MSCs; but after these cells undergo two passages, the recov-
ered number of cells is 1.5x 10® and multiplying that by 94 %
means that approximately 1.4x10° MSCs can be collected.
Even when the loss accompanying the various processing
steps is taken into account, the number of recovered MSCs
is considered adequate. In other words, this research has
demonstrated that ABM; therapy will be possible using cul-
tured cells that can be collected under local anesthesia.

With regard to the carcinogenicity of human bone marrow
cells, a group at Sun Yat-Sen University in China has shown
that, when a bone matrow aspirate was administered via the
hepatic artery to patients with HBV-induced liver failure, there
was no change in the onset of hepatocarcinoma due to the
bone marrow cell infusion for up to 192 weeks (Peng et al.
2011). A safety evaluation by oncogenicity tests involving
nude mice will be necessary before clinical application but we
have already shown that the administration of bone marrow
cells does not promote the onset of liver cancer in mice with
hepatocarcinogenic liver cirrhosis (N-nitrosodietylamine/
GFP-CCl; model) and, conversely, it significantly inhibits
hepatocarcinogenesis (Maeda et al. 2012).

No reports on either the safety or danger of the administra-
tion of cultured human bone marrow-derived cells have been
published concerning the intravenous infusion of autologous
cultured BM-MSCs but a death resulting from contrast ne-
phropathy did occur when CD34-positive hematopoietic stem
cells were administered via the hepatic artery (Pai et al. 2008).
The majority of cultured human bone marrow-derived cells
(P2) that we have studied are MSC and they contain almost no
CD34-positive cells (0.06 %). Moreover, we are considering
infusion via a peripheral vein in the same manner as ABMi
therapy, so, in that respect, the administration of P2 cells
should be safe. In addition, it has been reported that no
malignant transformation of bone marrow cells has occurred
in the past, even with long-term culturing. In this case, the
duration of the P2 cell culture is 20-22 days and, from a
quality standpoint, we believe that malignant transformation
is unlikely to occur (Bernardo et al. 2007).

Finally, in this study, we have revealed the liver fibrosis-
improving effect of MSC originating in cultured human bone
marrow-derived cells (P2). In the future, further analysis of the

liver fibrosis-improving mechanism will be needed but we
have now shown that cultured human bone marrow-derived
cells (P2) can improve liver fibrosis by regulating the expres-
sion of MMP-9 and HSC activation that is mediated by the
humoral factors TGF3 and TNFa. This analysis has also
revealed that ABMi using cultured cells, which can be col-
lected on an outpatient basis under local anesthesia, is a
method with sufficient clinical applicability.

Acknowledgment This study was supported by Grants-in-Aid for sci-
entific research from the Japan Society for the Promotion of Science
(JSPS); Ministry of Health, Labour and Welfare, health and labour
sciences research grants and Japan Science and Technology Agency
(JST), the project of realization of regenerative medicine and highway.
Ms. Mariko Yamada, Ms. Isako Fujimoto and Ms. Yoko Fukusumi
helped us with several analyses.

References

Alison MR, Poulsom R, Jeffery R, Dhillon AP, Quaglia A, Jacob J,
Novelli M et al (2000) Hepatocytes from non-hepatic adult stem
cells. Nature 406:257

Bernardo ME, Zaffaroni N, Novara F, Cometa AM, Avanzini MA,
Moretta A, Montagna D et al (2007) Human bone marrow derived
mesenchymal stem cells do not undergo transformation after long-
term in vitro culture and do not exhibit telomere maintenance
mechanisms. Cancer Res 67:9142-9149

Hisanaga T, Terai S, Iwamoto T, Takami T, Yamamoto N, Murata T,
Matsuyama T et al (2011) TNFR1-mediated signaling is important
to induce the improvement of liver fibrosis by bone marrow cell
infusion. Cell Tissue Res 346:79-88

Huang CK, Lee SO, Lai KP, Ma WL, Lin TH, Tsai MY, Luo J etal (2013)
Targeting androgen receptor in bone marrow mesenchymal stem
cells leads to better transplantation therapy efficacy in liver cirrthosis.
Hepatology 57:1550-1563

Iwamoto T, Terai S, Hisanaga T, Takami T, Yamamoto N, Watanabe S,
Sakaida I (2013) Bone-marrow-derived cells cultured in serum-free
medium reduce liver fibrosis and improve liver function in carbon-
tetrachloride-treated cirrhotic mice. Cell Tissue Res 351:487-495

Kharaziha P, Hellstrom PM, Noorinayer B, Farzanch F, Aghajani K,
Jafari F, Telkabadi M et al (2009) Improvement of liver function in
liver cirrhosis patients after autologous mesenchymal stem cell
injection: a phase I-II clinical trial. Eur J Gastroenterol Hepatol
21:1199-1205

Kim JK, Park YN, Kim JS, Park MS, Paik YH, Seok JY, Chung YE et al
(2010) Autologous bone marrow infusion activates the progenitor
cell compartment in patients with advanced liver cirrhosis. Cell
Transplant 19:1237-1246

Maeda M, Takami T, Terai S, Sakaida I (2012) Autologous bone marrow
cell infusions suppress tumor initiation in hepatocarcinogenic mice
with liver cirthosis. J Gastroenterol Hepatol 27(Suppl 2):104-111

Mizunaga Y, Terai S, Yamamoto N, Uchida K, Yamasaki T, Nishina H,
Fujita Y, et al. (2012) Granulocyte colony-stimulating factor and
interleukin-1beta are important cytokine in repair of the cirthotic
liver after bone marrow cell infusion -comparison of humans and
model mice. Cell Transplant (in press)

Mohamadnejad M, Alimoghaddam K, Mohyeddin-Bonab M, Bagheri M,
Bashtar M, Ghanaati H, Baharvand H et al (2007) Phase 1 trial of
autologous bone marrow mesenchymal stem cell transplantation in
patients with decompensated liver cirrhosis. Arch Iran Med 10:459—
466

@ Springer



728

Cell Tissue Res (2013) 354:717-728

Pai M, Zacharoulis D, Milicevic MN, Helmy S, Jiao LR, Levicar N, Tait
P et al (2008) Autologous infusion of expanded mobilized adult
bone marrow-derived CD34+ cells into patients with alcoholic liver
cirrhosis. Am J Gastroenterol 103:1952-1958

Peng L, Xie DY, Lin BL, Liu J, Zhu HP, Xie C, Zheng YB, etal. (2011)
Autologous bone marrow mesenchymal stem cell transplantation in
liver failure patients caused by hepatitis B: short-term and long-term
outcomes. Hepatology (in press)

Phinney DG, Kopen G, Isaacson RL, Prockop DJ (1999) Plastic adherent
stromal cells from the bone marrow of commonly used strains of
inbred mice: variations in yield, growth, and differentiation. J Cell
Biochem 72:570-585

Pittenger MF, Mackay AM, Beck SC, Jaiswal RK, Douglas R, Mosca JD,
Moorman MA et al (1999) Multilineage potential of adult human
mesenchymal stem cells. Science 284:143—147

Saito T, Okumoto X, Haga H, Nishise Y, Ishii R, Sato C, Watanabe H et al
(2011) Potential therapeutic application of intravenous autologous
bone marrow infusion in patients with alcoholic liver cirthosis. Stem
Cells Dev 20:1503-1510

Sakaida I, Terai S, Yamamoto N, Aoyama K, Ishikawa T, Nishina H,
Okita X (2004) Transplantation of bone marrow cells reduces CCl4-
induced liver fibrosis in mice. Hepatology 40:1304—1311

@ Springer

Takami T, Terai S, Sakaida I (2012) Advanced therapies using autolo-
gous bone marrow cells for chronic liver disease. Discov Med 14:
7-12

Terai S, Sakaida I, Yamamoto N, Omori K, Watanabe T, Ohata S, Katada
T et al (2003) An in vivo model for monitoring trans-differentiation
of bone marrow cells into functional hepatocytes. J Biochem
(Tokyo) 134:551-558

Terai S, Ishikawa T, Omori K, Aoyama K, Marumoto Y, Urata Y,
Yokoyama Y et al (2006) Improved liver function in patients with
liver cirrhosis after autologous bone marrow cell infusion therapy.
Stem Cells 24:2292-2298

Terai S, Tanimoto H, Maeda M, Zaitsu J, Hisanaga T, Iwamoto T,
Fujisawa K et al (2012) Timeline for development of autologous
bone marrow infusion (ABMi) therapy and perspective for future
stem cell therapy. J Gastroenterol 47:491-497

Theise ND, Nimmakayalu M, Gardner R, Illei PB, Morgan G, Teperman
L, Henegariu O et al (2000) Liver from bone marrow in humans.
Hepatology 32:11-16

Thomas JA, Pope C, Wojtacha D, Robson AJ, Gordon-Walker TT,
Hartland S, Ramachandran P et al (2011) Macrophage therapy for
murine liver fibrosis recruits host effector cells improving fibrosis,
regeneration, and function. Hepatology 53:2003-2015



jSH é

Hepatology Research 2013

Original Article

doi: 10.1111/hepr.12204

Canine mesenchymal stem cells show antioxidant
properties against thioacetamide-induced liver injury

in vitro and in vivo
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Aim: To overcome current limitations of therapy for liver
diseases, cell-based therapies using mesenchymal stem
cells {(MSC) have been attempted through basic and clinical
approaches. Oxidative stress is a crucial factor in hepatology,
and reactive oxygen species (ROS) are well-established mol-
ecules responsible for its deleterious effects. The antioxidant
properties of MSC were recently demonstrated, and therefore
we examined the antioxidant activity of canine MSC (cMSC),
their effects on isolated hepatocytes in vitro and their cura-
tive potential against thioacetamide (TAA)-induced liver injury
in vivo.

Methods: To evaluate the ability of ¢cMSC to challenge oxi-
dative stress, cell viability, cytotoxicity and ROS were mea-
sured in cultured cMSC treated with TAA. Also, cMSC were
co-cultured with hepatocytes in the same injury condition,
and the ROS level was measured exclusively in hepatocytes.
Finally, to verify the curative potential of cMSC, 2.0 x 10° cells
or phosphate-buffered saline were injected systemically in
non-obese diabetic/severe combined immunodeficiency mice

that received TAA injections twice a week for 13 weeks. We
then evaluated histological parameters, serum injury markers
and redox homeostasis.

Results: c¢cMSC overcame TAA-induced oxidative stress in
vitro, as shown by increased viability and lower cytotoxicity
and ROS levels. Moreover, hepatocytes co-cultured with
cMSC also showed decreased cellular ROS. The in vivo study
showed that mice treated with ¢cMSC presented with an
ameliorated histological pattern, suppressed fibrosis, lower
serum injury marker levels and better oxidative parameters.

Conclusion: We concluded that cMSC injection reduce
TAA-induced liver injury through antioxidant activities and

hepatoprotective effects, showing a curative potential in liver
diseases.

Key words: liver, mesenchymal stem cells, NF-E2-related
factor 2, oxidative stress, reactive oxygen species

INTRODUCTION

IVER DISEASES ARE highly prevalent in the popula-
tion worldwide. Currently, despite different alterna-
tives that have been tested, the standard treatment for
end-stage chronic liver disease that is available and
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effective is whole liver transplantation. However, liver
transplantation has serious limitations such as donor
scarcity, immunological incompatibilities, high cost,
and significant morbidity and mortality associated with
the procedure.’* Additionally, considerable long-term
side-effects have been reported.*” Given the inherent
limitations of this treatment, alternative therapies are
urgently needed.

In recent years, cell-based therapy, especially therapy
using bone marrow cells (BMC), has emerged as an
alternative to improve damaged liver function. An
increasing number of studies have been published
showing evidence of therapeutic effects of BMC in liver
diseases,® " including clinical trials worldwide.'*-%
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The interest in this particular cell niche comes from
previous reports showing the presence of donor-derived
cells in the liver of bone marrow transplant recipi-
ents.”"?> This observation, which has been proven in
animal models,*>* showed potential cross-talk between
BMC and the liver under certain conditions. Among the
different cell types found in bone marrow, mesenchy-
mal stem cells (MSC) have shown promising results in
tissue regeneration.®'*'*? These cells can be easily iso-
lated from the patient, cultured, expanded and used as
an autologous cell-based therapy.

Although promising results have been shown, impor-
tant questions remain. For example, no consensus exists
about the mechanisms of liver repair by BMC infusion.
This topic constitutes one of the most debated issues in
regenerative medicine.

Recently, oxidative stress has been shown to be an
important factor in liver diseases such as liver fibrosis,
cirthosis, viral hepatitis, hepatocellular carcinoma and
others.?3° Oxidative stress is partly generated by reac-
tive oxygen species (ROS), which are produced by dif-
ferent pathways such as NAD(P)H oxidases, xenobiotic
metabolism, mitochondrial leakage and cytochrome
P450 activity, which lead to hepatocyte damage
through lipid peroxidation and alkylation of proteins,
nucleic acids and lipids.*'** Although the liver itself
has an efficient antioxidant defense system, sometimes
this system is not sufficient to repair the damage and/or
an imbalance exists between oxidative stress elimina-
tion and production. MSC were recently reported to
have an antioxidant ability that may contribute to oxi-
dative stress resolution.*® Importantly, NF-E2-related
factor 2 (Nrf2) has emerged as a crucial transcription
factor that is capable of inducing a large array of
enzymes involved in oxidative stress resolution.*-°
Maintenance of the cellular redox balance by Nrf2 has
multiple activation pathways and has been shown
to be essential in combating many inflammatory
diseases.’”* Some molecules such as all-trans retinoic
acid (ATRA) and tert-butylhydroquinone (t-BHQ) have
shown the ability to significantly reduce (ATRA) or
induce (t-BHQ) Nif2 functions, which modify the
expression of antioxidant response element (ARE)-
driven genes.***

Thioacetamide (TAA) is one the most popular chemi-
cal toxins used worldwide to generate experimental liver
injury.***” Its toxicity results from its biotransformation
by a mixed-function oxidase system (e.g. cytochrome
P450 enzymes and FAD monooxygenases), which leads
to the formation of reactive metabolites including
ROS.*%3 ROS production resulting from TAA adminis-
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tration is related to the consequences of oxidative
damage including lipid peroxidation.**

Given the above concerns and the recent evidence for
the effectiveness of cell-based therapy in liver diseases
involving oxidative stress, we hypothesized that MSC
could ameliorate the deleterious effects of TAA-induced
oxidative stress injury in liver. In this study, we tested
the ability of canine MSC (cMSC) to overcome TAA-
induced oxidative stress in vitro and verified whether
these cells could protect against oxidative stress damage
in isolated hepatocytes. In addition, we evaluated
whether ctMSC could reduce the effects of TAA-induced
chronic injury in vivo. An important note is that few
studies have used cells derived from medium-sized
animals. Results from such studies will be important for
supporting new clinical trials.

METHODS

Animals and ethics

LL ANIMALS USED in this study were maintained
and used in accordance with the Animal Care
Guidelines of Yamaguchi University. Non-obese
diabetic/severe combined immunodeficiency (NOD/
SCID) mice were purchased from Kyudo (Saga, Japan).

Cells and culture conditions

Canine bone marrow-derived MSC (Cyagen, Sunnyvale,
CA, USA) were seeded onto 10-cm dishes (Iwaki, Tokyo,
Japan) and cultured in OriCell Mesenchymal Stem Cell
Growth Medium (Cyagen) supplemented with 10%
fetal bovine serum (FBS; Life Technologies, Grand
Island, NY, USA), penicillin (100 U/mL; Life Technolo-
gies) and streptomycin (100 pg/ml; Life Technologies)
in a 5% CO, incubator at 37°C. After seeding, non-
adherent cells were removed when the medium was
replaced. The culture medium was changed every 2 days.
Cells from the fourth to sixth passages were used in this
study.

Cellular characterization

Adherent cells were dissociated with 0.05% trypsin-
ethylenediaminetetraacetic acid (Life Technologies) and
resuspended in Dulbecco’s modified Eagle's medium
(DMEM,; Life Technologies) containing 10% FBS. Then,
they were washed once with phosphate-buffered saline
(PBS; Life Technologies) and incubated in PBS contain-
ing 2% canine serum (AbD Serotec, Oxford, UK) for
20 min on ice. After incubation, cells were incubated
for 20 min on ice with monoclonal antibodies against
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CD11b (AbD Serotec), CD14-PE-Cy7 (BD Biosciences,
San Jose, CA, USA), CD29-PE (Abcam, Cambridge, UK),
CD34-PE (Abcam), CD44-PE-Cy7 (Biolegend, San
Diego, CA, USA), CD45-e-fluor (ebioscience, San Diego,
CA, USA), CD90-APC (ebioscience) or CD133-PercP-
eFluor 710 (ebioscience). Secondary detection of the
CD11b antibody was performed using goat polyclonal
secondary antibody to mouse IgG-H&L (DyLight 488;
Abcam). Isotype-identical antibodies were used as con-

trols. Flow cytometry analyses were performed utilizing

Gallios equipment (Beckman Coulter, Danvers, MA,
USA). Propidium iodide (PI; Sigma-Aldrich, St Louis,
MO, USA) was used to exclude dead cells from analyses.
Assessment of each sample was performed at least in
triplicate. Data were analyzed using Kaluza software
(Beckman Coulter). To confirm the differentiation
potential, the cells were grown in osteogenic and
adipogenic canine differentiation media (Cell Applica-
tions, San Diego, CA, USA) in accordance with the
manufacturer’s instructions. After 2 weeks, lipid drop-
lets were observed following oil red O staining (Sigma-
Aldrich), and deposition of bone mineral was observed
following alizarin red staining (AppliChem, Darmstadt,
Germany).

CM-Dil labeling

Cultured ctMSC were CM-Dil stained following the
manufacturer’s instructions. In brief, ctMSC were sus-
pended in 2 uM CM-Dil (Molecular Probes, Eugene,
OR, USA) and incubated for 5 min at 37°C followed by
an additional incubation at 4°C for 15 min. Then,
labeled cells were washed three times and resuspended
in PBS. Cell labeling was confirmed with fluorescence
microscopic observation.

Monoculture system

To evaluate the ability of cMSC to challenge TAA-
induced oxidative stress, cMSC were seeded onto 96-
or six-well plates (Corning, NY, USA) at a density of
1.0 x 10° cells/cm? in DMEM supplemented with 10%
FBS, penicillin (100 U/mL) and streptomycin (100 pg/
mL) in a 5% CO, incubator at 37°C. Non-adherent
cells were removed by washing with PBS. The medium
was replaced with non-supplemented DMEM with
or without 50 mM TAA with additional overnight
incubation.

Cells in 96-well plates were washed three times, and
the viability was measured indirectly using CellTiter 96
AQueous One Solution (Promega, Madison, WI, USA).
Cytotoxicity was measured with lactate dehydrogenase
(LDH) quantification using the Cytotox 96 Non-
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Radioactive Cytotoxicity Assay (Promega) according to
the manufacturer’s instructions. Values were normalized
using media exposed to the same culture conditions
without cells. Finally, to quantify cellular ROS, cells in
six-well plates were stained with the CellRox Reagent
(Molecular Probes) following the manufacturer’s
instructions. Stained live cells were quantified using
Gallios equipment. Additionally, to reduce or increase
the antioxidant response by Nif2, cMSC were pretreated
for 1h with non-supplemented DMEM containing
10 uM ATRA (Sigma-Aldrich) or 10 uM t-BHQ (Sigma-
Aldrich), respectively. ATRA is an inhibitor, and t-BHQ
is an inducer of ARE-driven gene induction that is medi-
ated by Nrif2. After incubation, the same volume of
non-supplemented DMEM was added (final concentra-
tion, 50 mM TAA). After overnight incubation, we per-
formed a viability test, LDH quantification and ROS
measurement as described above.

Co-culture system

For co-culture, primary green fluorescent protein (GFP)
positive murine hepatocytes were isolated from
C57BL/6 Tgl4 (act-EGFP) OsbYO1 mice as previously
described®® (with modifications). In brief, livers were
perfused via the portal vein with pre-warmed liver per-
fusion medium (Life Technologies) at a flow rate of
6 mL/min for 5 min with additional perfusion with
0.05% type IV collagenase (Sigma-Aldrich) containing
20 U/mL deoxyribonuclease I (Sigma-Aldrich) at 37°C.
Whole livers were carefully harvested, the gall bladder
was removed and further mechanical digestion was per-
formed in a glass dish. The released cells were filtered
through 100-pm nylon mesh (BD Falcon, San Jose, CA,
USA) and washed twice with centrifugation at 50 g at
4°C for 1 min. Finally, the pellet was resuspended in
PBS and diluted in stock isotonic Percoll solution (GE
Lifesciences, Uppsala, Sweden) with further centrifuga-
tion at 60 g for 10 min. The pellet was washed twice
with PBS, and the viability and cell number were deter-
mined with a Trypan blue exclusion test (Molecular
Probes). Then, approximately 3-5 x 10° isolated hepa-
tocytes were seeded onto collagen I-coated six-well
plates (Life Technologies) using rodent hepatocyte
plating medium (Zenbio, Durham, NG, USA) in a 5%
CO; incubator at 37°C. After 4 h, the same number
of CM-Dil-labeled ¢MSC was seeded in experimental
plates (monoculture was used as control). After over-
night incubation, non-adherent cells were removed by
washing with PBS, and the medium was replaced with
rodent hepatocyte maintenance medium (Zenbio) with
or without 50 mM TAA.

© 2013 The Japan Society of Hepatology
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After overnight incubation, hepatocytes in monocul-
ture or direct co-culture were analyzed. For ROS quan-
tification, six-well plates were stained with the CellRox
Deep Red Reagent for 30 min. After staining, cells were
harvested, centrifuged for 1 min at 50 ¢ and resus-
pended in PBS containing 1% FBS and 2 pg/mL PI
for flow cytometry analysis. The cellular ROS levels
of PI negative live GFP positive cells were analyzed.
Figure 3(a-c) illustrates our experimental strategy.

Experimental model of liver injury

For liver injury induction, 6-week-old female NOD/
SCID mice (n=16) were given TAA (Sigma-Aldrich)
injection (250 mg/kg i.p.) twice a week for 13 weeks.
Beginning on the 10th week, 2.0 x 10° cMSC diluted in
200 pL. PBS (cell-treated group; n=38) or the same
volume of PBS only (non-treated group; n=_8) were
slowly injected weekly via the tail vein using a metal hub
needle (31/2”/2) and a 250-uL syringe (Hamilton,
Reno, NV, USA). Three days after the last cMSC/PBS
injections, mice were killed.

Biochemical analyses

Serum alanine aminotransferase (ALT), aspartate ami-
notransferase (AST) and LDH were measured in dupli-
cate using an automated analyzer for clinical chemistry
(SPOTCHEM EZ SP-4430; Arkray, Kyoto, Japan).

Histological staining

Paraffin-embedded liver samples were sectioned (5 um)
and stained with hematoxylin-eosin and Sirius red
according to standard protocols.

Fibrosis level

Histomorphometry was performed using an imaging
system coupled to a fluorescence microscope (Biorevo
BZ9000; Keyence, Osaka, Japan). The fibrosis index was
estimated by the percent of the area that was stained
with Sirius red of the total area of the histological fields,
which were examined with a BZ Analyzer 11 (Keyence).

Hyaluronic acid (HA), procollagen N-terminal
peptide (PIIIP) and AST/ALT ratio are valuable markers
for fibrosis measurement.”” Here, serum HA and PIIIP
levels were measured by using an enzyme-linked
immunosorbent assay (ELISA; Mybiosource.com, San
Diego, CA, USA) in accordance with the manufacturer’s
instructions.

Antioxidant effects of cMSC

Total antioxidant activity was measured in serum
samples using an antioxidant assay kit (Cayman Chemi-

© 2013 The Japan Society of Hepatology
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cals, Ann Arbor, MI, USA), which is based on the
ability of all antioxidant components in the sample
to inhibit the oxidation of ABTS (2,2'-Azino-di-
[3-ethylbenzthiazoline sulphonate]) to ABTS+ by
metmyoglobin. The amount of ABTS+ produced was
monitored by reading the absorbance at 750 nm using
Infinite M200 (Tecan, Méinnedorf, Switzerland). The
capacity of antioxidants in the sample to prevent ABTS
oxidation was compared with that of TROLOX, a water-
soluble tocopherol analog. The result is presented as the
percent of the maximum antioxidant activity.

Lipid peroxidation was assessed in liver tissues using a
malondialdehyde (MDA) assay kit (Abcam), which is
based on colorimetric quantification of MDA, a natural
product of lipid peroxidation in the samples.

Statistical analysis

Data were analyzed using Student’s paired t-test or one-
way ANOVA as appropriate. Values of P < 0.05 were con-
sidered statistically significant. Data are presented as the
mean * standard deviation.

RESULTS

Cellular characterization

HE CELLS USED in this study adhered to plastic

and showed homogeneous distribution with a
fibroblastoid shape (Fig. 1a). Flow cytometry analyses
showed that cultured cMSC were positive for CD29,
CD44 and CD90. On the other hand, these cells
were negative for the pan-leukocyte marker CD45 and
the monocyte/macrophage marker CD11b (Fig. 1b).
These cells also had the potential to differentiate into
adipogenic and osteogenic lineages (Fig. 1¢,d), indicat-
ing a typical MSC phenotype.>®

c¢MSC have a high capacity to overcome
TAA-induced oxidative stress in vitro

Surprisingly, when cultured in medium containing TAA,
c¢MSC exhibited an elevated ability to resist this condi-
tion by showing lower levels of LDH release (cytotoxic-
ity) into the culture medium (P < 0.001), consistent
with better viability (MTS assay, P < 0.001) and, also,
they showed a lower cellular ROS level (P<0.001).
Additionally, because the Ntf2 pathway is considered to
be an important factor in oxidative stress protection and
resolution,* we used ATRA to abrogate and t-BHQ to
induce the antioxidant effects mediated by Nif2. In
the presence of ATRA, pre-treated cMSC showed higher
LDH release (P < 0.05), lower cell viability (P < 0.001)
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Figure 1 Canine mesenchymal stem Osteagenic (Alizarin Red)

cells (¢MSC) characterization. (a) cMSC
adhered to plastic and showed
fibroblast-like morphology (original
magnification x10). (b) cMSC used for
infusion showed no CD45 or CD11b
expression and were positive for CD90,
CD29 and CD44. cMSC showed (c)
adipogenic and (d) osteogenic differen-
tiation potential. Bar indicates 100 pm.
isotype control; B, CD antibody.

and higher ROS levels (P < 0.01) compared to cMSC changes, we added hydrogen peroxide (H,O, Wako
cultured in medium containing TAA only. On the other Pure Chemical Industries, Osaka, Japan) or N-acetyl-L-
hand, t-BHQ reversed these ATRA effects (Fig. 2). Also, cystein (NAGC; Sigma-Aldrich) to the cultures to increase
to verify whether ROS itself was responsible for viability (H,0,) or decrease (NAC) the ROS levels. Even though
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LDH releasing MTS Assay Cell ROX
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Figure 2 Canine mesenchymal stem cells (cMSC) treated with thioacetamide (TAA). cMSC resisted TAA-induced oxidative stress as
verified by (a) lower lactate dehydrogenase (LDH) release into the culture medium (Cytotoxicity), (b) increased viability (MTS
assay) and (c) lower cellular ROS levels (Cell Rox assay). An NF-E2-related factor 2 (N1f2) inhibitor (all-trans retinoic acid [ATRA])
abrogated the values achieved by cMSC exposed to TAA. On the other hand, a Nif2 inducer (tert-butylhydroquinone [t-BHQ])
showed the opposite results compared to ATRA. (*P < 0.05; **P < 0.01 and ***P < 0.001; [a] vs 0 mM TAA, [b] vs 50 mM TAA and
[c] vs 50 mM TAA [ATRA]).
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ROS levels changed as expected, no direct association
was observed with viability at the time points tested
(data not shown).

cMSC protect hepatocytes against oxidative
stress in vitro

To evaluate whether ¢tMSC could exert antioxidant
effects on hepatocytes, we co-cultured both types of
cells (CM-Dil-labeled ¢MSC and GFP positive murine
hepatocytes; Fig. 3a,b). Cellular ROS in GFP positive
hepatocytes was evaluated with flow cytometric analysis
(Fig. 3¢). Interestingly, hepatocyte monoculture in TAA
showed lower levels of cellular ROS. The co-culture
system induced further reduction in the cellular ROS
level in hepatocytes treated with 50 mM TAA (Fig. 3d).

Cell-therapy ameliorates TAA-induced
liver injury

Biochemical analyses were performed to verify the
extent of liver injury in TAA-treated NOD/SCID mice by
measuring serum ALT, AST and LDH levels. The cell-
treated group showed reduced levels of serum ALT
(non-treated group vs cell-treated group, 356.1 £ 48.1 vs

X L
AlG
(¢) strategy: P 2
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286.4 £ 69.3 U/L; P < 0.05) and AST (non-treated group
vs cell-treated group, 553.0 £ 174.9vs 372.8 + 71.1 U/L;
P<0.05). LDH also tended to be lower in the cell-
treated group, but the difference was not statistically
significant (non-treated group vs cell-treated group,
880.0 % 164.9 vs 695.6 +305.8 U/L; P = 0.06) (Fig. 4).

In accordance, tissues harvested from non-treated
mice showed more necrotic areas and increased inflam-
matory infiltration compared to the cell-treated group
(Fig. 4d,e).

Fibrosis quantification

Morphometric analysis showed a decrease in the liver
collagen content in the cell-treated group (5.1 £2.9%)
compared to the non-treated group (8.3%1.7%)
(Fig. 5a,b). Moreover, the cell-treated group exhibited
better indirect fibrosis parameters such as HA (non-
treated vs cell-treated group, 40.0£7.8 vs 29.7 %
11.6 ng/ml, P<0.05; Fig. 5c), PIIP (non-treated vs
cell-treated group, 71.7+3.6 vs 56.9+14.0 pg/mlL,
P=0.06; Fig. 5d) and AST/ALT ratio (non-treated vs
cell-treated group, 1.5+0.3 vs 1.3+0.03, P<0.05;
Fig. 5e).

Figure 3 Co-culture with canine mes-
enchymal stem cells (cMSC) protected
hepatocytes from oxidative stress.
Murine green fluorescent protein (GFP)
positive hepatocytes (green) were cul-
tured alone or in co-culture with

{ arp o CM-Dil-labeled cMSC (red). (a) Bright

[N 5% field and (b) fluorescence microscopy

% g 1.0 of the co-culture system are shown. (c)

- 2 g 0.8 . Strategy to analyze GFP positive cells.

P - Lo a (d) Cell ROX analysis of GFP positive
" _1B) Cell Rox [B] Cell Fox ™ ~, §§ 0.6- cells revealed that hepatocytes have
Co-culture § S 04 reduced reactive oxygen species (ROS)

22 0.2 levels when cultured in the presence

§% of thioacetamide (TAA). When co-

é § 0.0 T cultured with ¢MSC, they showed a

E N further decrease in intracellular ROS

é\og\oo @00 (***P<0.001; [a] vs monoculture

TETTAA SRR without TAA and [b] vs monoculture
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(a)

Figure 4 Canine mesenchymal stem 400 ALT
cells (¢cMSC) transplantation protects 50 —
against thioacetamide (TAA)-induced

liver injury. The injury markers (a) 5300

alanine aminotransferase (ALT), (b) 250
aspartate aminotransferase (AST) and 200

(c) lower lactate dehydrogenase (LDH)
were measured to evaluate the extent
of liver injury. The cell-treated group
showed lower levels in all measure-
ments. (d-e) Representative figures
showing higher levels of parenchymal
disarrangement, diffuse cellular fat
accumulation and necrosis in non-
treated samples (d) compared with
samples from the cell-treated group
(e) (original magnification x20;
*P < 0.05).

Cell therapy improves redox homeostasis

Based on our in vitro results, we investigated whether
¢MSC transplantation could ameliorate oxidative stress
in animals with chronic TAA infusions. High total anti-
oxidant activity was sustained in sera collected from
the cell-treated group, whereas the non-treated group
showed a clear decrease in this ability (non-treated
group vs cell-treated group, 26.9+19.2% vs 614+
13.0% of maximum values; P < 0.001, Fig. 6a). In addi-
tion, lipid peroxidation was lower in liver tissues
harvested from cell-treated mice, indicating lower sus-
ceptibility to oxidation in tissue (non-treated group vs
cell-treated group, 23.8+4.2 vs 19.6 + 3.0 nmol/mg;
P < 0.05, Fig. 6b).

DISCUSSION

URINE EXPERIMENTAL MODELS are commonly
used to test new therapies for hepatic diseases,™
including cell-based therapy using bone marrow-
derived cells, which have shown promising results.®'
Among the different cell populations found in bone
marrow, MSC have shown beneficial effects against liver
disease.®'*12%0 Pyrthermore, MSC have advantages
such as multiple tissue sources, fast proliferation, pos-
sible use in autologous transplantation and in vitro
manipulation. Also, MSC were recently shown to
promote an antioxidant response in injured liver.*
Despite good results in basic studies and clinical
trials,®'~** the mechanism of action of these cells is still
being discussed. Recently, many studies have linked oxi-

Non-treated Cell-treated
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(b) ()

AST LDH
600, — 1000
500 900 T

o * " =0.06

3 400 - 5 800 T-
300 700 «
200 600

Non-treated Cell-treated Non-treated Celi-treated

dative stress and development of liver diseases such as
viral hepatitis, cirrhosis, hepatocellular carcinoma and
others.?**” Here, we examined whether the antioxidant
potential demonstrated by MSC has effects in reducing
TAA-induced liver injury.

Thioacetamide is a drug that is widely used in animal
models.” Because biotransformation of TAA produces
oxidative damage associated with liver injury and this
drug is usually used for systemic infusion, we examined
if MSC, which are also usually injected systemically,
could provide resistance to the toxic effects produced by
TAA. Surprisingly, rather than resistance alone, cMSC
showed a high level of tolerance to TAA (Fig. 2). Addi-
tionally, when cMSC were pretreated with ATRA or
t-BHQ, they showed opposite responses regarding cyto-
toxicity, viability and ROS accumulation (Fig. 2). Con-
sidering that ATRA inhibits and t-BHQ induces Nrf2
effects both in vitro and in vivo,**** these results indicate
that cMSC have high antioxidant activity in vitro
and suggest that the Nrf2 pathway may be involved
in this process. Consistent with this hypothesis,
Mohammadzadeh et al. recently showed that induced
overexpression of Nif2 by MSC was able to promote
reduction of cell death in hypoxia, serum deprivation
and oxidative stress conditions. In this study, MSC
with transient overexpression of Nrf2 presented better
cell viability and reduced apoptosis levels.** Moreover,
Gorbunov et al. showed that MSC treated with lipopoly-
saccharide, which induces inflammatory responses
incduding release of ROS, induce a number of
adaptive responses including induction and nuclear

© 2013 The Japan Society of Hepatology
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Figure 5 Fibrosis quantification. (a-b)
Morphometry analysis of Sirius red-
stained liver samples showed that the
cell-treated group had lower levels
of fibrosis (original magnification x4).
Complementarily, serum collected
from cell-treated mice presented lower
mean values for (c) hyaluronic acid
(HA), (d) procollagen N-terminal
peptide (PIIP) and (e) aspartate ami-
notransferase (AST)/alanine amino-
transferase (ALT) ratio (*P < 0.05).

Figure 6 Antioxidant activity in cell-
treated mice. (a) Total antioxidant
activity was higher in the cell-treated
group compared to the non-treated
group (***P<0.001). Additionally,
(b) lipid peroxidation in liver tissue
was lower in the cell-treated group
compared to the non-treated group
(*P<0.05).
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translocation of redox response elements such as
nuclear factor-xB and Nrf2. They suggested that the
prosurvival pathways that are activated in MSC in vitro
could be a part of an adaptive response employed by
stromal cells under injury conditions.®

A direct and specific effect of ROS in viability was
ruled out using H,O, and NAC in cultures. As expected,
these molecules increased (H,0,) and decreased (NAC)
intracellular ROS, but no direct relationship between
viability and ROS levels was seen at the time points
tested (data not shown). Additionally, to assess whether
cMSC could potentially prevent oxidative stress in liver
cells, we utilized a co-culture model with murine hepa-
tocytes and cMSC. In this experiment, we found a lower
ROS level in co-cultured murine hepatocytes treated
with TAA (Fig. 3), suggesting a hepatoprotective effect of
cMSC via antioxidant activity. Using a mouse primer for
Nrf2 with no cross-reactivity against canine samples in
silico, we verified the higher amount of mRNA in
co-cultured hepatocytes (Fig. S1). However, unexpect-
edly, monocultured hepatocytes showed higher ROS
levels when TAA was absent from the culture medium,
suggesting that hepatocytes have a mechanism similar
to cMSC in the presence of TAA. The underlying mecha-
nisms are now under investigation.

Our above in vitro results motivated us to test cell
therapy using ¢MSC in TAA-induced liver injury in
NOD/SCID mice. In chronic TAA-induced injury, the
animals that received cMSC infusions by tail vein
showed better results for the biochemical parameters.
The serum injury markers (ALT, AST and LDH) were
reduced with successive cell infusions, suggesting pro-
tection of hepatocytes from necrosis and apoptosis
(Fig. 4). Because ALT and AST are enzymes that reveal
hepatocyte damage, these results strongly support our in
vitro findings showing that cMSC have hepatoprotective
effects against TAA-induced injury. We cannot rule out
the possibility that infused cMSC may act systemically to
aid the liver in its recovery. Consistent with our results
and considering the possibility that Nif2 may be
involved in this process, Xu et al.®® demonstrated a
delayed ALT decrease in sera from Nrf2-knockout mice
after treatment with hepatotoxin. Because Nrf2 is crucial
for induction of expression of a wide range of antioxi-
dant genes, antioxidant activity may be essential for
promoting liver regeneration.

As already discussed, oxidative stress plays an impor-
tant role in liver injury, and some authors have recently
demonstrated that cell-based therapy can be an effective
treatment. Recently, Cho et al. have shown that MSC
have an antioxidant potential to ameliorate acute liver
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injury induced by carbon tetrachloride.*® In a murine
model of carbon tetrachloride-induced acute liver
injury, they found increased Nrf2 activity and lower
ROS, ALT and AST levels in animals treated with synge-
neic MSC.

Okuyama et al. reported that transgenic mice with
high expression of thioredoxin, a small redox-active
protein with antioxidant effects, showed not only ame-
liorated liver injury but also decreased liver fibrosis.®”®
Consistent with this result, we showed that the possible
antioxidant activity of ¢cMSC reduced necrotic and
inflammatory areas (Fig. 4d,e) and fibrosis levels by
measuring of different parameters (Fig. 5). We also
found higher concentration of matrix metalloproteinase
9 in liver tissues harvested from cell-treated group what
can in part explain the results found in fibrosis analyses
(Fig. S2).

In this present study, we confirmed that animals in
the cell-treated group had better redox homeostasis by
showing higher total serum antioxidant activity and
lower lipid peroxidation in liver tissues (Fig. 6). The
cMSC infusions seemed to sustain normal overall total
antioxidant activity in these animals, which may explain
the decreased lipid peroxidation (Fig. 6b), serum injury
markers (Fig. 4a—c) and histological findings in vivo
(Figs 4,5). At this juncture, we can clearly see that cMSC
can act efficiently in combating oxidative stress in liver.

As far as we know, this study is the first to use a
complete approach (in vitro +in vivo) to evaluate the
role of antioxidant activity in ameliorating liver injury
using cells from a medium-sized animal. These results
reveal potent antioxidant activity and hepatoprotective
effects of cMSC in vitro and in vivo and support more
studies examining the antioxidant activity of stem cells
to combat liver diseases.

In conclusion, we showed that cMSC can protect
hepatocytes by reducing ROS damage induced by TAA
both in vivo and in vitro. These results suggest a potential
for MSC treatment in several hepatic diseases.
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SUPPORTING INFORMATION

DDITIONAL SUPPORTING INFORMATION may
be found in the online version of this article at the
publisher’s website:

Figure S1 Relative quantification of NF-E2-related
factor 2 (Nrf2) mRNA in hepatocytes in co-culture
showed higher values when compared to samples from
monoculture under thioacetamide (TAA) condition
(*P < 0.05).

Figure S2 Enzyme-linked immunoassay revealed that
liver tissues harvested from cell-treated group presented
higher concentration of matrix metalloproteinase 9
(*P <0.05).
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In 2003, we started autologous bone marrow cell infusion (ABMi) therapy for treating liver cirrhosis. ABMi
therapy uses 400 mL of autologous bone marrow obtained under general anesthesia and infused mononuclear cells
from the peripheral vein. The clinical study expanded and we treated liver cirrhosis induced by HCV and HBV
infection and alcohol consumption. We found that the ABM: therapy was effective for cirrhosis patients and now
we are treating patients with combined HIV and HCV infection and with metabolic syndrome-induced liver
cirrhosis. Currently, to substantiate our findings that liver cirrhosis can be successfully treated by the ABMi
therapy, we are conducting randomized multicenter clinical studies designated ‘“Advanced medical technology
B” for HCV-related liver cirrhosis in Japan. On the basis of our clinical study, we developed a proof-of-concept
showing that infusion of bone marrow cells (BMCs) improved liver fibrosis and sequentially activated prolifer-
ation of hepatic progenitor cells and hepatocytes, further promoting restoration of liver functions. To treat patients
with severe forms of liver cirrhosis, we continued translational research to develop less invasive therapies by using
mesenchymal stem cells derived from bone marrow. We obtained a small quantity of BMCs under local anes-
thesia and expanded them into mesenchymal stem cells that will then be used for treating cirrhosis. In this review,
we present our strategy to apply the results of our laboratory research to clinical studies.

Introduction generation therapy based on cultured mesenchymal cells. In
this review, we report on the status of research studies in the

HE USE OF SOMATIC STEM CELLS in regenerative medi- ; - e
I & field and discuss future challenges in this area.

cine may help in the development of new treatments for
currently intractable diseases. Since November 2003, we
have conducted clinical studies in patients with decom-
pensated liver cirrhosis and have supported the development The liver is composed of a variety of cells such as he-
of a liver regeneration therapy using bone marrow cells patocytes, cholangiocytes, stellate cells, Kupffer cells, and
(BMCs) for autologous BMC infusion (ABM:) therapy, a endothelial cells. Although the liver is an organ with a high
new treatment for liver failure. In addition, aiming to ex- regenerative capacity, sustained and chronic inflammation
pand the application of the treatment, we are currently results in the onset of liver fibrosis and the development of
conducting research and development studies of a liver re-  cirrhosis when the hepatocytes surrounded by fibrous tissue

What is liver cirrhosis?
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can hardly proliferate, which markedly reduces regeneration
and promotes liver dysfunction and cirrhosis. In addition,
the risk of liver carcinogenesis increases with the advance of
liver cirrhosis. Globally, more than half of the cirrhosis
cases are attributable to hepatitis B and C virus (HBV and
HBC, respectively) infections; HCV infection is the most
common cause in Japan, where approximately 300,000 cir-
rhosis cases are currently diagnosed. There is, therefore, an
urgent need to develop new therapeutic strategies aimed at
replacing living donor liver transplantation, which is mostly
used for cirrhosis treatment in Japan, contrary to the Wes-
tern countries where livers from brain-dead donors are used.

Developing improved methods for the administration
of BMCs to treat liver fibrosis

A previous study confirmed the presence of Y-chromo-
somes in the liver tissues of a female leukemia patient who
had undergone transplantation of hematopoietic BMCs from
a male donor." This groundbreaking finding revealed the
existence of cross talk between BMCs and liver tissue, in-
dicating that BMCs were able to fuse with or transdiffer-
entiate into albumin-producing hepatocytes. These results
suggested that BMCs might represent a new cell source to
repair liver cirrhosis. To investigate the feasibility of the
ABMi therapy for cirrhosis patients, we developed a mouse
green fluorescent protein (GFP)/carbon tetrachloride (CCly)
model where mild cirrhosis induced by administration of
CCl, was treated by infusion of BMCs fluorescently labeled
with the GFP. Our results confirmed that in cirrhotic livers
with persistent liver damage, BMCs administered through
peripheral blood differentiated into Liv2-positive hepato-
blasts and albumin-producing hepatocytes; in addition, the
activation of the surrounding A6-positive hepatoblasts was
induced.>* Furthermore, we found that liver fibrosis could
be improved by the activity of donor-derived BMCs that
migrated into the fibrous area of the cirrhotic liver where
they expressed matrix metalloproteinase (MMP)-9, an en-
zyme capable of degrading the fibrotic tissue. As a result,
mice with BMC transplants showed liver regeneration and
significant improvement in liver function and survival rate.*
Currently, the beneficial effects of MMPs on hepatic fibrosis
and liver function are important in liver repair and regen-
eration, and there have been several reports indicating that
adenoviral delivery of MMPs into the liver ameliorated
experimental liver cirrhosis.”” In addition, the analysis of
our GFP/CCl, model together with the data obtained from
human patients showed that the administered BMCs re-

. 2.4 . .
presented a heterogeneous cell population.”” Identification
of the cell types that are involved in liver regeneration and
repair will be an important step in the development of next-
generation treatments for cirrhosis. By now, it is established
that administration of these cells clearly improves fibrosis in
the cirrhotic liver and may stimulate proliferation of liver
progenitor cells and hepatocytes, ultimately leading to the
induction of liver regeneration (Fig. 1).

The status of the ABMi therapy

Based on the results of our basic research, we initiated
clinical studies involving liver cirrhosis patients ranging
from 18 to 70 years (all the participants provided informed
consent).
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The participants were patients with total bilirubin levels
of 3 mg/dL or lower, platelet counts of 50,000/puL. or higher,
and not showing hepatocellular carcinoma as detected using
MRI and CT scans. Bone marrow fluid (400 mL) was col-
lected under general anesthesia; the cells were washed, and
the mononuclear cell components were harvested. The
end product was administered through a peripheral vein, and
follow-up observations were subsequently conducted.® This
clinical study, initiated at Yamaguchi University in 2003,
was, to our knowledge, the first in the world to show that
cirrhosis and liver function in patients could be improved
without severe adverse effects.® Where possible, the biopsy
specimens were analyzed, revealing proliferative PCNA-
positive hepatocytes in the liver. The results confirmed that
the BMC administration induced proliferation of endoge-
nous hepatocytes. Meanwhile, in a joint research project
involving Yamaguchi and Yonsei Universities, the ABMi
therapy was conducted in 10 patients with Child-Pugh B
cirrhosis, and significant improvements in the liver function
and in the Child—Pugh score were observed. The therapeutic
effect was maintained for 12 months. Liver biopsies per-
formed over time confirmed activation of the liver progen-
itor cell fraction. An additional 20 patients have received the
ABMi therapy in Yonsei University.” In another collabora-
tive effort between Yamagata and Yamaguchi Universities,
the ABMi therapy was conducted in six patients with al-
coholic cirrhosis and a significant improvement in the
Child-Pugh score was observed, revealing the benefits of
the ABMi therapy in treatment of alcoholic cirrhosis. This
clinical study also demonstrated the activation of the bone
marrow after the ABMi therapy confirmed by scintigra-
phy.'® Furthermore, a multicenter clinical study on the
ABMi therapy was conducted in five HIV/HCV coinfected
cirrhotic patients, and in three patients with cirrhosis due to
nonalcoholic steatohepatitis (Fig. 2). A comparison of lab-
oratory and clinical research data showed that the BMC
administration caused rapid changes in the blood levels of
granulocyte colony stimulating factor and interleukin-1p.""
This phenomenon may be attributable to BMCs, which are
normally absent in the body, so their rapid administration
can induce changes in the host cytokine dynamics. We have
previously shown successful treatment based on the ad-
ministration of autologous BMCs providing a proof-of-
concept for the ABMi treatment of liver cirrhosis. This
treatment aimed at activation of the hepatic progenitor cells
and induction of hepatocellular growth through peripheral
administration of BMCs, which should result in improve-
ment of fibrosis in cirrhotic livers (Fig. 2).

Our analysis has shown that patients treated with a com-
bination of splenectomy and administration of autologous
BMCs showed an improved liver function because splenec-
tomy enhanced the repopulation of peripherally administered
BMCs into the cirrhotic liver.'” Recently, a study on the dy-
namics of radiolabeled mesenchymal cells in humans showed
that immediately after administration, the cells settled pri-
marily in the lungs, then in the spleen, and finally in the liver.
This is consistent with our findings that splenectomy pro-
moted establishment of a large number of BMCs in the liver.'?

A clinical study was conducted in China when 527 patients
with liver failure due to HBV received the same medical
treatment, and among them, a group of 53 patients received
BMCs through the hepatic artery, with 105 designated as the
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FIG. 1. Mechanism of sequential activation of liver pro-
genitor cells and hepatocytes and improvement of liver fi-
brosis by BMCs (macrophages and mesenchymal cells).

control group. The analyses showed that the BMC treatment
had no side effects. Furthermore, when the patients were di-
vided into early-stage (2-3 weeks) and late-stage (192 weeks)
observation groups, improvement of liver function was seen
in the early-stage group. In addition, long-term observations
suggest that the BMC administration did not increase the
incidence of hepatocellular carcinoma.'® These results are
consistent with our findings that frequent administration of
BMCs reduces liver carcinogenesis rather than increasing it.'>

Currently, to substantiate our findings that liver cirrhosis can
be successfully treated with transplantation of autologous
BMCs, we are conducting randomized multicenter clinical
studies designated ‘‘Advanced medical technology B” in Japan.

Extending the applications of the ABMi treatment:
development of therapeutic methods using
the next-generation cultured cells

The current method of the ABMi-based therapy consists
of administering 400 mL of the bone marrow aspirate under
general anesthesia. However, general anesthesia is often
inadvisable for individuals with liver failure, which makes
the ABMi therapy unsuitable for most patients. The problem
can be solved when small volumes of bone marrow aspirates
are collected under local anesthesia, and fractions of the
cells most effective in liver repair and regeneration are ex-
panded and administered to the patients.'® Figure 3 is a
schematic representation of the therapeutic method we are
currently developing, which is based on using the cultured
BMCs for regenerative treatment of liver cirrhosis. In this
method, ~30mL of bone marrow aspirate is collected un-
der local anesthesia in an outpatient setting and is cultured
for about 20 days; the safety is checked before administra-
tion to the patient. The development of this therapeutic
method and the initiation of the relevant clinical studies are
urgently needed, because they will provide treatment options
for the patients who thus far have been limited in their
choices. A clinical study conducted by Mohamadnejad et al.
showed that autologous BMCs harvested from four patients
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FIG. 2.

Timeline of the autologous bone marrow cell infusion (ABM;i) therapy and clinical findings.
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FIG. 3. Schematic representation of the therapeutic
method of cultured MSC for liver cirrhosis patients.

with decompensated liver cirrhosis could be cultured and
advanced into the mesenchymal stem cell stage, and then be
administered through the peripheral vein. The results showed
no adverse effects, and at 24 weeks, the model for end-stage
liver disease score and liver volume showed improvements
in two and three patients, respectively. An improvement in
health-related Quality of Life parameters measured by the
short form 36 [Medical Outcomes Study 36-Item Short-Form
Health Survey (SF-36)] was also confirmed in this study.17

Status of the development of a liver-repair-
and-regeneration therapy by using the
next-generation BMCs

For the development of a minimally invasive treatment,
we are conducting research and development investigations
while taking into account the guidelines for clinical research
on human stem cells.

Flow of the study

1. Establishment of proof-of-concept by using small an-
imal models

2. Evaluation of safety and efficacy by using large- and
middle-sized animal models

3. Preparation of clinical research

4. Evaluation of the safety of cultured cells by using cell
processing centers (isolators)

5. Clinical research (application for human stem cells).

Establishment of proof-of-concept using small animal
models. Our previous treatment regimen based on the ad-
ministration of autologous BMCs should activate hepatic pro-
genitor cells, induce the proliferation of hepatocytes, and
improve the fibrosis associated with liver cirrhosis. In this case,
BMCs were introduced through the peripheral blood vessels. We
also assessed whether BMCs improved the symptoms of liver
fibrosis. To achieve this, we purchased commercially available
human bone marrow-derived mononuclear cells (Lonza, Inc.,
Basel, Switzerland) and evaluated their capability to improve
fibrosis in the CCl-induced cirrhosis model in SCID mice.'®
Stable cultures of mesenchymal cells were indeed obtained, and
our assessments validated that they could improve fibrosis.
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Evaluation of safety and efficacy by using large- and
middle-sized animal models. In our treatment strategy, we
cultured mesenchymal cells from autologous bone marrow
aspirated from beagle dogs. These cells were then admin-
istered to the same dogs through peripheral blood vessels in
approximately three times the quantities delivered by other
methods, and at 10 times the concentration used in humans.
Subsequently, blood tests were conducted and the devel-
opment of pulmonary embolism was monitored by com-
puted tomography (CT) tests. No incidents of pulmonary
embolism due to the administration of mesenchymal cells
were observed, and the method can be used safely.

Cold run at a cell-processing center for preparation of
clinical study. Once the quality had been assessed, the cell
culture was established in a cell-processing center (CPC)
and monitored in compliance with the standard operating
procedures. In addition, if the cell culture involved fetal
bovine serum (FBS), tests for the detection of residual FBS
in the cell preparations were conducted before the evalua-
tions. This stage of the study is focused on assessing whe-
ther the cell culture method established outside the CPC can
be adopted and used by the CPC. Currently, we are con-
ducting simulations of the practicality of this method for
application in humans.

Quality assessment and standard criteria. The quality of
the cultured mesenchymal stem cells was examined using
flow cytometry with cell-specific surface markers. Cultures
were tested for sterility, mycoplasma contamination, and
presence of endotoxins and viruses. In addition, if the cell
culture involved FBS, the cell preparations were analyzed
for residual FBS before further evaluations.

Preparation and realization of a clinical research
proposal. We plan to make our clinical research proposal
comparable to those already implemented for treating cir-
rhosis patients who have already been treated with the
ABMi therapy. In addition, we plan to conduct experiments
with cultured mesenchymal cells in accordance with the
image shown in Figure 3, starting with laboratory studies.
We believe that sufficient amounts of cultured mesenchymal
cells can be obtained from small volume aspirates taken
under local anesthesia, and that those cell numbers will be
higher than those in the currently obtained 30-mL bone
marrow aspirates. In addition, the cells can be preserved
after culturing and thus can be administered frequently (Fig.
3). This procedure may induce gradual repair and regener-
ation of the liver and progression from the decompensated
cirrhosis to the cirrhosis state and later to the hepatitis state.

Future Prospects

The ABMi therapy developed for treating liver cirrhosis
has been officially approved as an ‘“‘Advanced medical
technology B” in Japan. In future, we plan to further in-
vestigate the ABMi therapy by conducting randomized and
multicenter clinical studies and gather more evidence. We
are also preparing clinical studies on regenerative therapy by
using small amounts of the next-generation BMCs (har-
vested through minimally invasive bone marrow aspiration)
based on our previous laboratory and clinical research. A
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therapeutic approach based on using somatic stem cells such
as cultured BMCs for the treatment of liver cirrhosis is ur-
gently needed. The development of such a strategy will
firmly establish an effective regenerative therapy for the
treatment of liver cirrhosis, potentially saving the lives of
many patients.

Acknowledgments

This study was supported by Grants-in-Aid for scientific
research from the Japan Society for the Promotion of Sci-
ence (JSPS); the Ministry of Health, Labour and Welfare,
Health and Labour sciences research grants; and the Japan
Science and Technology Agency (JST), the project of re-
alization of regenerative medicine and highway.

Disclosure Statement

No competing financial interests exist.

References

1. Theise, N.D., Badve, S., Saxena, R., Henegariu, O., Sell, S.,
Crawford, J.M., and Krause, D.S. Derivation of hepatocytes
from BMCs in mice after radiation-induced myeloablation.
Hepatology 31, 235, 2000.

2. Terai, S., Sakaida, I., Yamamoto, N., Omori, K., Watanabe,
T., Ohata, S., Katada, T., ef al. An in vivo model for
monitoring trans-differentiation of BMCs into functional
hepatocytes. J Biochem (Tokyo) 13, 551, 2003.

3. Terai, S., Sakaida, I., Nishina, H., and Okita, K. Lesson
from the GFP/CCl4 model—translational research project:
the development of cell therapy using autologous BMCs in
patients with liver cirrhosis. J Hepatobiliary Pancreat Surg
12, 203, 2005.

4. Sakaida, I., Terai, S., Yamamoto, N., Aoyama, K., Ishika-
wa, T., Nishina, H., and Okita, K. Transplantation of BMCs
reduces CCl4-induced liver fibrosis in mice. Hepatology
40, 1304, 2004.

5. Iimuro, Y., Nishio, T., Morimoto, T., Nitta, T., Stefanovic,
B., Choi, S.K., Brenner, D.A., er al. Delivery of matrix
metalloproteinase-1 attenuates established liver fibrosis in
the rat. Gastroenterology 124, 445, 2003.

6. Higashiyama, R., Inagaki, Y., Hong, Y.Y., Kushida, M.,
Nakao, S., Niioka, M., Watanabe, T., et al. Bone marrow-
derived cells express matrix metalloproteinases and con-
tribute to regression of liver fibrosis in mice. Hepatology
45, 213, 2007.

7. Siller-Lopez, F., Sandoval. A., Salgado, S., Salazar, A.,
Bueno, M., Garcia, J., Vera, J., e al. Treatment with human
metalloproteinase-8 gene delivery ameliorates experimen-
tal rat liver cirrhosis. Gastroenterology 126, 1122, 2004;

8. Terai, S., Ishikawa, T., Omori, K., Aoyama, K., Marumoto,
Y., Urata, Y., Yokoyama, Y., ef al. Improved liver function
in patients with liver cirrhosis after autologous bone mar-
row cell infusion therapy. Stem Cells 24, 2292, 2006.

9. Kim, J.K., Park, Y.N., Kim, J.S., Park, M.S,, Paik, Y.H.,
Seok, J.Y., Chung, Y.E., et al. Autologous bone marrow
infusion activates the progenitor cell compartment in pa-

10.

11.

12.

13.

14.

15.

16.

17.

18.

5

tients with advanced liver cirrhosis. Cell Transplant 19,
1237, 2010.

Saito, T., Okumoto, K., Haga, H., Nishise, Y., Ishii, R., Sato,
C., Watanabe, H., er al. Potential therapeutic application of
intravenous autologous bone marrow infusion in patients with
aleoholic liver cirrhosis. Stem Cells Dev 20, 1503, 2011.
Mizunaga, Y., Terai, S., Yamamoto, N., Uchida, K., Ya-
masaki, T., Nishina, H., Fujita, Y., Shinoda, K., Hamamoto,
Y., and Sakaida, I. Granulocyte colony-stimulating factor
and interleukin-1f are important cytokine in repair of the
cirrhotic liver after bone marrow cell infusion—comparison
of humans and model mice. Cell Transplant 21, 2363, 2012.
Iwamoto, T., Tera, S., Mizunaga, Y., Yamamoto, N.,
Omori, K., Uchida, K., Yamasaki, T., er al. Splenectomy
enhances the anti-fibrotic effect of bone marrow cell infu-
sion and improves liver function in cirrhotic mice and pa-
tients. J Gastroenterol 47, 300, 2012.

Gholamrezanezhad, A., Mirpour, S., Bagheri, M., Moha-
madnejad, M., Alimoghaddam, K., Abdolahzadeh, L., Sa-
ghari, M., et al. In vivo tracking of 111In-oxine labeled
mesenchymal stem cells following infusion in patients with
advanced cirrhosis. Nucl Med Biol 38, 961, 2011.

Peng, L., Xie, D.Y., Lin, B.L., Liu, J., Zhu, H.P., Xie, C.,
Zheng, Y.B., et al. Autologous bone marrow mesenchymal
stem cell transplantation in liver failure patients caused by
hepatitis B: short-term and long-term outcomes. Hepatol-
ogy 54, 8§20, 2011.

Maeda, M., Takami, T., Terai, S., and Sakaida, I. Auto-
logous bone marrow cell infusions suppress tumor initiation
in hepatocarcinogenic mice with liver cirrhosis. J Gastro-
enterol Hepatol 27 Suppl 2, 104, 2012.

Terai, S., Tanimoto, H., Maed, M., Zaitsu, J., Hisanaga, T,
Iwamoto, T., Fujisawa, K., et al. Timeline for development
of autologous bone marrow infusion (ABMi) therapy and
perspective for future stem cell therapy. J Gastroenterol 47,
491, 2012.

Mohamadnejad, M., Namiri, M., Bagheri, M., Hashemi,
S.M., Ghanaati, H., Zare Mehrjardi, N., Kazemi Ashtiani, S.,
et al. Phase 1 human trial of autologous bone marrow-

“hematopoietic stem cell transplantation in patients with de-

compensated cirrhosis. World J Gastroenterol 13, 3359, 2007.
Tanimoto, H., Terai, S., Takami, T., Murata, Y., Fujisawa,
K., Yamamoto, N., and Sakaida, [. Improvement of liver
fibrosis by infusion of cultured cells derived from human
bone marrow. Cell Tissue Res 354, 717, 2013.

Address correspondence to:

Shuji Terai, MD, PhD

Department of Gastroenterology and Hepatology
Yamaguchi University Graduate School of Medicine
Minami-kogushi 1-1-1, Ube

Yamaguchi 755-8505

Japan

E-mail: terais@yamaguchi-u.ac.jp

Received: August 28, 2013
Accepted: January 8, 2014
Online Publication Date: March 5, 2014



O

14. FHEOBEERZA

IO ASASRELAHANNCEFBANEEN &R

BodEEde FHET
A #dg RIFHD

key words liver cirrhosis, liver regeneration, stem cell, bone marrow cell, mesenchymal stem cell

B m

BRI E/CHFFE Y4 LAKER L LFEE
THoTHRMEMTh AL, BB7 Fo Sl
AV F=T720 5D T4 NADBERPIFJHE
BEBEE LY, Rt L vwo hBEY
FREANOEBEH CIEMNTES LI Lho
FRCEFRI7A NVASBREEHRE L, v 57—
7 x 0 VIREP BEIFFR Y A M AICHT 2 E T
Fo FHANRCT 3 EREA R O b
WA, CHEFHY 4 L AEORRED A
TEBRIAASISTE:, LLTTIERTL
RFEERCRA, Y y—7 2 ur DGR, BF
27 4 N ABERR O M LYaEc b R
5, il LLBERGTHHERBEFEEZ
BUd LT 2EFETFRBORBEERFEHE (&
EIFRED 5 XRFEEE) Th 3. 2010%F
TEU B R ERFINSRREEOMETIC KD TE
ADER L TuRwRYEE (BR) oRETR
BRMERTES) kHiholeht, BENFIF—
TR, FArEs, feiEiftEREREZEOH
MR EIATE 6T, FEECHT 3 HSR
BEFEOMENRRD N TwABRREED h i
2,

1999412 Petersen & 82 A BB » FIF
B B oA AR kMR AY, 20004 13

Theise 5 BB FF —» o FHBHEE2Z Ik
HEEOEBRFIC B W TIBEREO IS X U
AR Y R aE BN FEEL Ty
LERGE LA o5, TP CRS S
AT 3 BHESEET 3 - EWRBEhk?,
ZhbEE FEoOBERECACIHERE LT
B () MWBEANEHE S h, HEATERS - R
gD 5N T3, bhbny, FHME
Bid & FFfiE~ oo 4t - MFFli< 7 A€ 57
TGreen fluorescent protein (GFP) /carbon
tetrachloride (CCly) € 51 ; GFP/CClyE ¥y
K X 2 EBRPRIK X D B CEHalsShra
bs U2 REBI T3 L2 EL, 20
BREZEBIC20034 11 Hb SBEWE THEE
FEC AT 5 BOFEHiaS s (ABMI#RE)
ZHA L, 200558 & 3% MRS R 2 #
ELCER, ChECREANDHEREZEDT
ABMIFHED PR ABCGE - BE DR 2 RERE L T
HELTEYD, 20134F6H K TCHFRYA L
ACEAT 3 HFEEEECNT 2 ABMIREOH
B L EEBCETAMA (7 VAR
B) ) PHEGOREERB L LT E Nk,
—7, #OMOIFMEERFEE LT, 415V
A T2 G-CSFCREM L 73R 1 CD34 B 144 i
Z v o fliEiRE, F4 Y CRCDIS3HME MK




