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Figure 4 Generation of TS-L cells by expression plasmid and Hnf4a: selection. (a) The time schedules for the induction of iTS-L cells with the plasmid. Open arrowheads
indicate the timing of cell seeding, passaging and colony pickup. Solid arrowheads indicate the timing of transfection. (b) Selection of iTS-L cells by a quantitative RT-PCR
analysis of the Hnf4a gene in each colony. Each colony was analyzed by quantitative RT-PCR of the Hnf4«: gene. The GTE cells derived from ES cells were used as positive
control, and iTS-L cells were defined as when the expression level of Hnf4« gene was similar to that in GTE cells. The data are expressed as the Hnf4o gene-to-S-actin ratio,
with that of the GTE cells arbitrarily set at 1 (n = 4). Eror bars represent S.E. *P< 0.05 compared with iPS cells or ES cells. (c) The morphology of the liver cells, iTS-L, iF and
iPS cells. Scale bars = 200 um. (d) The colony number of iTS-L cefls. The OSKM plasmid was transfected into liver cells from five different mice aged 24 weeks, and the
number of colonies was counted after 30-45 days. “Ist, 2nd,...” refers to the mousé number. () The quantitative RT-PCR analysis of the Oct3/4, Sox2 and Nang gene
expression in iTS-L 4F cells. ES cells and liver cells { > 95% hepatocyte) were used as controls. The data are expressed as the genes-to-$-actin ratio, with that of the ES cells
arbitrarily set at 1 (n=4). E, ES cells; 1,iTS-L 4F-1 cells; 2, ITS-L 4F-2 cells; 3, iTS-L 4F-3 cells; i, iPS cells; L, liver cells. Error bars represent S.E. (f) Growth curves of iTS-L
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cells (passage 7 and 80). Error bars represent S.E. (g) Immunosiaining of albumin-producing cells derived from iTS-L 4F-1 cells. Scale bars = 50 um
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Figure 5 Differentiation of iTS-L cells into hepatocytes and restriction of iTS cell developmental potential. (a) The quantitative RT-PCR analysis of the a1-AT and G6PC
genes in differentiated iTS-L cells. Differentiated cells derived from iTS-L 4F-1 cells (passage 45) were analyzed by quantitative RT-PCR. *P< 0.05 compared with iTS-L cells
or ES cells. (b) The quantitative RT-PCR analysis of the albumin gene in differentiated or undifferentiated iTS-P/ATS-L cells. *P<0.05 compared with other cells. (¢) The
quantitative RT-PCR analysis of the insulin-1 gene in differentiated or undifferentiated iTS-P/ATS-L cells. *P<0.05 compared with other cells. (d) The quantitative RT-PCR
analysis of mesodermal genes (Pecam? and Mix!1) in differentiated or undifferentiated iTS-P/iTS-L cells. (e) The quantitative RT-PCR analysis of neuroectodermal genes
{Zic1 and Sox1) in differentiated or undifferentiated iTS-PATS-L cells. iTS-P 4F-1 and iTS-L 4F-1 cells and the differentiated cells derived from iTS-P 4F-1 and iTS-L 4F-1 cells
(passage 45) were analyzed by quantitative RT-PCR. ES cells and the differentiated cells derived from ES cells were used as controls. The data are expressed as the genes-
to-B-actin ratio, with that of the differentiated cells from ES cells arbitrarily set at 1 (n=4). Emor bars represent S.E.

pancreas/liver celis and that acquire self-renewal potential.
Cheng et al. recently reported self-renewing endodermal
progenitor (EP) cell lines derived from human ES/iPS cells.
Their EP cells differentiated into numerous endodermal
lineages, including pancreatic B cells, hepatocytes and
intestinal epithelia, but not ectodermal/mesodermal lineages.
Moreover, the EP cells were non-tumorigenic in vivo.2® These

findings also support the generation of iTS-P/iTS-L cells,
which are non-tumorigenic in vivo.

Some groups have shown that overexpression of Pdx1,
Ngn3, NeuroD and/or MafA by adenovituses in vivo directly
converted liver cells®*3* or pancreatic tissue®® into IPC,
suggesting that direct reprogramming without reversion to a
pluripotent stem cell state is possible. These reports of direct
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reprogramming without reversion to a pluripotent stem cell
state seem to have fewer related ethical issues than iPS cells.
However, these strate'gies require a large number of mature
cells, and the induction therapy has to be done on all of these
cells directly, because they are not stem cells and do not have
self-renewal capacity. Two major advantages of iPS/iTS cells
are that they can be generated from a small number of cells,
and they will expand to a sufficient number of cells because
they have self-renewal capacity. '

In this study, we used crude material instead of defined
pancreatic populations. Our recent study showed that iTS-P
cells can be generated from both islet and non-islet cell
populations. Moreover, we recently established iTS-P cells
using the pancreatic tissue of NOD mice, suggesting that
iTS-P cells can be generated from pancreatic cells derived
from patients with type 1 diabetes.

In conclusion, we generated iTS cells from mouse
pancreas/liver cells by transient overexpression of repro-
gramming factors and tissue-specific selection. The genera-
tion of iTS-P/ATS-L cells and their differentiation into IPC/
hepatocytes have important implications due to their potential
use for autologous cell replacement therapy, and because
they appear to be more easily and efficiently differentiated
than ES celis. The technology to generate iTS cells by
reprogramming factors and tissue-specific selection may also
be useful for the generation of other tissue-specific stem cells.

Materials and Methods

Mice and cell culture. All mouse studies were approved by the review
committee of Okayama University Graduate School of Medicine, Dentistry and
Pharmaceutical Sciences and Chiba-East National Hospital, National Hospital
Organization. The 24-week-old C57/BL6 mice (CREA) were used for primary
pancreatic/liver tissue preparations. Each mouse pancreasfiver was digested with
2ml cold M199 medium containing 2mg/mi collagenase (Roche Diagnostics
Corporation, Indianapolis, IN, USA). The digested tissues were cultured
in Dulbecco’s modified Eagle’s medium {DMEM; Life Technologies, Carlsbad,
CA, USA) with 10-20% fetal bovine serum (FBS; BIO-WEST, Inc., Logan, UT,
USA). The 8-week-old nude or NOD/scid mice (CREA) were used for teratoma
formation studies.

Mouse ES cells (ATCC, Manassas, VA, USA), iPS cells and iTS cells were
maintained in complete ES cell media w/15% FBS (Millipore, Billerica, MA, USA) on
feeder layers of mitomycin C-treated STO or SNB cells, as described previously. "%
ES cells were passaged every 3 days, and iTS cells were passaged every 5 days.

Plasmid construction and transfection. To generate the OSKM
plasmid, the cDNAs encoding Oct3/4, Sox2, Kif4 and ¢-Myc were connected in
this order with the 2A peptide and inserted into a plasmid containing the CMV
promoter. The OKS (Addgene, Cambridge, MA, USA: Plasmid 19771 (pCX-OKS-
2A)) or O5KM plasmid was transfected into pancreasfliver cells from 24-week-old
mice on days 1, 3, 5 and 7, as previously described.® Colonies were manually
picked at 30-45 days after first transfection. To attempt efficient selection of ITS-P
cells, we used a plasmid containing a NeoR gene that was driven by the Pdxi
promoter {pPdx1). To generate the pPdx1-NeoR plasmid, the Cre gene in the
Pdx1-Cre plasmid (Addgene: Plasmid 15021 (DM#258); hitps://www.addgene.org/
15021/) was replaced with the NeoR gene, derived from piIRES-neo (Clontech,
Mountain View, CA, USA). The detail protocol is shown in Supplementary
Information.

DNA purification and PCR. DNA was extracted from cells using the AllPrep
DNARNA Mini Kit (Qiagen, Tokyo, Japan). Polymerization reactions were
performed in a Perkin-Elmer. 9700 Thermocycler with 34! ¢cDNA (20ng DNA
equivalents), 160 umol!t cold dNTPs, 10pmol appropriate oligonucleotide primers,
1.5 mmol/l MgCl, and 5 U AmpliTaq Gold DNA polymerase (Perkin-Elmer, Norwalk,
CT, USA) in 1x PCR buffer. The oligonucleotide primers are shown in
Supplementary Table 1. The thermal cycle profile used a 10-min denaturing step at
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94 °C, followed by amplification cycles (1 min denaturation at 94 °C, 1 min annealing
al 57-62°C and 1 min extension at 72 °C) with a final extension step of 10min at
72°C.

RT-PCR/quantitative PCR, Total RNA was extracted from cells using the
AllPrep DNA/RNA Mini Kit or RNeasy Mini Kit (Qiagen). After quantifying the RNA
by spectrophotometry, 2.5 ug of RNA was heated at 85°C for 3min and then
reverse transcribed into ¢cDNA in a 25-u solution containing 200 U of Superscript Il
RNase H-RT (Life Technologies), 50ng random hexamers (Life Technologies),
160 pmol/l dNTP and 10 nmol/l dithiothreitol. The reaction consisted of 10min at
25°C, 60min at 42°C and 10min at 95°C. Polymerization reactions were
performed as shown in the DNA purification and PCR section. The oligonucleotide
primers are shown in Supplementary Table 1.

Quantification of the mRNA levels was carried out using the TagMan real-time
PCR system, according to the manufacturer’s instructions (Applied Biosystems,
Foster City, CA, USA). PCR was performed for 40 cycles, including 2 min at 50 °C
and 10 min at 95 °C as initial steps. In each cycle, denaturation was performed for
155 at 95 °C and annealing/extension was performed for 1 min at 60 °C. PCR was
carried out in 20 ul of solution using cDNAs synthesized from 1.11 ng of total RNA,
For sach sample, the expression of mRNA was normalized by dividing the f-actin
expression level. Primers for mouse insulin-1, insulin-2, «1-AT, G6PC, albumin,
Pecam1, Mix!1, Zic1, Sox1, Oct3/4, Sox2, Nanog, Sox17, Hnfdx, Pdx1 and f-actin
are - commercially available (Assays-on-Demand Gene Expression Products;
Applied Biosystems). '

Cell induction and differentiation. Directed differentiation into IPC was
conducted as described previously,2"? with minor modifications. ES cells, iPS cells
{passage 45), iTS-P cells (passage 45 and 80) were used in this experiment. In
stage 1, cells were treated with 25 ng/mi of Wnt3a and 100 ng/ml of activin A (R&D
Systems, Minneapolis, MN, USA) in RPMI (Life Technologies) for 1 day, followed
by treatment with 100 ng/ml of activin A in RPM! + 0.2% FBS for 2 days. In stage
2, the cells were treated with 50 ng/ml of FGF10 (R&D Systems) and 0.25 1M of
KAAD-cyclopamine (Toronto Research Chemicals, Toronto, ON, Canada) in
RPMI+2% FBS for 3 days. In stage 3, the cells were treated with 50 ng/ml
of FGF10, 0.25 uM of KAAD-¢yclopamine and 2 uM of all-trans retinoic acid
(Sigma-Aldrich, St. Louis, MO, USA) in DMEM - 1% (volivol) B27 supplement (Life
Technologies) for 3 days. In stage 4, the cells were treated with 1 M of DAPT
(Sigma-Aldrich) and 50 ng/ml of exendin-4 (Sigma-Aldrich) in DMEM - 1% (volAvol)
B27 supplement for 3 days. In stage 5, the cells were then treated with 50 ng/mi of
exendin-4, 50 ng/mi of IGF-1 (Sigma-Aldrich) and 50 ng/mi of HGF (R&D Systems)
in CMRL ({Life Technologies)+1% ({volvol) B27 supplement for 3-6 days.
Differentiation into hepatocytes, neuroectoderm or mesoderm was conducted as
reported previously.2*#*

Teratoma formation/tumorigenicity assay. A total of 1 x 10°-1 x 10
of iPSATS cells were inoculated into one thigh each of nude or NOD/scid mice. As
a positive control, we transplanted 1 » 10° ES cells or iPS cells into the other thigh
of the nude or NOD/scid mice.

Immunostaining. Cells were fixed with 4% paraformaldehyde in PBS buffer.
After blocking with 20% AquaBlock (EastCoast Bio, North Berwick, ME, USA) for
30 min at room temperature, the cells were incubated overnight at 4 °C with a goat
anti-insulin antibody (1 : 100; Abcam, Tokyo, Japan), rabbit anti-G-peptide antibody
(1:100; Cell Signaling Technology, Danvers, MA, USA), rabbit anti-Pdx1
antiserum® (1:1000) or rabbit anti-albumin (Cedarline, Gymea, NSW, Australia)
and then for 1h at room temperature with FITC-conjugated anti-goat 19G (1 : 250;
Abcam), Alexa Fluor 647-conjugated anti-rabbit IgG (1:250; Cell Signaling
Technology) or FITC-conjugated anti-rabbit 1gG (1:100; Jackson Immuno-
chemicals, West Grove, PA, USA). Mounting medium for fluorescence with DAPI
(Vector Laboratories, Peterborough, UK) was used for mounting. Percentage of
insulin/C-peptide-positive cells was calculated by ratio of immunostaining positive
cells/DAPI-positive cells in 10 visual fields.

Insulin release assay. The insulin release was measured by incubating the
cells in Functionality/Viability Medium CMRL1066 (Mediatech, Inc., Manassas, VA,
USA). The cells were washed three times in PBS and incubated in the solution
(Functionality/Viability Medium CMRL1066) with 2.8 mM D-glucose six times for
20 min (total 2 h) each to wash them. The cells were then incubated in the solution
with 2.8 mM D-glucose for 2h, and then in the solution with 20 mM D-glucose for



2h, The insulin levels in the culture supematants were measured using an Ultra
Sensitive Mouse Insulin ELISA (enzyme-linked immunosorbent assay) kit
{Mercodia, Uppsala, Sweden). The stimulation index was calculated by dividing
the insulin values measured from the 20 mM glucose samples by 2.8 mM glucose
samples.

Statistical analyses. The data are expressed as the means + S.E. Two
groups were compared using Student’s Hest. The differences between each
group were considered to be significant if the P-value was <(0.05.
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Introductlon - the transplantation of a combination of mesenchymal stromal cells
and haploidentical hematopoietic stem cells facilitated platelet
recovery without increasing the recurrence of leukemia [3].
However, the clinical application of stem cell transplantation for
many internal ‘organs has been restricted due to the lack of
sufficient technology to trace such transplanted stem cells to
confirm their correct implantation and to evaluate their growth
and migration in vive [4].

In order to reveal the location and accumulation of transplanted
stem cells in various tissues and organs deep in the body, a non-
invasive and widely clinically available cell imaging technology is

Ce]l n"ansplantatwn, whlch is a simple, rapid and nnm.ma]ly-,
invasive method relative to whole organ transplantation, has been
demonstrated to be effective for treating various diseases such as
diabetes, central nervous system (CNS) disorders and cancers
including hematological diseases [1]. In particular, stem cell
transplantation has been expected to have applications for
regenerative medicine. Tsuji et al. showed that the transplantation
of induced pluripotent stem (iPS) cells -derived neurospheres was
effective for treating spinal cord injury [2]. Liu et al. showed that

.
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needed [5,6]. We herein focus on magnetic resonance (MR)
imaging as a method for tracing the transplanted stem cells,
because it is a non-invasive, irradiation-free and clinically used
method offering good tissue contrast [7]. The MR imaging of stem
cells is currently an emerging strategy for tracing transplanted
stem cells. To increase the contrast of issues in typical imaging
studies, MR contrast agents such as gadolinium (Gd) and
superparamagnetic iron oxide (SPIO) nanoparticles are generally
used [8,9]. These agents cause hydrogen relaxivity changes and
induce contrast modifications [8]. In particular, SPIO nanopar-
ticles are known to generate a strong transverse relaxation time
T2-negative contrast in MR images and to decrease the signal
intensity [10]. In addition, T2-weighted agents including SPIO
nanoparticles are preferentially used for cellular MR imaging since
they are more biocompatible and more highly magnetic than T1-
weighted agents, resulting in higher contrast modification on MR
imaging with a lower concentraton than T1-weighted agents [8].

Various SPIO nanoparticles have been developed as contrast
agents, including ferucarbotran (Resovist), ferumoxide (Feridex,
Endorem) and ferumoxtran-10 (Combidex, Sinerem) [11,12].
Ferucarbotran, an anionic SPIO nanoparticle with a carboxydex-
tran coating has been successfully applied in the clinical setting as a

liver contrast agent [13]. It was recently reported that ferucarbo- -

tran could more efficiency magnetically label stem cells than
ferumoxide and ferumoxtran without including cytotoxicity [4,14].
In this study, we also demonstrate that stem cells can be labeled
with ATDM which is a major component of ferucarbotran.

A more common method of labeling cells utilizes cationic
transfection reagents to induce the formation of complexes with
negatively charged SPIO nanoparticles, because positive charges
have been generally considered to be effective for accelerating the
intracellular incorporation of such particles [15-18]. Several
groups have shown that protamine, which is a low molecular
weight polycationic peptide approved by the U.S. FDA as an
antidote for heparin apticoagulation, enhanced the uptake of
ATDM into stem cells [19]. However, they could not form stable
complexes with SPIO nanoparticles, and therefore, it is difficult to
clarify the influence of these agents on stem cells {20].

In order to avercome these problems, we have developed five
novel contrast agents to use for MR imaging; trimethylamino
dextran-coated magnetic iron oxide nanoparticles with different
positive charges [21,22]. TMADM-03 has proven to be stably
dispersed in the culture médium including fetal bovine serum, and
is efficient for labeling mature cells without exerting cytotoxic
effect. In fact, Min6 cells, which are a P-cell line, could be
efficiently labeled with TMADM-03 without signs of cytotoxicity
[22,23], However, the applicability of TMADM-03 for stem cells
remains to be elucidated.

In our research group, adipose tissue-derived stem cells (ASCs)
have been the major focus as the stem cell source for regenerative
medicine, including stem cell transplantation [24]. ASCs can be
easily obtained in abundance by minimally invasive harvest

procedures, such as lipoaspiration under local anesthesia, and have

the ability to differentiate into not only mesenchymal cells, but also
epithelial and endothelial cells [25,26]. Moreover, ASCs have
already been used for some clinical treatments [27]. ASCs thus are
expected to provide a useful and effective source of the stem cells
for regenerative medicine, including stem cell transplantation.

In this study, we investigated whether TMADM-03 could
efficiently label ASCs without adverse effects, and determined
whether the labeled ASGs could be observed in vitro and in vivo
using MR imaging.
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Materials and Methods

Materials

ATDM, which is a major component of ferucarbotran
(Resovist), and TMADM-03 were provided by Meito Sangyo
Co., Ltd. (Nagoya, Japan). The Cell Counting Kit-8 (CCK-8) was
purchased from Dojindo Laboratories (Kumamoto, Japan). Iron
standard solution (Fe 1000) and LabAssay-triglyceride were
purchased from Wako Pure Chemical Industries, Ltd. (Osaka,
Japan). Microhomogenizers for 1.5 mL microtubes ((3810)226AG)
were purchased from Eppendorf Japan (Tokyo, Japan). Induc-
tively coupled plasma - atomic emission spectrometry (ICP-AES)
was employed to measure -the iron concentrations. The Adipo-
Inducer Reagent and Osteoblast-Inducer Reagent were purchased
from Takara Bio. Inc. (Shiga, Japan). The Quantikine Mouse
HGF Immunoassay and Quantikine Mouse VEGF Immunoassay
were purchased from R&D systems (Minneapolis, USA). The
mouse PGE2 ELISA kit was purchased from Cusabio Biotech Co.,
Ltd. (Wuhan, China). MACS LS column was purchased from
Miltenyi Biotech (Tokyo, Japan).

Animals

C57BL/6 mice were purchased from SLC Japan. The mice
were housed in a controlled environment (12 h light/dark cycles at
21°C) with free access to water and an alfalfa-free diet before
sacrifice. All conditions and handing of animals in this study were
conducted under protocols (024-002 and 025-018) approved by
the Nagoya University Committee on Animal Use and Care.

Isolation and culture of ASCs

The isolation and culture of ASCs were reported previously
[26]. Briefly, ASCs were collected from seven to fourteen-month-
old female C57BL/6 mice. The adipose tissues in the inguinal
groove were isolated and cut finely, then digested with type I
collagenase (Collagenase Type II, Koken Co., Ltd., Tokyo, Japan).
at 37°C in a shaking water bath for 90 min. Adipose tissue cells
were when suspended in culture medium (Dulbecco’s modified
Eagle’s medium (DMEM)/F12 containing 20% fetal bovine serum
(FBS: Trace Scientific Ltd., Melbourne, Australia) and 100 U/mL
pericillin/streptomycin). The cells were centrifuged at 1,200 rpm
for five minutes at room temperature to obtain a pellet containing
the ASCs. The cells were washed three times by suspension and
centrifugation in the culture medium. The primary cells were then
cultured for four to five days until they reached confluence and
were defined as passage “0”. The cells used in all of the
experiments were between passages two and five.

Cytotoxicity of ATDM and TMADM-03 to ASCs

ASCs (1x10%) were seeded in a 96-well plate (BD Biosciences)
with 100 pL of culture medium for four hours at 37°C, which was
then replaced with 100 pL of transduction medium (DMEM/F12
containing 2% FBS and 100 U/mL penicillin/streptomycin).

~ATDM (5 mg-Fe/mL) and TMADM-03 (5 mg-Fe/mL) were

prepared at various concentrations (0, 5, 10, 50 and 100 ug-Fe/
mL) with transduction medium, and were added into each well.
After a one or 24 h incubation, the cells were counted using the
CCK-8. The CCK-8 reagent (10 pL) was added to each well and
the reaction was allowed to proceed for up to four hours. The
absorbance of each sample at 450 nm was measured against a
background control using a microplate reader.

Proliferation of ASCs labeled with TMADM-03

ASCs (2x10% were seeded in each well of a 96-well plate with
100 pL. of culture medium and were incubated with various
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concentrations of TMADM-03, After one hour, the medium was
changed to new incubation medium after the cells were washed
with PBS three times to eliminate the remaining TMADM-03 in
the culture medium, The cells were incubated for two or seven
days, and then viable cells were counted using the CCK-8 in the
same way as described above,

Electron microscopy analysis

Llectron microscopy was used to visualize the presence of
TMADM-03 inside the ASCs. ASCs labeled with TMADM-03
were fixed with 2% paraformaldehyde and 2% glutaraldehyde in
0.1 M phosphate buffer (pH 7.4) at 4°C for 24 h, followed by
incubation in 2% osmium tetroxide at 4°C for 90 min. The cells
were dehydrated in increasing concentrations of cthanol, im-
mersed in propylenoxide and then embedded in Quetol 812
(Nissin EM, Tokyo). Ultrathin sections (70 nm) were stained using
Reynold’s lead citrate and examined using a JEM-1200EX
transmission electron microscope (TEM) (JOEL, Litd., Tokyo) at
an accelerating voltage of 80 kV. These studies were done in
cooperation with the Tokai Electron Microscopy Analysis Co.,
Ltd. {Aichi, Japan).

Quantitative determination of Fe in ASCs labeled with
TMADM-03

ASCs (1 x10% were incubated with ATDM or TMADM-03 at
various concentrations (10, 30 and 50 pg-Fe/ml) in transduction
medium for one hour. The amount of Fe was measured by

phenanthroline spectrophotometric method and ICP-ALS meth-

od. Briefly, in the ICP-AES method, the ASCs labeled with
ATDM or TMADM-03 were washed with PBS three times and
were collected by trypsinization. Concenirated nitric acid solution
(2 mL) was added to the collected cells, and thermolysis of the
solution was conducted at 200°C for four to five hours. After the
volatilization of the solution, distilled water was added to the
pellets derived from the labeled cells until they weigh 5 g. Next,
the Fe concentration of the pellets was measured using the ICP-
AES at the analytical wavelength of 259.74 nm. Iron standard
solution (Fe 1000) (Wako) was serially diluted, and then used as a
standard solution of Fe for comparison purposes.

The labeling efficiency of TMADM-03 for ASCs

The labeled ASCs with TMADM-03 were separated from
unlabeled ASCs using MACS LS column in MACS technology
according to the manufacture’s procedure [28,29]. In brief, ASCs
(3x10% were labeled with TMADM-03 (0, 10 and 30 pg-Fe/mL)
in a one hour incubation, then the ASCs were washed with PBS
three times and were collected by the centrifugation at 1200 rpm
for 3 min. The ASCs were suspended with transduction medium
(2 mL) and the cell suspension was filled into the prerinsed MACS
LS column in the magnetic field of the MACS magnet. The ASCs
labeled with TMADM-03 were bound to the column, whereas
non-labeled ASCs passed through the column. The column was
removed and the ASCs labeled with TMADM-03 were released
from magnetic field. The column was washed three times with
transduction medium {3 mL). The collected cells were counted,
and the collected rate was calculated as the labeling efficiency of
TMADM-03 for ASCs.

Analysis of the mechanism of TMADM-03 uptake

ASCs (5x10%) were seeded in each well of a 6-well plate with
2 mL of culture medium and incubated for 24 h at 37°C. The cells
were then treated with endocytosis inhibitors, 10 mM sodium
azide and 2-deoxy-D-glucose, 5 mM amiloride, 5 pg filipin I, or
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12.5 pg chlorpromazine (GPZ) at 37°C for one hour (15 min for
amiloride), and then were treated with TMADM-03 (30 pg-Fe/
ml) and incubated for one hour at 37°C. In addition, the
treatment of incubation at 4°C for one hour was conducted to
inhibit endocytosis. Then, the cells were collected and the Fe (I1)
concentration was measured as described above,

Adipogenic differentiation

The Adipo-Inducer Reagent was used for the adipogenic
differentiation of ASCs. Their differentiation was conducted in
accordance with the accompanying product manual. Briefly, the
differentiation solution was prepared by adding insulin solution
(1 mL), dexamethasone solution (0.5 ml) and 3-isobuthyl-1-
methylxanthine solution (0.1 ml) into the culture medium
(100 mL). The incubation solution was prepared by adding insulin
solution (I mL) into the culture medium (100 mL). ASCs with or
without the TMADM-03 label were incubated with the differen-
tiation medium for two days. Thereafier, the medium was
exchanged for the incubation medium, then cells were incubated
for another five to ten days.

The adipogenic differentiation was confirmed by Oil Red O
staining as an indicator of intracellular lipid accumulation. Briefly,
the cells were fixed in a 10% solution of formaldehyde in PBS for
at least 10 min at room temperature, and then were washed with
60% isopropanol. Next, the cells were stained with 2% (w/v) Oil
Red O reagent for 10 min at room temperature, followed by
repeated washing with distilled water and destaining in 100%
isopropanol for one minute.

Osteogenic differentiation

The Osteoblast-Inducer Reagent was used for the osteogenic
differentiation of ASCs as specified by the manufacture’s product
manual. Briefly, the differentiation solution was prepared by
adding ascorbic acid (1 mL), hydrocortisone (0.2 mL) and B-
glycerophosphate (1 mL) into the culture medium (100 mL). ASCs
with or without the TMADM-03 Jabel were incubated with the
differentiation medium for 14 to 21 days. The medium was
changed to fresh differentiation medium every seven days.

The osteogenic differentiation was confirmed by staining for
alkaline phosphatase activity. The cells were then washed twice
with PBS and fixed in 10% formalin for 15 min at room
temperature. They were then washed and incubated with
deionized water for 15 min, and were subsequently stained with
a solution containing naphthol AS MX-PO, (Sigma, N-5000), N,
N-dimethylformamide (Wako Pure Chemical Industries Ltd.), Red
Violet LB salt (Sigma, F-1625) and Tris-HCI buffer (pH 8.3) for
45 min.

Triglyceride measurement

ASCs (2x10%) were seeded in each well of a 12-well plate with
2 mL of culture medium and were transduced with TMADM-03
(30 pg-Fe/mL). After the process of adipogenic differentiation, the
cells were treated with trypsin and collected into microtubes. PBS
(100 plL) was added into the tubes, and then the cells were
shredded with microhomogenizers. The amount of triglyceride in
the microtubes was measured using the LabAssay Triglyceride Kit
according to the manufacture’s protocol. Briefly, the color-
producing reagent was diluted with buffer solution and the
coloring reagent was prepared. The coloring reagent was then
added into the samples and standard solutions, and then incubated
for five minutes at 37°C. The absorbance at 600 nm was
measured by a BioPhotometer (Eppendorf, Tokyo, Japan) and
the amount of triglyceride was calculated.
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Figure 1. The viability and proliferation rate of ASCs labeled with ATDM or TMADM-03. A: The viability of ASCs labeled with ATDM or
TMADM-03 (0, 5, 10, 50, 100 pg-Fe/cell) after a 1 h (white bars) or 24 h (gray bars) transduction at 37°C. There were significant differences in the
viability of ASCs labeled with TMADM-03 after the 24 h transduction. B: The proliferation rate of ASCs labeled with TMADM-03 (0, 10, 50 pg-Fe/ml) at
0, 2 and 7 days after 1 h transduction. No significant differences were observed at any of the concentrations of TMADM-03. These data are shown as

the means = standard deviation of triplicate values. *P<0.05. **P<0.01.

doi:10.1371/journal.pone.0110142.9001

Quantitative estimation of alkaline phosphatase
expression

ASCs (1 x10% were seeded in each well of a 24-well plate with
1 mL of culture medium, and were transduced with TMADM-03
(30 pg-Fe/mL). After the process of osteogenic differentiation, the
alkaline phosphatase expression was evaluated by measuring the
alkaline phosphatase staining area.

Enzyme-linked immunosorbent assays

ASCs (1 x10°%) were seeded into each well of a 24-well plate, and
were transduced with TMADM-03 (30 ng-Fe/ml) for one hour.
Then, the cells were washed with culture medium, and incubated
in fresh culture medium for 24 or 72 h at 37°C. The culture
supernatants were collected, and then the levels of mouse HGF,
VEGF and PGE2 produced by the ASCs labeled with TMADM-
03 and non-labeled ASCs (Normal) in the medium were measured
using specific ELISA kits according to the manufacturer’s
protocols. ‘

I
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ASCs transplantation

ASCs were labeled with TMADM-03 (30 pg-Fe/mL) for 1 h at
37°C. At the end of the uptake experiments, the ASCs were
washed three times in the transduction medium, and were

“collected in microtubes. The ASCs {(1x10% were transplanted

into the renal subcapsular space of the right kidney of a mouse.
Moreover, the ASCs (2x10°%) labeled with TMADM-03 (30 pg-
Fe/mlL) as the same condition were subcutaneously transplanted
on the back of the mouse for in vivo imaging. '

MR imaging

The mice were lightly anesthetized .using isoflurane (3%
induction and 1.5% maintenance) prior to imaging. MR imaging
data were collected on a 1T MRI (MRTechnology, Tsukuba,
Japan) according to the manufacture’s procedure. In brief, the
imaging parameters were as follows: T2 sequences with a TR/TE
of 3000/69 ms, field of view (FOV): 30 and two averages were
taken for a total acquisition time of about 14 min. T1 sequences
were composed of a TR/TE of 500/9 ms, FOV: 30 and four
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Figure 2. Confirmation of the uptake of ATDM and TMADM-03 by ASCs. A: The images obtained by transmission electron microscopy of
ASCs labeled with ATDM (30 pg-Fe/mL) for 1 h at 37°C (a—d). A picture of the cells labeled with ATDM is shown (a). The surface of the cells labeled
with ATDM is shown (b). The aggregates of the ATDM internalized by AS5Cs are shown by yellow arrows in (c} and (d). B: The images obtained by
transmission electron microscopy of ASCs labeled with TMADM-03 (30 pg-Fe/ml) for 1 h at 37°C (a—d). A picture of the cells labeled with TMADM-03
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is shown (a). The surface of the cells labeled with TMADM-03 is shown (b). The aggrégates of the TMADM-03 internalized into ASCs are shown by
yellow arrows in (c) and (d). The amount of TMADM-03 internalized in the cytoplasm of ASCs was found to be much higher than that of ATDM. C: The
results of the quantitative determinations of the ATDM and TMADM-03 (10, 30, and 50 pg-Fe/mL) internalized into ASCs after a 1 h transduction by
measuring the concentration of Fe derived from ATDM or TMADM-03 using ICP-AES. The control (Cont.) shows the amount of Fe normally in ASCs,
without labeling by nanoparticles. Significant differences between ATDM and TMADM-03 were confirmed after the transduction &t all concentrations.
These data are shown as the means * standard deviation of triplicate values. **P<0.01. D: The changes in the amount of TMADM-03 (0, 10, 30 and
50 pg-Fe/mL) internalized by ASCs after a 1 h transduction for two weeks. The data are shown as the means =+ standard deviation of triplicate values.
E: The labeling efficiéncy of TMADM-03 (0, 10, 30 and 50 pg-Fe/mL) for ASCs after a 1 h transduction using MACS Technology.

doi:10.1371/journal.pone.0110142.g002

averages for a total acquisition time of about five minutes. All T1
and T2 -weighted image data sets were visually evaluated to
identify the location of the transplanted cells within each animal.

Prussian blue (PB) staining )

The existence of iron particle (TMADM-03) within tissues was
confirmed by the PB staining which is a traditional method for
detecting the iron (ferric form) according to the manufacture’s
procedure [30,31]. In brief, the hydrochloric acid and potassium
ferrocyanide were mixed and prepared immediately before use.
The slides were immersed in this solution for 20 min, and then
washed in distilled water three times. Next, the slides were treated
with counterstain solutioni with for 5 minutes, and the slides were
rinsed twice in distilled water. Then, the slides were dehydrated
through 95% to 100% alcohol, and cleared in xylene two times for
3 minutes each. The slides were covered with resinous mounting
medium.

Statistical analysis

Numerical values are presented as the means £ SD. Each
experiment was repeated three times. The statistical significance
was evaluated using unpaired Student’s i-tests for comparisons
between two groups; p-values <0.05 were considered to be
statistically significant. All statistical analyses were performed using
the SPSS software package.

Results

Cytotoxicity of ATDM and TMADM-03 to ASCs

ATDM and TMADM-03 were transduced into ASCs at various
concentrations in transduction médium for one or 24 h incuba-
tions. Cytotoxicity was observed in the ASGs transduced for 24 h
at all concentrations of TMADMS-03, however, the degree of
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cytotoxicity was slight, and more than about 80% of the cells were
still alive after the treatment. In addition, no cytotoxicity was
observed after a one hour incubation at all concentrations of
TMADM-03. On the other hand, no cytotoxicity of ATDM was
observed under all of these experimental conditions (Fig. 1A).

Next, the influence of the compounds on the proliferation rate
was examined for the non-cytotoxic conditions with TMADM-03.
The cells were confirmed to exhibit a logarithmic growth rate that
was nearly equal to that of normal, un-treated, ASCs. No
significant differences were observed under these conditions
(Fig. 1B). These data suggest that TMADM-03 could be used to
label cells for one hour at a 100 pg-Fe/mL concentration.

Observation of ATDM and TMADM-03 internalizatio
inside ASCs :

To detect the internalization of ATDM and the TMADM-03
internalization by ASCs, the cells were transduced with 30 pg-Fe/
mL of ATDM or TMADM-03 by a one hour incubation. The
SPIO nanoparticles could be observed in ASCs transduced with
both ATDM and TMADM-03 using TEM, and these nanopar-
ticles were found in the cell cytoplasm and lysosomes. However,
the degree of TMADM-03 incorporation was remarkably higher
than that of ATDM (Figs. 2A, B), In addition, as shown in Fig. 2B-
b, the surface of ASCs was found to be covered with TMADM-03.
These data suggest that both ATDM and TMADM-03 could be

- transduced into ASCs within one hour of incubation, but the

efficiency was markedly higher for TMADM-03.

Comparison of the uptake of ATDM and TMADM-03 by
ASCs .

To measure the uptake of ATDM and TMADM-03 by ASCs,
the amount of Fe derived from ATDM and TMADM-03 in ASCs
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Figure 3. The mechanism of uptake of TMADM-03 by ASCs. A: The effect of endocytosis inhibitors on TMADM-03 internalization in ASCs. Cells
were treated with sodium azide and 2-deoxy-D-glucose, or incubated at 4°C. B: The effect of pinocytosis inhibitors on TMADM-03 internalization in
ASCs. Cells were treated with chlorpromazine (CPZ), Filipin lll, or amiloride. The data are shown as the means * standard deviation of triplicate values.

doi:10.1371/journal.pone.0110142.g003
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Figure 4. The differentiation capacity of ASCs labeled with TMADM-03. A: The ability of unlabeled ASCs or those labeled with TMADM-03
(30 pg-Fe/ml) to differentiate into adipocytes and osteocytes. The extent of adipogenic differentiation was assessed by Oil Red O staining. Red
spherical bodies in the upper figures show lipid droplets produced by the differentiated ASCs (upper). The extent of osteogenic differentiation was
assessed by ALP staining. Purple sites in the lower figures show the ALP produced by the differentiated ASCs (lower). B: The degree of differentiation
into adipocytes by the concentration (mg/mL) of triglyceride present in the cells (a). The degree of differentiation into osteocytes by the ALP staining
area (b). The data are shown as the means * standard deviation of triplicate values.

doi:10.1371/journal.pone.0110142.g004

was measured using ICP-AES. The amount of Fe was increased in
a concentration-dependent manner for both types of nanoparti-
cles. However, the amount of Fe in cells incubated with TMADM-
03 was significantly higher (about four-fold) in comparison to that
of ATDM at all concentrations (Fig. 2C). The amount of
TMADM-03 was confirmed to remain approximately equal for
at least 14 days in 30 and 50 pg-Fe/mL labeling conditions
(Fig. 2D). In addition, the labeling efficiency was measured by
MAGCS technology, and the efficiency of TMADM-03 was much
higher than that of ATDM at all concentrations. Especially, the
labeling efficiency of TMADM-03 in 30 and 50 pg-Fe/mL
showed more than 90% (Fig. 2E). These data suggest that ASCs
could be efficiently labeled with TMADM-03 at the concentration
of 30 pg-Fe/mL and maintained the labeling state for at least 14
days.

Mechanism of TMADM-03 uptake by ASCs

To verify the mechanism of uptake of TMADM-03 in ASCs,
the cells were treated with endocytosis inhibitors such as sodium
azide and 2-deoxy-D-glucose (endocytosis inhibitors), amiloride

PLOS ONE | www.plosone.org

(an inhibitor of the Na’/H" exchanger required for macropino-
cytosis), filipin III (an inhibitor of caveolae formation) or
chlorpromazine (CPZ: an inhibitor of AP-2-mediated clathrin-

_ coated pit formation) at 37°C for one hour (15 min for amiloride).

In addition, treatment by incubation at 4°C for one hour was also
employed to inhibit endocytosis. The transduction of TMADM-03
was inhibited by the incubation at 4°C and the treatments with
sodium azide and 2-deoxy-D-glucose, or amiloride (Figs. 3A, B).
These data suggest that the uptake of TMADM-03 into ASCs was
mainly dependent on the endocytosis, particularly macropinocy-
tosis.

Differentiation of ASCs labeled with TMADM-03

To exam the influence of TMADM-03 on the differentiation
capacityof ASCs, normal (non-labeled) and labeled ASCs were
differentiated into adipocytes or osteoblasts, and then the degree of
differentiation in the non-labeled and labeled ASCs was quanti-
tatively compared. The differentiation of ASCs after treatment
with TMADM-03 into either adipocytes or osteocytes was
observed. There were also no significant differences between the
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non-labeled {normal) ASCs [U %10%) or ASCs labeled with TMADM-03 incubated for 24 and 72 h in the culture medium. C: The concentratioh of PGE2
produced by non-labeled (normal) ASCs (1x10°) or ASCs labeled with TMADM-03 incubated for 24 and 72 h in the culture medium. The data are

shown as the means = standard deviation of triplicate. *P<0.05, **P<0 .01.

doi:10. 1371/Journal pone.0110142 9005

non-labeled and labeled ASCs in terms of the concentration of
triglycerides, indicating the degree of adipogenic  differentiation
(Figs. 4A, B—a). Moreover; similar expression of ALP indicating
the degree of osteogenic differentiation was confirmed in' the cells
incubated with and without the TMADM-03 (Figs. 4A, B-b),
These data ‘suggest that TMADM-03 does ot aﬁ'cct the
dxﬁ'erennatlon of ASCs.

Cytokine production from ASCs labeled with TMADM-03

To confirm the production of HGF, VEGF and PGE2 from
non-labeled ASCs or ASCs labeled with TMADM-03, the levels of
these cytokines in the culture medium from ASCs cultured for 24
or 72 h were méasured using specific ELISA kits. The production
of these cytokmes could be confirmed in both non-labeled and
labeled ASCs, and no significant differences were observed in the
production of any of these cytokines (Fig. 5). These data raised the
possibility -that the ability of ASCs to produce cytokines could be
maintained after labeling with TMADM-03.
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In vitro MRI of ASCs Iabeled with TMADM-03

To examine whether the cells labeled with 10, 30 and 50 pg—
Fe/mL of TMADM-03 could be detected by MR imaging, the
labeled cells (I'x: 106) ‘were collected in PBS and spun dowr, then
the cell ‘pellet was prepared for the MR analysm in microtubes.
The labeled cell pellet could be detected at a lower intensity on
both T1 and T2-weighted images in comparison to the unlabeled
cell pellet. (Fig. 6A). These results suggested that the cells labeled
with more than 30 pg-Fe/mil. of TMADM-03 could be detected
with sufficient contrast for cell visualization by MR imaging.

- MR imaging of ASCs labeled with TMADM-03 in mice

To assess whether images of transplanted ASCs labeled with
TMADM-03 could be obtained in mice, the ASCs (1 x10°) labeled
with 30 pg-Fe/mL of TMADM-03 after a one hour incubation
were transplanted into the left kidney capsule of a mouse. The MR
imaging data of both cross-section figures from the back and head
three hour after transplantation showed remarkable decreases in
signal intensity on T1 and T2-weighted images at the implanted
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Figure 6. MR imaging of ASCs labeled with TMADM-03 in the
kidneg capsule. A: In vitro MR imaging of unlabeled and labeled ASCs
{1x10°). T1- (upper) and T2- (lower) weighted images were obtained for
unlabeled ASCs and for ASCs labeled with TMADM-03 (10, 30 and
50 pg-Fe/mL). B: In vivo MR imaging of unlabelled ASCs (1x10°) or the
same number of ASCs labeled with TMADM-03 (30 ug-Fe/ml) in a cross-
section figure from the back of the mouse. T1- (upper) and T2- (lower)
weighted images were obtained for unlabeled ASCs, and for ASCs
labeled with TMADM-03 3 hours after transduction. Yellow dotted
circles show the transplanted ASCs. C: In vivo MR imaging of unlabeled
ASCs (1x10% aor the same number of ASCs labeled with TMADM-03
(30 pg-Fe/mlL) in a cross-section figure from the head of the mouse. T1-
(upper) and T2- (lower) weighted images were obtained for unlabeled
ASCs and for ASCs labeled with TMADM-03. The yellow dotted circles
show the transplanted ASCs. These images were obtained using a 1T
MRI instrument (MR Technology).
doi:10.1371/journal.pone.0110142.g006

site in the left kidney of a mouse that was transplanted with ASCs
labeled with TMADM-03. On the other hand, in a mouse
transplanted with unlabeled ASCs, no decrease in the signal
intensity on T2 was observed in the MR imaging results (Figs. 6B
C).
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In addition, to investigate whether the labeled ASCs could be
detected for 14 days, the ASCs (2x10% labeled with 30 pg-Fe/mL
of TMADM-03 were transplanted under the skin of the back of a
mouse at two sites {yellow dotted circles). The ASCs labeled with
30 pg-Fe/mlL of TMADM-03 could be traced for at least 14 days
after transplantation (Fig. 7A). In addition, to reveal whether the
labeled ASCs were alive and did not affect the surrounding tissues
or cells, the transplantation sites were treated with PB staining.
The blue staining showing the existence of TMADM-03 was
confirmed in . transplantation sites, and there were no obvious
abnormalities such as inflammation in the surrounding tissues or
cells (Fig. 7B). These data suggest that the positively charged
TMADM-03 was useful as a MR imaging contrast agent for
assessing the disposition of transplanted ASCs.

Discussion

Various SPIO nanoparticles have been developed as contrast
agents for MR imaging such as ferucarbotran (Resovist), ferristene
(Abdoscan), ferumoxsil (GasroMARK, Lumirenr), ferumoxide
(Feridex, Endorem), ferumoxtran-10 (Combidex, Sinerem) and
feraglose (Crasican) etc. [11]. Numerous studies have recently
revealed these agents to be useful for stem cell labeling for i vivo
MR imaging [32-37]. Among these agents, there have been many
studies on ferucarbotran (Resovist, Clivist), which is well known
liver contrast agent currently used in the clinical setting [10,38,39].
Crabbe et al. revealed that Resovist was useful for labeling mouse
mesenchymal stem cells, and that it was superior to Endoderm and
Sinerem [4]. However, almost all of these agents have a negative
charge coating site on the surface of the SPLO [40]. The surfaces
of various cells, including stem cells, normally have many sugar
chains whose termini are sialic acid, and these cells therefore have
a negative charge on their surface, thus preventing the effective
transduction of these cells with the SPIO [41]. We have previously
succeeded in performing efficient quantum dots (QDs) labeling for
ASCs through an endocytosis pathway using octa-arginine
peptides with a positive charge known as cell penetrating peptides
(CPPs) [42]. Various CPPs have been identified including the third
helix of the homeodomain of antennapedia [43,44], VP22
herpesvirus protein [45] and the HIV-Tat protein [46]. Most of
these peptides have a positive charge derived from amino acids
such as arginine and lysine. In this study, we demonstrated that
TMADM-03, which has a positive charge, can label ASCs more
efficiently than ATDM which is a major component of
ferucarbotran that has a negative charge.

We have already reported that the zeta voltages of ATDM and
TMADM-03 were -13 mV and +2.0 mV, respectively [23]. When
ASCs were transduced with TMADM-03 during a one hour
incubation, the surface of ASCs was observed to be covered with
TMADM-03 by a TEM analysis. The successful uptake of
TMADM-03 by the ASCs was therefore thought to have occurred.
The same phenomenon was not found in the case of ATDM.
ATDM was thought to incidentally come into contacted with the
surface of ASCs, and to subsequently be incorporated into the
ASGs. As a result, about a four-fold higher uptake of TMADM-03
in comparison to ATDM was observed by ICP-AES in the present
day. According to previous reports, positively charged substrates,
such as protamine, can effectively increase the efficiency of
transduction of magnetic nanoparticles into cells, Huang et al.
reported that an approximately two-fold higher uptake of ATDM
was observed when it was complexed with protamine in
comparison to the uptake of ATDM alone [39]. In addition,
Balakumaran reported that labeling by ferumoxide complexed
with protamine did not affect the stemness of bone marrow
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Figure 7. MR imaging of ASCs labeled with T MADM-03 under the skin and Prussian blue staining. A: In vivo MR imaging of ASCs (2x10)
labeled with TMADM-03 (30 pg-Fe/mL) under the skin in a cross-section figure from the head of the mouse for 14 days. The two yellow dotted circles
show the transplanted ASCs labeled with 30 pg-Fe/mL of TMADM-03. These images were obtained usmg a 1T MRI instrument (MR Technology). B:
Prussian blue staining of the transplanted ASCs labeled with TMADM-03.

doi:10.1371/journal.pone.0110142.g007

mesenchymal stem cells [34]. However, the efficiency of uptake of
ATDM complexed with protamine is assumed to be lower than
that of TMADM-03, and the influence of the released protamme
on other types of stem cells remains unclear.

Slight cytotoxicity was observed in ASCs transduced with
TMADM-03 during a 24 h incubation. However, no cytdtoxicity
was observed after one hour of incubation at a concentration of up
to 100 pg/mL of TMADM-03, and the ASCs labeled with
TMADM-03 under these hon-cytotoxic conditions exhibited
growth equivalent to that of normal ASGCs, and could be
successfully detected by MRI. The capacity of these cells to
differentiate in adipocytes and osteocytes was not affected, and the

PLOS ONE | www.plosone.org
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ability of labeled ASCs to produce cytokines such as HGF, VEGF
and PGE2, which are thought to be important for regenerative
effects, was maintained after the labeling with TMADM-03.
Moreover, the transduction of TMADM-03 into ASCs was
inhibited by sodium azide and 2-deoxy-D-glucose (endocytosis
inhibitors), and amiloride (a macropinocytosis inhibitor). Although
the uptake mechanism of TMADM-03 had previously been
unknown, our data indicate that the uptake pathway of TMADM-
03 is thought to be mainly dependent on the endocytosis, partially
macropinocytosis. These data suggest that TMADM-03 can be a
safe and efficient MR contrast agent that can be used to label stem
cells for clinical applications.
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Using a I'T MR imaging system for small animals, we
demonstrated that the ASCs labeled with TMADM-03 could be
detected both in vitro and in vivo. As shown in Fig, 6A, the MR
images of the pellet of ASCs labeled with TMADM-03 in a
microtube had low signal, and a negative contrast effect could be
confirmed. When ASCs labeled with TMADM-03 were trans-
planted under the skin and the left kidney capsule of a mouse, a
negative effect on T2-weighted contrast images could be detected
when TMADM-03 was used (Figs. 6B, 6C, 7A). Furthermore, the
inflanmmatory state such as induced by the cell death could not be
observed in the surrounding area of the transplantation of ASCs
labeled with TMADM-03. These data suggest that TMADM-03
can be used as a contrast agent both in vitro and in vivo for the
MR imaging of stem cells, and raise the possibility that TMADM-
03 can provide insights into the location and accumulation of
transplanted stem cells in tissues or organs deep in the body.

In conclusion, we investigated whether TMADM-03, which was
previously developed by our group, could be used to label ASCss as
a MR imaging contrast agent. No cytotoxicity was observed in the
ASCs transduced with a concentration of up to 100 pg-Fe/mL, of
TMADM-03 for a one hour transduction time. The transduction
efficiency of TMADM-03 into ASCs was about four-fold higher
than that of ATDM, which is a major component of ferucarbotran
(Resovist), a clinically-used contrast agent. Of note, the labeling
level was maintained for at least two weeks. ASCs labeled with
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TMADM-03 were confirmed to be able to differentiate into both
adipocytes and osteocytes to the same extent as non-labeled ASCs.
In addition, the ability of ASCs labeled with TMADM-03 to
product cytokines (HGF, VEGF and PGE2) was maintained. The
ASCs labeled with TMADM-03 could be imaged with good
contrast using a 1" MR imaging system when the labeled ASCs
were transplanted into the left kidney capsule of a mouse.
Together, these data suggest that TMADM-03 can be utilized as a
MR imaging contrast agent for tracking transplanted stem cells.
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Abstract

Background: For cell therapies to treat diabetes, it is important to produce a
sufficient number of pancreatic endocrine cells that function similarly to primary
islets. Induced pluripotent stem (iPS) cells represent a potentially unlimited source of
functional pancreatic endocrine cells. However, the use of iPS cells for laboratory
studies and cell-based therapies is hampered by their high tumorigenic potential
and limited ability to generate pure populations of differentiated cell types in vitro.
The purpose of this study was to establish a pancreatic stem cell line from iPS cells
derived from mouse fibroblasts.

Methods: Mouse iPS cells were induced to differentiate into insulin-producing cells by a
multi-step differentiation protocol, which was conducted as described previously with
minor modifications. Selection of the pancreatic stem cell was based on morphology and
Pdx1 expression. The pancreatic potential of the pancreatic stem cells was evaluated
using a reverse transcription PCR, real-time PCR, immunofluorescence, and a glucose
challenge test. To assess potential tumorigenicity of the pancreatic stem cells, the cells
were injected into the quadriceps femoris muscle of the left hindlimb of nude mice.

Results: The iPS-derived pancreatic stem cells expressed the transcription factor —Pdx1- a
marker of pancreatic development, and continued to divide actively beyond. passage 80.
Endocrine cells derived from these pancreatic stem cells expressed insulin and pancreatic
genes, and they released insulin in response to glucose stimulation. Mice injected with
the pancreatic stem cells did not develop tumors, in contrast to mice injected with an
equal number of iPS cells.

Conclusion: This strategy provides a new approach for generation of
insulin-producing cells that is more efficient and safer than using iPS cells. We
believe that this approach will help to develop a patient-specific cell transplantation
therapy for diabetes in the near future.

Keywords: Mouse pancreatic stem cells, Diabetes, iPS cells

Background
Production of a sufficient number of insulin-producing cells from stem cells that func-
tion similarly to primary islets is important for clinical application of stem cell therapy

~ to diabetes. Many studies have reported the differentiation of insulin-producing cells

from mouse embryonic stem (ES) cells and, more recently, from human ES cells [1-7].
Unfortunately, these methods involving ES cells have various limitations such as ethical
issues during the generation of the cells and immunological rejection after an
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allogeneic transplant. Induced pluripotent stem (iPS) cell technology has the potential
to generate patient-specific cell types including functional pancreatic endocrine cells
[8-11]. However, the use of ES and iPS cells for laboratory studies and cell-based ther-
apies is hampered by their high tummorigenic potential and limited ability to generate
pure populations of differentiated cell types in vitro.

D’Amour et al. developed a 5-step protocol for differeritiation of human ES cells into
pancreatic hormone-expressing cells in 2006 [12]; this method répresented a great step
forward in regenerative medicine; however, the use of ES cells in clinical practice is
problematic, as explained above. We and other groups have established mouse pancre-
atic stem cell lines using specific culture conditions [13-15]. We have also demon-
strated that young mice have a high number of pancreatic stem cells that can be
isolated, but older mice have a low number of pancreatic stem cells, and therefore are
unable to provide viable clones [16]. Similarly, human pancreatic stem cells cannot be
isolated from 20- to 60-year-old donors [17].

In this study, we established a pancreatic stem cell line from mouse iPS cells, which
have the potential for self-renewal and multipotency to generate both endocrine and
exocrine pancreatic cells. '

Methods
Culture conditions ]
Mouse iPS cells (iPS-MEF-Ng-20D-17) were provided by the RIKEN BRC through the
Project for Realization of Regenerative Medicine and the National Bio-Resource Project of
MEXT, Japan [18]. Undifferentiated iPS cells were maintained on mouse embryo fibroblast
feeder layers (STO cell line) in Dulbecco’s modified Eagle medium (DMEM; Sigma-
Aldrich, St Louis, MO, USA) supplemented with 15% (vol/vol) fetal bovine serum (FBS;
Millipore, Billerica, MA, USA), 1% nonessential amino acids (Millipore), 1% nucleosides
(Millipore), 1% penicillin/streptomycin (Sigma—Aldi'ich), 110 uM 2-mercaptoethanol (Life
Technologies, Tokyo, Japan), and 500 U/mlL leukemia inhibitory factor (LIF; Millipore) at
37°C. Cultures were manually passaged at a 1:4—1:8 split ratio every 3—-5 days.
Directed differentiation into insulin-producing cells was conducted as described previ-
~ ously {12], with minor modifications (Figure 1). At stage 1, cells were incubated with
25 ng/mL Wnt3a and 100 ng/mL activin A (R&D Systems, Minneapolis, MN, USA) in the
RPMI medium (Life Technologies) at 37°C for 1 day, followed by treatment with 100 ng/
mL activin A in RPMI (containing 0.2% FBS) at 37°C for 2 days. At stage 2, the cells were
incubated with 50 ng/mL FGF10 (R&D Systems) and 0.25 pM KAAD-cyclopamine
{Toronto Research Chemicals, Toronto, Ontario, Canada) in RPMI (containing 2%
FBS) at 37°C for 3 days. At stage 3, the cells were incubated with 50 ng/mL fibroblast
growth factor 10 (FGF10), 0.25 uM KAAD-cyclopamine, and 2 puM all-trans retinoic
acid (Sigma-Aldrich) in DMEM with a 1% (vol/vol) B27 supplement (Life Technologies)
at 37°C for 3.days. At stage 4, the cells were treated with 1 pM N-[N-(3,5-Diflucrophena-
cetyl)-L-alanyl]-S-phenylglycine t-butyl ester (DAPT; Sigma-Aldrich) and 50 ng/mL
exendin-4 (Sigma-Aldrich) in DMEM with a 1% (vol/vol) B27 supplement at 37°C for
3 days. ‘At stage 5, the cells were incubated with 50 ng/mL exendin-4, 50 ng/mL IGF-1
(Sigma), and 50 ng/mL hepatocyte growth factor (HGF; R&D Systems) in the CMRL
medium (Life technologies) with a 1% (vol/vol) B27 supplement at 37°C for 3-6 days.



Kuise et al. BioMedical Engineering OnLine 2014, 13:64 Page 3 of 11
http//www.biomedical-engineering-online.com/content/13/1/64

A Stags 1 Stage 2 Stege 3 Stage 4 Stege 6
Aty & Wil p e FGFil - CYC RA» QYL = BGF I DAFT ¢ Eed Erd + IGF L # HGF
RPRE RPN ¢ 2% FES RPEL = 2% P88 DaAEm - 9% B2T DMERE» 15,827 CHRL « 1% B2T
1gs ey ; 438
Definitive
I i
@ @
Hanog SoxiT
Foxat

v Cloning / Cature |

Figure 1 A five-step protocol for differentiation of iPS cells to pancreatic stem cells and
hormone-expressing cells. A. Schematic representation of the differentiation procedure and protein
expression of key markers of pancreatic differentiation. Based on D'Amour’s 5-step protocol [12], this
differentiation protocol is subdivided into 5 stages, and the growth factors, medium, and range of
duration of each stage are shown. Several markers characteristic of each cell population are listed. Pancreatic
stem cells were established after induction of stages 1 and 2. Abbreviations: CYC, KAAD-cyclopamine; RA,
all-trans-retinoic acid; DAPT, y-secretase inhibitor; Ex4, exendin-4; iPS, induced pluripotent stem cell; ME,
mesendoderm; DE, definitive endoderm; PG, primitive gut tube; PF, posterior foregut endoderm; PE,
pancreatic endoderm and endocrine precursor; EN, hormone-expressing endocrine cells. B. Morphology
L of 52 clones after induction of stages 1 and 2 (passage 2). Scale bars =200 pym.
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Tumorigenesis assay

To examine the potential tumorigenicity of candidate clones at passage 50, 1 x 107 cells

were injected into the gquadriceps femoris muscle of the left hindlimb of nude mice
"(n=3). As a positive control, we transplanted 1 x 107 iP$ cells into the right hind-

limb. All mouse studies were approved by the Institutional Animal Care and Use

Comumnittee of Okayama University (Reference number: OKU-2011351).

Semi-quantitative RT-PCR

Total RNA was extracted from cells using the RNeasy Mini Kit {Qiagen, Tokyo, Japan).
After the RNA was quantified using spectrophotometry, 2.5 ug of the RNA was heated
at 85°C for 3 min and then reverse-transcribed into cDNA in a 25-pL reaction contain-
ing 200 units of Superscript IIl RT (Life Technologies), 50 ng of random hexamer
primers (Life Technologies), 160 umol/L dNTP, and 10 nmol/L dithiothreitol. The reac-
tion consisted of 10 min at 25°C; 60 min at 42°C, and 10 min at 95°C. PCRs were per-
formed in a Perkin-Elmer 9700 Thermocycler with 3 uL of cDNA (20 ng RNA
equivalent), 160 pmol/L cold dNTPs, 10 pmol of the appropriate oligonucleotide
primers, 1.5 mmol/L MgCl,, and 5 units of AmpliTaq Gold DNA polymerase (Perkin-
Elmer, Waltham, MA, USA). The oligonucleotide primers and cycle numbers used for
semi-quantitative PCR are shown in Table 1. The thermal cycle profile used a 10-min
denaturing step at 94 C followed by the amplification cycles (1 min.denaturation at
94 C, 1 min annealing at 57 C, and 1 min extension at 72°C), with a final extension step
of 10 min at 72°C. The steps taken to validate these measurements were previously
reported [19].

TagMan real-time PCR

Quantification of Ngn3, NeuroD, and insulin-2 mRNA levels was conducted using the
TagMan real-time PCR system according to the manufacturer’s instructions (Life Tech-
nologies). PCR consisted of 40 cycles including 2 min at 50°C and 10 min at 95°C as
initial steps. In each cycle, denaturation was performed for 15 s at 95°C and annealing/
extension was 1 min at 60°C. PCR was conducted in 20-yL reaction containing cDNA
synthesized from 1,500 ng of total RNA. Standard curves were constructed using cDNA
generated from total RNA isolated from primary mouse islets. For each sample, the
expression of Ngn3, NeuroD, and insulin-2 was normalized against the B-actin expres-
sion level. Mouse Ngn3, NeuroD, and insulin-2 and f-actin primers were obtained
commercially (Assays-on-Demand Gene Expression Products; Life Technologies).

Table 1 List of gene-specific primers .
Gene . Forward/Reverse primer (5'— 3)

Nanog ) cacaggctctitcttcagattg/tettgcttgcicticacattgg
Pdx1 cggacatctccccatacg/aaagggagetggacgcgg
Insulin-2 . tccgctacaatcaaaaaccat/gctgggtagtggtgggtcta
Glucagon agaaggg'cagagcttgggcc/tgctgcctggccctccaagt
Amylase tggccttctggatcttgc/anaggtctgettectiggg
Somatostatin : atgctgtectgecgtctc/ttetetgtctggtigggete

Gapdh accacagtccatgccatcac/tccaccacectgttgetgta




