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Fig. 2. Altered differentiation potentials between hNS/PCs-250 and
-500. A: Immunocytochemical analysis of differentiated hNS/PCs for
markers of neural progenitors (Nestin), neurons (Tuf-1), and astro-
cytes (GFAP). Quantitative analysis is shown in B. Only approxi-
mately 10% of the cells in both hNS/PCs-250 and -500 remained
positive for Nestin. hNS/PCs-250 differentiated into significantly
more TuJ-1-positive neurons than did hINS/PCs-500, whereas hINS/
PCs-500 differentiated into significantly more GFAP-positive astro-
cytes than did hNS/PCs-250. C: Flow cytometric analysis of CD24,

for transplantation therapy. For long-term observation,
we used NOD/SCID mice, which are resistant to stress
and infection and therefore show better survival than
NOG mice. The results of the short-term experiment
revealed that hNS/PCs-500 showed a lower proliferation
ability than hNS/PCs-250 in vivo by Ki67 or PCNA
immunostaining and a poor survival rate by BLI (only
3.8% 1 month after transplantation even in NOG mice)
(Fig. 3A). Thus, for this long-term experiment, we
monitored the in vivo tumorigenicity of only the hINS/
PCs-250, as the better cell source for cell replacement
therapy.

We transplanted hNS/PCs-250 into the right stria-
tum of NOD/SCID mice and observed the survival of
the grafted hNS/PCs by BLI for 6 months. The photon
count of the luminescence generated by the surviving
hNS/PCs was reduced to 12.8% % 11.0% of the initial
photon count at 8 weeks and thereafter maintained its
signal for 6 months (10.0% * 14.0%, n = 4; Fig. 5A).

Chi3y v D133 .
which is expressed in populations that include neuronal progenitors and
postmitotic neurons. Consistent with the results in B, hNS/PCs-250

* contained significantly more CD24-positive cells than did hNS/PCs-
500. D: Coexpression of CD133 and CID24 by flow cytometric analysis.
Consistently with the results in Figures 1 and 2B, hNS/PCs-250 con-
tained significantly more CID133™" cells and CD24™ cells than did hNS/
PCs-500; n = 3; means = SEM. *P < 0.05; **P < 0.01; n.s., not sig-
nificant (P > 0.05). Scale bar = 50 pm.

Notably, no rapid tumorigenic increase of the grafted
hINS/PCs was observed within the 6 months following
the transplantation. In contrast, control US7TMG cells
grew rapidly, showing a 419% increase in photon count
4 weeks after transplantation. Among the U87MG-trans-
planted mice, 75% (three of four) died by 5 weeks and
the rest by 6 weeks after transplantation.

To examine the phenotype of the surviving cells
derived from the transplanted hNS/PCs, we performed
immunohistochemical analyses. Consistent with the
findings of BLI, surviving Venus-positive cells were
detected 3 months after transplantation (Fig. 5B). Most
of them resided at the transplantation site for the entire
6 months and differentiated into TuJ-1-positive neu-
rons and GFAP-positive astrocytes (Fig. 5C). In addi-
tion, Nestin-positive neural progenitors persisted even
6 months after the transplantation. However, the
grafted hNS/PCs 6 months after transplantation in the
long-term -animals appeared to have larger nuclei and
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Fig. 3. Bioluminescence imaging of hNS/PCs-250 and -500 transplanted into NOG mice for up
to 4 weeks. A: hNS/PCs-250, -500, and human glioblastoma cells (U87MG) were transplanted into
the right striatum of NOG mice and observed by BLI for up to 4 weeks. hNS/PCs-250 exhibited sig-
nificantly better survival and growth than did hNS/PCs-500 4 weeks after transplantation (n = 4;
means + SEM). **P < 0.01. B: Representative BLI images of the treated mice.

lower cell densities than those observed 4 weeks after labeled by Ki67 or PCNA 6 months after transplanta-
transplantation in the short-term animals (Fig. 5D). tion (Fig. 5E) nor any obvious evidence of malignant
Importantly, we did not find any proliferating cells invasive behavior by HE staining (Fig. 5F). Together
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Fig. 4. Both hNS/PCs-250 and ~500 appropriately differentiated into
neurons and astrocytes in vivo. A: Immunofluorescence analysis of
tissue sections 4 weeks after transplantation. Although some of the
grafted hNS/PCs-250 and -500 still expressed Nestin, they had also
differentiated into TuJ-1-positive neurons and GFAP-positive astro-
cytes. B: Representative image of Ki67-positive proliferating cells in
the hNS/PCs-250 and -500 grafts. C: Quantitative analysis of the
proportion of Ki67- and PCNA-positive cells in grafted hNS/PCs-
250 and -500 4 weeks after transplantation. hINS/PCs-250 showed a
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significantly higher proportion of proliferating cells than did hNS/PCs-
500. D: Analysis of apoptotic cells by TUNEL staining in grafted hNS/
PCs. E: Quantitative analysis of TUNEL-positive cells. No significant
difference in the TUNEL-positive apoptotic cells was observed between
hINS/PCs-250 and -500. All data are presented as the mean * SEM; n
= 3. *P < 0.05; **P < 0.01; n.s., not significant. Scale bars = 20 pm
and 5 pm for low- and high-magnification images, respectively, in A;
50 pm in B; 20 pm in D.
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Fig. 5. hNS/PCs did not exhibit tumorigenesis for 6 months. A:
Long-term observation of grafted hNS/PCs-250 by BLI for 6 months.
The photon count of hINS/PCs decreased for 8 weeks after trans-
plantation but was stable thereafter. The hNS/PCs did not show any
evidence of tumorigenicity during the 6-month observation period,
unlike the control US7MG cells. Data are presented as the mean *
SEM. B: Immunohistochemical analysis of Venus-expressing grafted
hNS/PCs 3 and 6 months after transplantation showed consistent
correlation of the Venus-expressing area with the photon counts
detected by BLL. C: Immunohistochemical analysis of grafted hNS/
PCs 6 months after transplantation. hNS/PCs resided at the site of
injection and differentiated into TuJ-1-positive neurons and GFAP-
positive astrocytes. However, Nestin-positive neural progenitors were

E

also observed, even 6 months after transplantation. D: hANA and
Hoechst nuclear staining of the grafted area 1 month and 6 months
after the transplantation. Grafted cells showed larger nuclei and lower
cell densities in the long-term analysis than in the short-term analysis.
E: Immunohistochemical analysis of proliferation markers PCNA and
Ki67. Neither PCNA- nor Ki67-positive cells were observed. F: He-
matoxylin-eosin and GFP-DAB staining indicated no malignant inva-
sive features in the transplanted cells. Scale bars = 100 pm in B;
low-magnification image 50 pum, high-magnification image 5 pm in
C; low-magnification image 50 pm, high-magnification image 20
um in D; 50 wm in E; low-magnification image 200 um, high-mag-
nification image 20 um in F.
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these findings indicate that the grafted hINS/PCs could
survive and differentiate properly in the brain of
NOD/SCID mice without any tumor formation, at
least for 6 months after transplantation.

DISCUSSION

Human Fetal Neurospheres Exhibited Altered
Proliferation and Differentiation Properties
In Vitro and In Vivo, Depending on the
Culture Period

Because large numbers of human fetus-derived cells
are difficult to obtain unless they are expanded in vitro,
it is essential to evaluate the differentiation and prolifera-
tion properties as well as tumorigenic potential of in-
vitro-expanded hINS/PCs when considering their clinical
use in cell replacement therapies. In the present study,
we cleatly showed the likely senescence of hINS/PCs
maintained for more than 500 DIV, from their differen-
tiation and proliferation properties. More importantly,
we also showed the lack of tumorigenicity of hNS/PCs-
250 over the long term in vivo. This is the first report
in which the in vivo tumorigenicity of transplanted in-
vitro-maintained hNS/PCs was evaluated by long-term
monitoring with BLI

The in vitro ATP assay (Fig. 1A) and in vivo BLI
study (Fig. 3A) showed that hNS/PCs-250 had signifi-
cantly higher growth and survival rates than did hNS/
PCs-500 both in vitro and in vivo. This difference
between hINS/PCs-250 and -500 in vitro was attribut-
able to a reduced proportion of dividing cells in the
hNS/PCs-500, shown by positive staining for Ki67 or
PCNA, or in the cell cycle of S/G2/M, but not to the
proportion of annexin V-positive agoptotic cells. In
addition, the proportion of CD133" undifferentiated
hINS/PCs was lower in the older hNS/PCs-500 than in
the younger hINS/PCs-250. Thus, hNS/PCs seem to
lose their ability to self-renew and acquire the properties
of comumitted progenitors or postmitotic cells during
their long-term culture in vitro.

Interestingly, this difference in self-renewability
between hINS/PCs-250 and -500 seemed to be correlated
with an alteration in their differentiation potentials. hINS/
PCs-250 exhibited more neurogenic and fewer gliogenic
properties than hNS/PCs-500 (Fig. 2A,B). Given that the
CD24% cells are proposed to be associated with the popu-
lation of committed neuronal progenitors and neurons
(Calaora et al., 1996; Shewan et al., 1996; Doetsch et al.,
1999; Murayama et al., 2002; Nieoullon et al., 2005; Prus-
zak et al,, 2007), the significantly - higher proportion of
CD24" cells in hNS/PCs-250 than in hNS/PCs-500 (Fig.
2C,D) also supports the idea that the hINS/PCs-250 con-
tain more neurogenic progenitors than do the hNS/PCs-
500, which contain more gliogenic progenitors. Taken to-
gether, these findings suggest that human fetal neuro-
spheres lose multipotent and self-renewable hINS/PCs,
which are replaced by progenitors committed to become
glial cells, after long-term maintenance in vitro.

Long-Term Observation by BLI Revealed hNS/
PCs To Be Nontumorigenic up to 6 Months After
Their Transplantation Into NOD/SCID Striatum

Although some reports have examined the safety of
grafted cells, including their long-term potential for
tumorigenicity, by histological analyses, this type of anal-
ysis does not allow the dynamics of donor cells to be
observed over time in the same live animal. In the pres-
ent study, we monitored the survival of hNS/PCs
grafted into the NOD/SCID striatum by BLI. Because
we do not have to sacrifice the animals at each time
point for histological analysis, we can repeatedly examine
the same grafted animal and sequentially evaluate the in
vivo tumorigenicity of the donor cells. This monitoring
system allows a more accurate analysis than the conven-
tional intermittent histological method.

The findings that the photon counts of engrafted
hINS/PCs-250 decreased to 12.8% of the initial count
within 8 weeks after transplantation and that their signals
were maintained thereafter for up to 6 months without
any tumorigenic proliferation, unlike the US7MG glio-
blastoma cell line, suggested that hNS/PCs-250 are not
tumorigenic. These results were confirmed by histological
analyses. The Venus-positive area 6 months after trans-
plantation was no greater than the area 3 months after the
surgery. No Ki67- or PCNA-positive proliferative cells
were observed 6 months after the transplantation. HE stain-
ing indicated a pathology that lacked any malignant invasive
behavior. Taken together, these results strongly indicate that
the hNS/PCs-250 were negative for tumorigenicity.
Surprisingly, the Venus-positive grafted cells were stll posi-
tive for Nestin even 6 months after the transplantation, but
they were negative for the proliferation markers Ki67 and
PCNA (Fig. 5E). Moreover, the density of the grafted cells
was much lower in animals 6 months after grafting than
1 month after grafting (Fig. 5D). Although we cannot
clarify the properties of these Nestin-positive but prolifera-
tion marker-negative cells, they might reside in the grafted
sites as dormant neural stem cells. Therefore, further evalua-
tion of the safety of these donor cells, such as observation
periods much longer than 6 months, is warranted.

In conclusion, we showed that the maintenance and
safety of transplanted hINS/PCs could be assessed by moni-
toring the dynamics of these cells in vivo using BLL Our
present study provides a reliable system for evaluating the
tumorigenicity of hNS/PCs in vivo and addresses several
issues that are prerequisites for the clinical application of
hINS/PCs, including defining their properties in vitro and
in vivo and their tumorigenicity when transplanted after
long-term maintenance in culture. Taken together with
previous reports, our data indicate that the prospect for the
future application of hNS/PCs to cell replacement therapies
for neurological disorders is very promising.
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Transplantation of dendritic cells promotes functional recovery from spinal cord
injury in common marmoset
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We previously reported that implantation of dendritic cells (DCs) into the injured site activates neural
stem/progenitor cells (NSPCs) and promotes functional recovery after spinal cord injury (SCI) in mice.
Working toward clinical application of DC therapy for SCI, we analyzed whether DCs promote functional
recovery after SCI in a non-human primate, the common marmoset (CM). CMs are usually born as
dizygotic twins. They are thus natural bone marrow and peripheral blood chimeras due to sharing of the
placental circulation between dizygotic twins, leading to functional immune tolerance. In this study, to
identify adequate CM donor-and-host pairs, mixed leukocyte reaction (MLR) assays were performed.
Then, CM-DCs were generated from the bone marrow of the twin selected to be donor and transplanted
into the injured site of the spinal cord of the other twin selected to be host, 7 days after injury.
Histological analyses revealed fewer areas of demyelination around the injured site in DC-treated CMs
than in controls. Immunohistochemical analysis showed that more motor neurons and corticospinal
tracts were preserved after SCI in DC-treated CMs. Motor functions were evaluated using three different
behavior tests and earlier functional recovery was observed in DC-treated CMs. These results suggest DC
therapy to possibly be beneficial in primates with SCI and that this treatment has potential for clinical
application.
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1. Introduction

Because repair is very limited after central nervous system
(CNS) injury, especially in spinal cord injury (SCI), the development
of new therapies is urgently needed for CNS injury. Recently,
various cell therapies have been studied for the treatment of SCI
using ES cells (McDonald et al., 1999), neural stem cells (Cummings
et al., 2005; Ogawa et al.,, 2002, Okano, 2002), bone marrow cells
(Koda et al., 2005; Koshizuka et al., 2004), Schwann cells (Martin
et al.,, 1996; Takami et al.,, 2002), and olfactory ensheathing cells
(Doucette, 1995; Richter and Roskams, 2008) in animal models.
Immune-cell-based therapy using T cells and macrophages has

* Corresponding author at: Department of Neurosurgery, Keio University School
of Medicine, 35 Shinanomachi, Shinjuku-ku, Tokyo 160-8582, Japan. Tel: +81 3
5363 3587.

E-mail address: todam@sc.itc keio.ac.jp (M. Toda).

also been reported for the treatment of SCI (Hauben et al., 2000).
Most interestingly, activated macrophages showed a beneficial
effect in a human clinical study (Knoller et al., 2005).

Dendritic cells (DCs), which are antigen presentation cells
(APCs), have the ability to prime T cells for immune responses
against viruses, bacteria and tumors. Immature DCs can capture
and process exogenous antigens, and following maturation,
migrate to lymphoid organs, where they stimulate potent
antigen-specific T cells (Steinman, 1991; Steinman et al., 2003).
Based on their strong ability to activate cytotoxic T lymphocytes,
DCs are regarded as a useful tool for cancer immunotherapy and
are currently being used in human clinical studies for the
treatment of various cancers (Banchereau and Palucka, 2005;
Nencioni and Brossart, 2004; Schuler et al., 2003). Recently, we
reported that implantation of DCs into the injured site of the mouse
spinal cord produced functional recovery with de-novo neurogen-
esis (Mikami et al., 2004). Murine DCs were shown to secrete NT-3
and activate neural stem/progenitor cells (NSPCs).

0168-0102/$ - see front matter © 2009 Elsevier Ireland Ltd and the Japan Neuroscience Society. All rights reserved.
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Working toward the clinical application of novel therapies,
studies using non-human primates are valuable for ensuring both

the therapeutic effects and safety (Courtine et al., 2007). Compared

with other monkeys, the common marmoset (Callithrix jacchus;
CM) offers many advantages for preclinical studies (Abbott et al.,
2003; Ludlage and Mansfield, 2003; Mansfield, 2003). The average
weight of an adult CM is 200-300¢g, and adult body length
(without tail) is 14-19 cm, making it possible to handle and breed
these animals easily on a large scale and thereby reduce the cost of
experiments (Ludlage and Mansfield, 2003 ). CMs have been used in
studies on CNS diseases including Parkinson's disease (Gnanaling-
ham et al., 1993), stroke (Marshall et al., 2000), Huntington’s
disease (Kendall et al., 1998), multiple sclerosis (t Hart et al., 1998,
2004), anxiety (Barros et al., 2000) and SCI (Fouad et al., 2004;
Iwanami et al., 2005b; Liu et al., 2001). We recently established
culture methods for DCs in CMs (Ohta et al., 2008). With the goal of
clinical application of DC therapy, in this study, we analyzed the
effects, safety, and feasibility of this therapy in a SCI model of CM.

2. Materials and methods
2.1. Animals and spinal cord injury

Adult CM (260-400 g; 1-2 years old, Clea Japan Inc., Tokyo,
Japan) were used in this study. Contusive SCIs were induced using a
weight-drop device (a modified NYU impactor with a diameter of
3.5 mm) as described previously (Iwanami et al., 2005a). After an
intramuscular injection of ketamine (50 mg/kg) and xylazine
(5 mg/kg) to induce anesthesia, a C5 laminectomy was carried out
and a 17 g weight was dropped from a height of 50 mm onto the
exposed dura matter (Iwanami et al., 2005a). A week after injury,
4-8 x 10° DCs in 10-15 .l of RPMI medium (Sigma, St. Louis, MO)
or RPMI-1640 medium (10-15 l) were injected into the center of
the lesion site using a micro-stereotaxic injection system (David
Kopf Instruments, Tujunga, CA). All animals received daily
ampicillin (100 mg/kg intramuscularly; Meiji Seika Kaisha, Ltd.,
Tokyo, Japan) for 1 week after injury. The ethics committee of the
institute approved all surgical interventions and animal care
procedures, which were carried out in accordance with the
Laboratory Animal Welfare Act, the Guide for the Care and Use
of Laboratory Animals (National Institutes of Health, USA), and the
Guidelines and Policies for Animal Surgery provided by the Animal
Study Committees of the Central Institute for Experimental
Animals and Keio University.

2.2. Mixed leukocyte reactions (MLR)

The peripheral blood mononuclear cells (PBMCs) in CM were
prepared using Lymphoprep (Fresenius Kabi Norge, Halden,
Norway). Then, PBMCs were divided into stimulators and
responders. The stimulators irradiated at 40 Gy were co-cultured
with responders (each 1 x 10° cells) in triplicate in 96 U-well
plates (Costar Corp.) for 6 days. PHA (phytohaemagglutinin, Sigma,
2 ug/mL), autologous PBMCs, and allogeneic PBMCs were used as
controls in each experiment. The cultures were pulsed with
18.5 kBq/well [*H]-thymidine (Amersham) for 8 h on day 6, and
then harvested onto fiber-coated 96-well plates (Packard Instru-
ments, Groningen, Netherlands). Radioactivity was measured
using a Top count (Packard Instruments).

2.3. Cell culture and flowcytometric analysis

DCs were generated from bone marrow (BM) cells as previously
described (Ohta et al., 2008). Femurs and tibiae of CM were
removed and left in 70% ethanol for a few minutes before washing
in phosphate buffered saline (PBS). Both ends were cut with

scissors and BM cells were cultured in RPMI-1640 supplemented
with 10% heat-inactivated fetal calf serum (FCS). After overnight
incubation, suspended cells were collected and further cultured in
a complete medium (cRPMI), which consisted of RPMI-1640
supplemented with 10% FCS, penicillin and streptomycin (50 U/
mL, Invitrogen, Carlsbad, CA), recombinant human (rh) GM-CSF
(100 ng/mL; Leukine, Berlex Laboratories, Richmond, CA), and rhiL-
4(100 ng/mL; PeproTech Inc, Rocky Hills, NY). Half the supernatant
was replenished with fresh cRPMI on culture day 4, and the floating
cells were collected as a DC-enriched cell fraction on culture day 7.
On day 7 of culture, cells were stained with anti-human CD11c
(clone S-HCL-3, Becton Dickinson, San Jose, CA) and anti-human
HLA-DR (clone G46-6, BD Pharmingen, San Diego, CA) antibodies,
and then double positive cells were sorted using FACS vantage (BD
Biosciences, San Jose, CA) and Moflo (Dako Cytometry, Kyoto,

Japan).
2.4. Electron microscopy analysis

Cells were fixed with 2.5% glutaraldehyde and 4% paraformal-
dehyde (PFA) in 0.1 M cacodylate buffer (pH 7.4) and post-fixed
with 1% 0s0O,4. After dehydration in a graded ethanol series, the
cells were embedded in Epon (Oukenshoji, Tokyo). After prepara-
tion of semithin sections (0.1 pm), images were obtained using an
electron microscope (Japanese Electronic Optical Laboratories,
JEOL-1230).

2.5. Magnetic resonance imaging (MRI)

The magnitude of the SCI was monitored by examining changes
in intramedullary magnetic resonance imaging (MRI) signals (Metz
et al., 2000). MR imaging were performed by using a 7.0 T MR
imager (PharmaScan 70/16; Bruker Biospin, Ettlingen, Germany)
equipped with the integrated transmitting and receiving coil (i.d.
62 mm) under following conditions: sagittal, coronal, axial T2-
weighted fast spin-echo, and sagittal T1-weighted spin-echo.

2.6. Histological analyses

Eight weeks after DC-transplantation, the CM models were
perfused with 4% PFA. The dissected spinal cord tissues were post-
fixed overnight in 4% PFA, then soaked overnight in 10% followed
by 30% sucrose. Serial axial sections (12 wm thickness) were
collected every 600 m over a length of 7200 pm (rostral
1200 wm and caudal 6000 pm to the epicenter). For hematox-
ylin-eosin (HE) staining, sagittal sections containing the epicenter
were also prepared. Some sections were stained with anti-choline
acetyltransferase (ChAT) antibody (Ab) (1:200, mouse IgG;
Chemicon International, Inc., Temecula, CA), followed by a
horseradish peroxidase [HRP]-labeled anti-mouse IgG (1:400, goat
1gG; Jackson Laboratory, Bar Harbor, ME). The ABC method was
used to detect labeled cells using a Vectastain kit (Vector
Laboratories, Burlingame, CA). Sections were also stained with
anti-calmodulin-dependent protein kinase Ho (CaMK-lla) Ab
(1:50, mouse monoclonal; Zymed, CA), to detect the corticospinal
tract (CST), followed by a secondary antibody, Alexa Fluor 568-
conjugated anti-mouse IgG (1:400, goat IgG; Invitrogen).

The myelinated area was analyzed by staining with Luxol fast
blue (LFB, Sigma). Images were obtained using Zeiss AxioCam 4.4
(Zeiss) and were converted into binary images using NIH Image
software. In the converted binary images, areas with a higher
staining intensity than the threshold of LFB staining were defined
as myelinated areas. The threshold values were maintained at a
constant level for all the analyses. Motor neurons in the ventral
horn were analyzed using ChAT staining, and the corticospinal
tract area was analyzed using CaMK-lla staining. Images were
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obtained using Zeiss AxioCam 4.4, and these images were analyzed
using NIH Image software.

2.7. Behavioral analyses

The behavioral tests were examined according to the previous
reports (lwanami et al, 2005b). They can be summarized as
follows.

2.7.1. Bar grip test

The motor function of the upper extremities was evaluated
by the bar grip test using device (220 mm wide, 500 mm deep,
and 400 mm high with a bar diameter of 25mm in a 1x3
[70 mm x 100 mm] grid pattern), which analyzes the animal's
gripping reflex (the motion undertaken when attempting to grasp
an object placed before the animal). The percentage of the maximal
grip strength relative to that before the injury was calculated for
each day after the injury.

2.7.2. The behavioral scoring test

Each CM was observed for 5 min to assess its ability to perform
the basic motions, scored as follows (Iwanami et al., 2005b): score
1, changing from a supine to a prone position; score 2, grasping the
cage with its forelimbs; score 3, rasping the cage with its
hindlimbs; score 4, walking, with weight bearing, on its forelimbs;
score 5, walking, with weight bearing on its hindlimbs; score 6, a
single jump; score 7, multiple jumps; score 8, sitting or standing
for more than 3 s; and score 9, smooth movements without falling
through the gaps between the cage bars. Each animal'’s score was
determined by two independent observers. With scores ranging
from 1 to 9, one score was given for each representative motion
that was accomplished successfully.

The bargrip test and the behavioral scoring test were performed
in a double-blinded manner.

2.7.3. Measurements of spontaneous motor activity

Cages (350 mm wide, 500 mm deep, and 500 mm high) were
equipped with infrared sensors (Murata Manufacturing Corp.,
Nagaokakyo, Kyoto, Japan) on the ceiling to continually record the
3D motion of CMs. This system utilizes a passive thermographic
infrared sensor to monitor the heat emitted from the animals. The
3D localization of the heat source was monitored, and a change in
this localization was recorded as movement. Each animal’s data
were recorded and monitored on a computer on an hourly basis,
and the activity count after SCI was calculated as a percentage
relative to that before the injury.

2.8. Statistical analysis

Student’s t-test was used to analyze statistically significant
differences in immunohistochemical results. The Mann-Whitney
U-test was used to analyze statistically significant differences in
behavioral test results. Data are presented as the mean =+ standard
error of the mean (SEM) with *P < 0.05, **P < 0.01, and ***P < 0.001.

3. Results
3.1. Identification of donor-and-host pairs for DC-transplantation

In this study, DCs were generated from the BM of a CM twin and
the generated DCs were transplanted into the other CM twin. To
exclude the possibility of allograft rejection between dizygotic
twins, an MLR assay was performed. The MLR assay results for the
27 pairs of CM twins are shown in Table 1. Twenty-one of the 27
pairs of CM twins were MLR negative and were used as donor-host
pairs for transplantation. In contrast, 6 pairs of the CM twins were

Table 1

The value of autologous reaction is referred to 100. Each value indicates the percentage of radioactivity relative to that of autologous reaction (mean + SD). Twenty-one pairs of twins (A-U) are MLR negative and 6 pairs of twins (a~f) are
MLR positive.

Results of the mixed leukocyte reactions (MLR) assay for the screening of donor-host pair.
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Fig. 1. Purification and characterization of common marmoset dendritic cells (CM-DCs). (A) Flow cytometric analysis of cultured bone marrow (BM) in the presence of thGM-
CSF and rhiL-4 for a week. CD11c*HLA-DR? cells (boxed area) were isolated as CM-DCs. (B) Typical images of CM-DCs stained for CD11c (red) and HLA-DR (green) antibodies.
Scale bar, 20 pm. (C) Electron microscopic analysis of CM-DCs. Scale bar, 1 wm. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of the article.) '

MLR positive and thus were not used for further DC-transplanta- 2008). CM-DCs were purified as cells double-labeled for CD11c and

tion experiments. HLA-DR antibodies using flow cytometry (Fig. 1A). Approximately
4-8 x 10° DCs were purified from 1 to 5 x 108 BM cells of a CM. A
3.2. Purification and characterization of DCs from bone marrow typical image of BM-derived DCs stained with CD11c and HLA-DR

: antibodies is shown in Fig. 1B. Electron microscopic analysis of CM-
DCs were cultured for a week in the presence of hrGM-CSF and DCs showed an eccentric nucleus and the presence of small
hrlL-4 from the BM of CM as described previously (Ohta et al,, dendrites consistent with typical DC morphology (Fig. 1C).

(A) Gontrol - (B}

Control

DC

Fig. 2. Histological and magnetic resonance images (MRI) of the injured spinal cord in CMs 8 weeks after DC-transplantation. (A) H&E staining of sagittal sections of injured
spinal cords in DC-transplanted CM (animal No. U2 in Table 1) and control. Scale bar, 1 mm. (B) Sagittal, coronal, and axial MR images (T2WI1) of injured spinal cords in CMs.
The DC-treated CM is animal No. B1. The lesion was visible as a hyperintense signal on T2WI-MRI. Scale bar, 5 mm.
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Fig. 3. Quantitative analysis of myelinated areas around the epicenter 8 weeks after transplantation. (A) Representative LFB-stained specimens from normal CM, control CM
and DC-treated CM (animal No. O1). Scale bar, 1 mm. Scale bar for enlarged image of boxed area, 250 pm. (B)‘Cranio-caudal distribution (total length of 7200 pm; 1200 pm
rostral (~) and 6000 wm caudal (+) to the epicenter) of the LFB-positive area in control and DC-treated CMs. The percentage of the LFB-positive area relative to the
corresponding area in the intact CM was calculated using NIH image software. DCs-treatment, n = 6; control, n= 5. **P < 0.001.

3.3. Lesion size reduction with DC-transplantation

Seven days after injury, 4-8 x 10° DCs generated from the BM
of a donor CM twin were transplanted into the injured site of the
spinal cord of a host CM twin. Histochemical analysis showed the
spinal cord lesion to be smaller in a DC-transplanted CM than in a
control 8 weeks after DC-transplantation (Fig. 2A). On MRI, T2-
weighted images (T2WI) showed a hyperintense signal in the
injured spinal cord of the control CM 8 weeks after injury and the
signal in the DC-transplanted CM was smaller than that of control
(Fig. 2B).

3.4. Immunohistochemical analyses

Axial sections of spinal cords in either DC- or RPMI-treated
CMs 8 weeks after transplantation were subjected to immuno-
logical analyses to determine the effects of DC-transplantation.
We collected serial axial sections every 12 pm in a total length of
7200 p.m (1200 pm rostral and 6000 wm caudal to the epicen-
ter). The LFB staining showed a decrease in demyelinated areas
caudal to the epicenter in DC-transplanted CMs as compared to
that of controls (Fig. 3). In a monkey, CST fibers project to the
ventral horn, and some axons synapse directly on motor neurons
innervating hand muscles (Lemon et al., 2004). The number of
ChAT-positive motor neurons in the ventral horn was greater in
DC-treated CMs than in controls in areas caudal to the lesion site
(Fig. 4). We further measured the density of nerve fibers that
stained positively for CaMK-Ila (Terashima et al., 1994). CaMK-
lla-positive CST fibers were observed in the lateral funiculus, and
immunoreactivity of CaMK-Ila. in DC-treated CMs was greater
than that in controls in some areas caudal to the lesion site

(Fig. 5).

3.5. Behavioral recovery after DC-transplantation

To examine the effect of DC-transplantation, we performed
- three different behavioral analyses established by Iwanami et al.
(2005a); bar grip test, behavior scoring tests, and measurement of
spontaneous motor activity. The corticospinal system is involved
in dexterous hand movements. To evaluate the recovery of
forelimb motor function, bar grip tests were conducted on
described days. The bar grip strength sharply decreased in both
groups immediately after injury. After transplantation, DC-treated
CMs showed significant recovery, with higher bar grip power
values than the controls at 1, 3, 7, and 8 weeks after transplantation
(Fig. 6A). The behavioral scoring test assesses the recovery of motor
function in the forelimbs and hindlimbs (Iwanami et al.,, 2005b).
DC-treated groups showed significant recovery as compared to
controls at 1, 4, and 5 week’safter’,‘ transplantation (Fig. 6B). In the
measurement of spontaneous three-dimensional movement using
a sensor placed in the cages, the values in both groups decreased
sharply after injury. After DC-transplantation, DC-treated animals
tended to show earlier recovery than controls, although the
difference was not statistically significant (Fig. 6C).

The monitoring of spontaneous 3D movement is an objective
behavior analysis; however, such monitoring assesses not only
motor function, but also general physical condition. Thus, the
general physical condition of the mice might have affected the
results. Further behavior analyses will be required to assess the
details of motor function in CMs after SCI.

4. Discussion

Our current results demonstrate that transplantation of DCs
contributes to the functional recovery of SCI in a non-human
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Fig. 4. Quantitative analysis of the number of ChAT-positive neurons in the ventral horn around the epicenter 8 weeks after transplantation. (A) Anti-ChAT immunostaining.
ChAT-positive cells are observed in the ventral horn of the spinal cord as shown in the boxed area. The DC-treated CM is animal No. O1. Scale bar, 1 mm. Scale bar for enlarged
image of boxed area, 500 pm. (B) Cranio-caudal distribution (total length of 7200 pm; 1200 wm rostral (—) and 6000 wm caudal (+) to the epicenter) of the ChAT-positive

area in control and DCs-treated CMs. DC-treatment, n = 6 control, n = 5. *P < 0.05.

primate SCI model using CM. In our previous study using a mouse
SCI model, DC-transplantation enhanced axonal sprouting caudal
to the lesion site (Mikami et al., 2004). One of the mechanisms
underlying the enhancement of axonal sprouting by DCs is
suggested to be increased NT-3 level, within the injured spinal
cord, which is secreted from implanted mouse DCs. NT-3 is known
to promote axonal growth in the spinal cord (Grill et al., 1997) and
support the remyelination in SCI (McTigue et al., 1998; Girard et al.,
2005). Recently, we demonstrated that CM-DCs also express NT-3
(Ohta et al., 2008). In this study, immunohistochemical analyses
showed a decrease in neuronal loss and demyelination in the areas
caudal to the lesion site. in response to DC-transplantation.
Although further studies are required to analyze descending fibers
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including CST in the CM-SCI model in detail, NT-3 secreted by DCs
may exert a neuroprotective effect by decreasing neuronal loss and
axonal damage.

We previously demonstrated the de-novo neurogenesis accom-
panied by the increase in NSPCs after DC-transplantation in a
mouse SCI model (Mikami et al., 2004). In this study, we could not
analyze either neurogenesis or NSPCs in the injured CM spinal cord
due to technical difficulties. However, in our preliminary study,
CM-DCs increased the number of human NSPCs in vitro (unpub-
lished data). Thus, CM-DCs might have increased the number of
neurons in the spinal cord via de-novo neurogenesis accompanied
by the activation of endogenous NSPCs. It is also possible that
activation of endogenous NSPCs might increase oligodendrocyte

[:[ Control

03600 4200 4800 5400 6000

- 500 1200 1800 2400 30
Distance (pm)-

Fig. 5. Quantitative analysis of CaMK-Ila positive area around the epicenter 8 weeks after transplantation. (A) Enlarged images of boxed areas that are stained with CaMK-lla
antibody in the lateral funiculus are shown. The DC-treated CM is animal No. O1. Scale bar, 100 pm. (B) Cranio-caudal distribution (total length of 7200 p.m; 1200 pum rostral
(~) and 6000 pm caudal (+) to the epicenter) of the CaMK-Ilex positive area (boxed area in A) in control and DC-treated CMs. The percentage of the CaMK-llot positive area
relative to the corresponding area in the intact CM was calculated using NIH image software. DCs-treatment, n = 6; control, n = 5. *P < 0.05.
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Fig. 6. Behavioral analyses of SCI-CMs after DC-transplantation. (A) Bar grip test. The time course of the bar grip power in control and DCs-treated CMs. Each value indicates
the percentage of bar grip power before injury (DC-treatment, n = 5; control, n = 5). (B) Behavioral scoring scale. The scores (1-9 points) was given for each representative
motion, as described in Section 2 (DC-treatment, n = 5; control, n = 5). (C) 3D measurements of spontaneous motor activity. The value indicates the percentage of spontaneous
motor activity before injury (DC-treatment, n = 5; control, n = 5). Arrow indicates the day of DC-treatment. *P < 0.05, Mann-Whitney U-test.

progenitors, leading to the enhancement of remyelination. Future
studies are required to analyze endogenous NSPCs in CM in vivo.

Several reports of immune-cell-based therapy have described
the treatment of SCI. Activated microglia have been shown to
secrete neurotrophins in vitro (Elkabes et al., 1996; Miwa et al,,
1997; Nakajima et al., 2001) and in vivo (Batchelor et al., 1999;
Bouhy et al, 2006). These neurotrophins promote neuronal
survival and axonal regeneration in SCI (Prewitt et al., 1997;
Rabchevsky and Streit, 1997). Recently, skin-derived macrophages
(Knoller et al., 2005) and bone marrow cells with GM-CSF (Yoon
et al., 2007) showed beneficial effects on SCI in clinical studies. One
of advantages of DC therapy is that autologous transplantation can
be performed; DCs are generated from monocytes in peripheral
blood of patients within a week (Babatz et al., 2003). The
therapeutic time window including the timing of such treatment
is important in SCI therapy. Many studies suggest that delayed
administration (1-2 weeks after SCI) of cells is suitable for the
treatment of SCI (Ogawa et al.,, 2002; Okano, 2002; Okada et al,,
2005; Bouhy et al., 2006; larikov et al., 2007; Iwanami et al.,
2005a), because inflammatory reactions in the acute phase may
inhibit survival of transplanted cells. Considering how easily such
cells can be obtained, the timing of the treatment, and the lack of
allograft problems, DC are a useful cell type for SCI therapy in
humans.

In this study 4-8 x 10°DCs generated from BM cells were
transplanted into the spinal cord, although the same number of
DCs should be transplanted in each animal. In our previous study,
one million cells were implanted into the mouse spinal cord
(Mikami et al., 2004). If the same cell number per body weight is
used, approximately 10 million cells should be transplanted into
each CM. However, it is very difficult to obtain 10 million cells from
a donor CM. In clinical studies, various cell numbers of immune
cells (4-200 million cells) were transplanted into the human spinal
cord (Knoller et al., 2005; Yoon et al, 2007). From human
peripheral blood, 100 million DCs can be obtained (Motta et al.,

2003). Therefore, we transplanted the maximum cell number of
DCs obtained from a donor CM in each experiment. In addition, in
the protocol of this study, we performed DC sorting and the surgery
for the DC-transplantation on the same day. The number of DCs
generated in vitro from the same number of BM cells differed
among the experiments, since the yield of DCs depended upon
individual factors (Ohta et al., 2008). A considerable length of time
was required to sort the DCs using FACS because of the small
population of CM-DCs in the BM cultures. These technical
problems also caused the cell number of DCs used for transplanta-
tion to differ among the experiments. In future studies progressing
toward clinical application, the cell number of DCs used for
transplantation into the spinal cord will need to be optimized.

The safety of DCs for cancer therapy has already been
demonstrated in humans. Observations of the general health
conditions revealed no apparent differences between control and
DC-treated CMs. In this study, we also followed weight changes to
monitor health conditions during the experiments. No significant
weight loss was observed in CMs after DC-transplantation.
Moreover, the spontaneous movements of the DC-treated CMs
were always better than those of the control CMs, although the
difference was not statistically significant (Fig. 6C). In the
histological analyses, no apparent additional damage to the spinal
cord was observed after DC-transplantation. Although further
safety studies are required to realize clinical applications, these
results suggest the safety of administering DCs into spinal cord
lesions.

Compared with rodents, CMs have distinct differences in
anatomy and functional neural circuits of the spinal cord (Fujiyoshi
et al, 2007). Thus, our study in CMs may be important for the
preclinical evaluation of DC therapy for human SCI. DC-transplan-
tation showed a neuroprotective effect on SCI, leading to functional
recovery in CMs. Taken together, our results suggest that DC
therapy has major potential for the treatment of SCI in the clinical
setting.
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Introduction

Because the adult central nervous system (CNS) has limited
potential for regeneration, spinal cord injury (SCI) results in severe
dysfunction, such as paraplegia and tetraplegia. With the aim of
regenerating the injured spinal cord, various intraspinal cellular
transplants have been investigated, especially in the sub-acute
phase after injury. This period, between the acute and chronic
phases, is marked by the minimal expression of cytokines, and is
likely to be amenable to transplantation therapy [1,2,3,4,3].
Embryonic stem (ES) cells, with their indefinite replication
potential, pluripotency, and genetic flexibility, have attracted
great interest, and methods for inducing their neural differentia-
tion have been extensively studied [6]. ES cell-derived neural
progenitors are currently one of the most promising cell sources for
cell transplantation therapy for treating SCI. Although previous
studies demonstrated that the transplantation of mouse ES cell-
derived embryoid bodies [7] or human ES cell-derived oligoden-
drocyte progenitor cells [8] promotes overall functional recovery
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after SCI, the types of neural progenitor cells most effective for
treating sub-acute phase SCI has been uncertain.

We recently reported that a low concentration of retinoic acid
(1078 M: low-RA) can efficiently induce caudalized neural
progenitors in embryoid bodies (EBs) [9], and we established a
neurosphere-based culture system of ES cell-derived neural stem/
progenitor cells (NS/PCs) from low-RA-treated EBs, with
midbrain to hindbrain identities [10]. These ES cell-derived
primary neurospheres (PNS) mainly exhibit neurogenic differen-
tiation potentials, whereas passaged secondary neurospheres (SNS)
are more gliogenic, corresponding to changes in CNS develop-
ment, in which neurogenic NS/PCs predominate early in
gestation and gliogenic NS/PCs predominate in mid-to-late
gestation. Here, taking advantage of this difference between
neurogenic PNS and gliogenic SNS, we transplanted PNS and
SNS into the injured spinal cord, examined the differentiation and
growth properties of the grafted cells, and compared their effects
on angiogenesis, axonal regeneration, and functional recovery
after SCI. We also examined the survival and growth of the
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transplanted ES cell-derived NS/PCs using i vivo, live, biolumi-
nescent imaging (BLI) to evaluate the tumorigenicity and safety of
the grafted cells.

Results

Establishment of a Stable ES Cell Line Expressing CBR/uc
Luminescence and Venus Fluorescence

We first established an ES cell line that constitutively expresses
the click beetle red-emitting luciferase (CBRZc) [11] and Venus
[12] by introducing a CAG-CBRuc-IRES-Venus plasmid (Fig. 1A)
into EB3 ES cells (CCV-ES cells) [13]. CCV-ES cells and their
progenies were detected by both BLI [3,14,15] and fluorescence
microscopy. To induce NS/PCs from ES cells and obtain PNS
and SNS, we used a neurosphere-based culture system that we
recently reported [10] (Fig. 1B), as described in Materials and
Methods. More than 99% of the undifferentiated CCV-ES cells
expressed Venus fluorescence by flow cytometry (Fig. 1D and E),
and CCV-ES cell-derived PNS (CCV-PNS) and SNS (CCV-SNS)
showed steady fluorescence that was detectable by fluorescence
microscopy (Fig. 1C). Approximately 80% of the cells in the CCV-
PNS and -SNS were positive for Venus by flow cytometry (Fig. 1D
and E). bioluminescence imaging (BLI) revealed CBR/uc expres-
sion in both CCV-PNS and —SNS, and we confirmed that the
photon counts were in direct proportion to the cell numbers  vitro
(Fig. 1F). We also confirmed that the CCV-ES cells could generate
PNS and SNS similar to EB3-ES cells (Fig. 1C).

Distinct Differentiation Potentials of PNS and SNS /n Vitro

We next examined the @ witro differentiation potentials of the
PNS and SNS derived from EB3- and CCV-ES cells. PNS and
SNS derived from EB3- and CCV-ES cells were allowed to
differentiate in medium without FGF2 on poly-L-ornithine/
fibronectin coated coverslips for 5 days, and then processed for
immunocytochemistry. We examined the frequency of colonies
consisting of BIII tubulin-positive neurons, GFAP-positive astro-
cytes, and/or O4-positive oligodendrocytes, and found that the
EB3- and CCV-PNS colonies predominantly differentiated into
neurons, although a small number of colonies contained both
neurons and glia (Fig. 1G). In contrast, most of the EB3- and
CCV-SNS colonies differentiated into both neurons and glia,
including astrocytes and oligodendrocytes, or into only glial cells
(Fig. 1G), demonstrating that the ES cell-derived PNS and SNS
had distinct differentiation potentials ¢ vitro (Fig. 1H). Moreover,
EB3- and CCV-ES cell-derived neurospheres exhibited similar
differentiation properties, confirming that the transgene in the ES
cells had negligible effects on differentiation (Fig. 1H).

We also examined the SNS formation rates to determine the
self-renewing ability of the ES cell-derived PNS. We cultured
CCV-PNS at a low cell density (2.5%10* cells/ml), transferred
them into 96-well plates at one neurosphere/well, dissociated the
neurospheres, and cultured them again with FGF2 to form
secondary neurospheres. Most of the CCV-PNS generated
secondary neurospheres (79/90; 87.7%; from more than three
independent experiments), confirming their ability to self-renew.

Transplanted SNS Prevented Atrophic Change and
Demyelination after SCI

A contusive SCI was induced at the Thl0 level of C57BL6
mice, and 5x10° cells of CCV-PNS or CCV-SNS, or PBS as a
control, were injected into the lesion epicenter 9 days after injury.
We refer to these, respectively, as the PNS, SNS, and control
groups. After 6 weeks, histological analyses were performed. We
first examined atrophic changes of the injured spinal cord by
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Hematoxylin-eosin (H-E) staining (Fig. 2A and B). The transverse
arca of the spinal cord at the lesion epicenter was significantly
larger in the SNS group than in the control group, suggesting that
SNS transplantation prevented atrophy of the injured spinal cord
(Fig. 2E). Luxol Fast Blue (LFB) staining revealed significantly
greater preservation of the myelinated areas in the SNS group
compared with the control (both 2 and 6 weeks after injury) and
PNS groups (Fig. 2C and D), from | mm rostral to 1 mm caudal
to the epicenter (Fig. 2F). Notably, there was a significantly spared
rim of white matter in the SNS group, even at the lesion epicenter,
whereas the control group exhibited severely demyelinated white
matter throughout the lesioned area (2 mm rostral and caudal to
the lesion epicenter) (Fig. 2C and D).

Transplanted PNS and SNS survived in the injured spinal
cord and did not form tumors

The photon count measured by bioluminescence imaging (BLI)
quantifies only living cells, since the luciferin-CBR-luciferase
reaction depends on oxygen and ATP. The successful transplan-
tation of GCV-PNS and -SNS was confirmed immediately after
transplantation using BLIL, and the average signal intensity was
2.2+1.6x10° photons/mouse/sec in 22 transplanted mice.
Images obtained weekly thereafter for 6 weeks showed that the
signal intensity dropped sharply within the first week after
transplantation, but remained at 20% of the initial photon count
in both the PNS and SNS transplantation groups throughout the
remaining period. Although the signal intensity at 1 week was
significantly higher in the PNS group (62.4%) than in the SNS
group (29.5%), there was no significant difference in the signal
intensity between the PNS (12.6%) and SNS (18.9%) groups at 6
weeks, suggesting there was a similar number of live grafted PNS-
and SNS-derived cells within the injured spinal cord 6 weeks after
transplantation. Thus, similar numbers of grafted PNS and SNS
cells may have survived in the injured spinal cord, although the
possibility that the grafted cells proliferated differently in the two
groups 1 to 6 wecks after transplantation cannot be excluded.
Notably, a rapid increase in signal intensity, which would have
suggested tumor formation, was not observed during this time
period (Fig. 3A and B). Consistently, histological analysis
confirmed that both the CCV-PNS- and CCV-SNS-derived
Venus-positive cells survived without forming tumors (Fig. 3C-F).
Quantitative analysis of the Venus-positive area revealed that
there was no significant difference of the number of survived
grafted cells between PNS and SNS groups 6 weeks after
transplantation (Fig. 3G). Moreover, the data of BLI correlated
well with Venus-positive area (Pearson’s correlation coefficient:
0.759, p=0.04, Fig. 3H).

PNS and SNS Grafted onto Injured Spinal Cord Exhibited
Differentiation Potentials Similar to Those Observed /n
Vitro

To examine the differentiation characteristics of CCV-PNS and
-SNS grafted onto the injured spinal cord, we performed
immunohistochemical analyses, and determined the proportion
of cells immunopositive for each cell type-specific marker among
the Venus-positive grafted cells [3]. Both the PNS- and SNS-
derived cells integrated at or near the lesion epicenter and
differentiated into Hu-positive neurons, GFAP-positive astrocytes,
and APC-positive oligodendrocytes (Fig. 4A-E). The percentage of
Hu/Venus double-positive neurons in the PNS group
(52.8%£19.1%) was three times that in the SNS group
(16.3%£5.2%) (Fig. 4F). In contrast, the percentage of GFAP/
Venus double-positive astrocytes or APC/Venus double-positive
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Figure 1. Establishment of a stable ES cell line expressing CBR/uc luminescence and Venus fluorescence, and their differentiation
analysis. (A) The CAG-CBRIuc-IRES-Venus gene (CCV) construct. (B) Protocols for deriving neurospheres from mouse ES cells. ES cells were
dissociated into single cells with 0.25% trypsin-EDTA and cultured for 6 days to allow the formation of embryoid bodies (EBs). A low concentration of
RA was added on day 2 of EB formation for neural induction. The EBs were dissociated into single cells with 0.25% trypsin-EDTA and cultured in
suspension for 7 days, to obtain primary neurospheres (ES cell-derived primary neurospheres, PNS). These PNS were dissociated into single cells with
TripleLE Select (Invitrogen) and cultured again in suspension for 7 days under the same conditions to form secondary neurospheres (SNS). (C) Images
of CCV-PNS and -SNS visualized by fluorescence microscopy. Scale bar: 100 um. (D) Flow cytometric analysis of Venus-positive cells in PNS and SNS
derived from CCV- and EB3-ES cells. (E) The proportion of Venus-positive cells among CCV-ES cells and their progenies, CCV-PNS and -SNS.
Approximately 80% of the CCV-PNS and -SNS cells were positive for Venus. Values are means * s.e.m. (n=3). (F) Correlation between the cell
numbers of CCV-PNS and -SNS, and the measured photon counts. BLI revealed CBRIuc expression in both CCV-PNS and -SNS, and we determined that
the photon counts were in direct proportion to the cell numbers in vitro. Values are means * s.e.m. (n=3). (G)(H) Distinct differentiation potentials of
PNS and SNS in vitro. Immunocytochemical analysis of Blll tubulin-positive neurons (N or n), GFAP-positive astrocytes (A or a), and O4-positive
oligodendrocytes (O or o) (N, A, O: more than 20 cells; n, a, o: fewer than 19 cells in each colony, respectively). A neuron-only colony (N) and a colony
consisting of astrocytes and oligodendrocytes (AO) are shown (G). Scale bar: 50 pm. Quantitative analysis of the in vitro differentiation potential of
EB3-PNS and -SNS and CCV-PNS and -SNS, shown as the percentage of each phenotypic colony among the total colonies (H). The PNS colonies
dominantly differentiated into neurons, while a small number of colonies contained glial cells. On the other hand, most of the SNS colonies
differentiated into both neurons and glial cells, including astrocytes and oligodendrocytes, or into only glial cells. Values are means = s.e.m. (n=3).
doi:10.1371/journal.pone.0007706.g001

oligodendrocytes in the SNS group (42.2*14.4, 33.6+5.4%) was were consistent with the results of the & vitro differentiation assay,
twice that in the PNS group (19.0%9.3, 14.8+7.1%) (Fig. 4F) suggesting that PNS and SNS preserved their differentiation
(n=4). The differentiation patterns of the grafted PNS and SNS tendencies i vivo.
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Figure 2. Transplanted SNS prevented atrophic change and demyelination after SCI. (A)(B) Representative H-E staining images of the
sagittally sectioned (A1-3) and axially sectioned (B1-3) spinal cord at the lesion epicenter 6 weeks after injury. Scale bar: 500 um. (C) Representative
LFB staining images of the axially sectioned spinal cord 1 mm caudal to the lesion from each animal (2 weeks or 6 weeks after SCI for the vehicle-
control group and 6 weeks after SCI for the PNS and SNS groups). Scale bar: 500 um. (D) Higher magnification images of the boxed areas in C. Scale
bar: 100 pm. (E) Quantitative analysis of the spinal cord area measured in H-E-stained axial sections through different regions. The transverse area of
the spinal cord at the lesion epicenter was significantly larger in the SNS group compared with the control group. Values are means = s.e.m. (n=5).
#: P<0.05, Control vs. SNS. (F) Quantitative analysis of the myelinated area by LFB-stained axial sections at different regions. LFB staining revealed
greater preservation of myelination in the SNS group, with significant differences observed at the sites 1 mm rostral and 1 mm caudal to the
epicenter compared with the control 2 or 6 weeks groups, 1 mm caudal to the epicenter compared with the PNS group, and at the epicenter
compared with the control 2-week group. Values are means = s.e.m. (n=5), *: P<0.05, PNS vs. SNS. #*: P<0.05, Control 6 weeks vs. SNS. #¥¥; p<0,05,

Control 2 weeks vs. SNS.
doi:10.1371/journal.pone.0007706.g002
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Figure 3. Transplanted PNS and SNS survived in the injured spinal cord and did not form tumors. (A) Representative BLI images of mice
that received transplants of CCV-PNS and -SNS. (B) Signal intensity over time after transplantation in the PNS and SNS groups, shown relative to the
initial value. Although the signal intensity at 1 week after the injury was significantly higher in the PNS group (62.4%) than the SNS group (29.5%),
there was no significant difference in the signal intensity between the PNS (12.6%) and SNS (18.9%) groups 6 weeks after the injury. Values are
means * s.e.am. (n=11). *: P<0.05, PNS vs. SNS. Scale bar: 500 um. (C}(D)(E)(F) Representative images of sagittal sections of spinal cords grafted with
PNS and SNS, which were immunostained for Venus (grafted cells) using an anti-GFP antibody. High-magnification images of the boxed areas in C
and E are shown in D and F. Scale bar: 500 um for C and E, 100 pm for D and F. Histological analysis confirmed that both PNS- and SNS-derived cells
survived without forming tumors. (G) Quantitative analysis of Venus (GFP)-positive area at the lesion epicenter in midsagittal sections. Venus
immunostaining revealed there was no significant difference between PNS and SNS groups 6 weeks after transplantation Values are means = s.e.m.
(n=6). (H) Correlation of the results of BLI analysis and the quantification of Venus-positive area. The data of BLI correlated well with Venus-positive
area (n=12).

doi:10.1371/journal.pone.0007706.g003

Transplanted SNS, but Not PNS, Enhanced Angiogenesis grafted spinal cord by immunohistochemistry. Although a VEGF-
after SCi positive area was observed at the lesion epicenter in all three
To examine the effects of CCV-PNS and -SNS transplantation ~ gr0ups 6 weeks after injury (Fig. SK=M), it was significantly

on angiogenesis after SCI, sagittal and axial sections of the injured broader in the SNS group than in the other groups (Fxg 5Z).
spinal cord were examined immunohistochemically for aSMA (a Furthermore, we found many GFAP/VEGF double-positive host

marker for smooth muscle cellsj or PECAM-1 (a marker for astrocytes, which were negative for.\./enus (GFP) (lf‘ig. 5N-Q), and
endothelial cells). While a few aSMA-positive cells were observed a few. Venus (GF F)/GFAP-positive  graft-derived = astrocytes
at and near the lesion site in sagittal sections of both the control expressing VEGF (Fig. S5R—X).

and PNS groups, significantly more aSMA-positive cells were

found in the SNS group (Fig. 5A and B). These aSMA-positive Transplanted SNS, but Not PNS, Promoted Axonal

cells accumulated near Venus-positive grafted cells (Fig. 5C and ~ Regrowth and Enhanced Functional Recovery

D). Similarly, significantly more PECAM-1-positive blood vessels To examine the effects of GCV-PNS and -SNS transplantation
were observed at the lesion site in the SNS group than in the PNS on axonal regrowth after SCI, we performed immunohistochem-
and control groups (Fig. 5E~J, Y). To clarify the underlying ical analyses of the injured spinal cord for NF-H (RT97), 5-
angiogenic signals, we examined the expression of an angiogenic hydroxytryptamine (5-HT), and growth-associated protein-43
growth factor, vascular endothelial growth factor (VEGF), in the (GAP43). While few NF-H-positive axons were observed at the
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