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Figure 4 Immunohistochemistry of green fluorescent protein
(GFP)-positive transplanted NS-MSCs (day 100). (A-C) Calbin-
din, (D-F) parvalbumin, (G-1) tyrosine hydroxylase (TH), (J-L)
DARPP32. These cells are mostly observed in the lesion
boundary. Scale bars = 20 um.

1% to 2%. The functional recovery induced by these
naive MSCs transplantation may partly be mediated
by the trophic effects of MSCs or by the intrinsic
parenchymal cells stimulated by MSCs (Chen and
Chopp, 2006; Li et al, 2002). However, in this study,
a large number of GFP-labeled NS-MSCs was
measured in the host brain even after 100 days of
transplantation, and most of the cells expressed
neuronal markers and neurotransmitter-related mar-
kers. In addition, Fluorogold tracing showed that the
transplanted cells extended neurites for some dis-
tance in the host brain and might have formed
synapses with host neurons. The true contribution of
the neurite extension of transplanted NS-MSCs
remains unclear; although our results suggest that
the differentiation or orientation of MSCs into cells
with neural properties before transplantation is
effective for the survival and integration of MSCs.
In our result, recovery occurs long before the cells
can have integrated into the host brain. In the limb-
placing test, the MSC group showed slight recovery
in the earlier period after operation, and the mean
lesion volumes between the NS-MSCs and MSCs
groups showed no statistical difference. Perhaps, the
recovery in the earlier period (before 14 days)
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Figure 5 The expression of retrograde tracer Fluorogold injected
in the targeted area of the substantia nigra and synaptophysin
expression in the graft (day 100). (A) Site of NS-MSCs
transplantation and Fluorogold injection. (B) Immunohistochem-
istry showed Fluorogold and green fluorescent protein (GFP)
double-positive cells in the striatum. Higher magnification of
4’ 6-diamidino-2-phenylindole (DAPI) (C), Fluorogold (D), and
GFP (E) double-positive cells (F) with neuron-like morphology.
(G-J) Synaptophysin is expressed in the perisynaptic areas
of GFP-positive transplanted cells in the striatum. Scale
bars = 5mm (panel A), 100 um (panel B), and 20 um (panels
C-)).

Merged

resulted from the trophic effect of transplanted cells
rather than from the replenishment of lost cells. As
mentioned above, naive MSCs are known to have
trophic effects and therefore, it is no wonder that NS-
MSCs also procure the same effect. However, in the
later period, MSCs do not survive, whereas NS-MSCs
do, which are migrated and differentiated in the host
tissue. Although the cell replacement by trans-
planted NS-MSCs cannot be the entire contribution
for the functional recovery, this difference may
explain the functional recovery shown in NS-MSCs
groups at a later period of 100 days.

Under stressful conditions, MSCs are shown to
exhibit neuron-like morphology and to express
neuronal markers, but without ever having under-
gone protein synthesis, indicating that the neuron-
like morphologic and immunocytochemical changes
are artifacts (Lu et al, 2004). Indeed, in their report,
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NeuN and NSE were positive to these cells in
immunocytochemistry, ~whereas - upregulation : of
these markers could not be recognized in RT-PCR.
In contrast, we confirmed the clear upregulation of
NSE after neuronal induction from NS-MSCs, and
expression of ChAT, one of the markers for functional
neurons, in RT-PCR (Supplementary Figure 1). In
real-time PCR, both NSE and voltage-gated sodium
charnnel type Il Scn3a were shown to be expressed
substantially“in neuronal cells induced from NS-
MSCs but not in naive MSCs (Supplementary Figure
2). High performance liquid chromatograph also
showed the effective production of dopamine from
neuronal cells induced from NS-MSCs. These results
collectively - suggest ‘that, different from stress-in-
duced neuron-like cells, neuronal cells differentiated
from NS-MSCs are functional as the upregulation of
markers related to functional neurons are shown as
described above.

Compared - with fully differentiated - postmitotic
neuronal cells, NS:MSCs have several advantages.
First, because of the premature state of NS-MSCs,
they have a greater survival rate, distribution, and
integration in the host brain. For differentiated
dopaminergic neurons induced from MSCs (Dezawa
et al; 2004; Mimura et al, 2005), the survival ratio
was only 20% to 30% after transplantation into the
Parkinson’s disease model rat and their distribution
was mostly confined to the striatum, suggesting their
limited ability for migration and integration in the
host . tissue. However, NS-MSCs were widely ob-
served in the lesion boundary, ipsilateral cortex, and
striatum in the stroke brain and 21+ 1.3 x 10% cells
were counted after the transplantation of 50,000
cells. As 4.7% of GFP-positive NS-MSCs were
positive for Ki67 at 14 days, but GFP-positive cells
were negative for Ki67 at 100 days, a subpopulation
of NS-MSCs might have proliferated at an earlier
period, but most of them became postmitotic by day
100. These observations might partly explain the
following: (1) the ability of NS-MSCs to proliferate
and migrate because of their premature state and (2)
although NS-MSCs show neural lineage commitment
in vitro, their differentiation into functional neuronal
subtypes in the host tissue, such as dopaminergic,
glutamatergic, and GABAergic marker-positive cells
might subsequently be regulated by the host micro-
environment.

Second, NS-MSCs differentiated into various
kinds of transmitter-related marker positive cells
within the host brain. They also extended neurites
for a long distance for ~6.3 mm. This suggests that
premature NS-MSCs have higher flexibility to adapt
to the host microenvironment and to differentiate
into various cell types rather than fully differentiated
neuronal cells. Such properties would be beneficial
when replenishing neural cells are required to cover
a large degenerated region and various types of
neural cells are required, such as in the case of
stroke. Conversely, in Parkinson’s disease, as dopa-
mine-producing cells are the main target, induction
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and differentiation into dopaminergic neurons before
the transplantation would be preferable for func-
tional recovery (Dezawa et al, 2004; Mimura: et al,
2005).

Third, NS-MSCs are more easily prepared than
fully differentiated neuronal cells;" which might be
beneficial from a practical aspect. Precise control and
maintenance are required to-achieve the differentia-
tion ‘of neuronal cells from human MSGCs, appro-
priate density in the case of seeding and pertinent
harvesting method. As for the NS-MSCs method, this
free-floating culture method is not highly dependent
on cell density and does not require harvesting.
Moreover; in general, mature neurons are vulnerable
compared with neural progenitors for: their main-
tenance. Considering these three aspects, the NS-
MSCs method will clinically be feasible for treating
acute injuries like stroke.

Earlier: reports have described the induction of
neurosphere-like. ‘cells from MSCs using -trophic
factors and/or the medium used for neural stem cells
{Hermann et al, 2004; Lee et al, 2003). Notably, in
these reports, the ratio of glial cell differentiation is
higher than that of neuronal cells; induction rates of
mature neurons versus astrocytes ' derived from
neurosphere-like cells are 64 2%:13 +4% (Hermann
et al; 2004} or 6.5%:32.9% (Lee et al, 2003). In our
system; almost all of the NS-MSCs differentiated into
neuronal cells and a very small number of glial cells
were  produced; both in vilfro and in vivo. This
finding suggests that NICD introduction and sphere
formation strongly shifted the MSCs to a neuronal
potential.

The number of GFP-labeled transplanted cells at
100 days after transplantation was four times higher
than that at 14 days. Therefore, we conducted the
study on Ki67 staining, a marker for cell proliferation
related to tumor genesis, which showed that Ki67-
positive cells were detected in 14 but not in 100
days. Furthermore, the percentage of GFP-positive
cells that expressed NeuN at 100 days was very high
(79.5 £ 0.1%]). Some of them might get disposed from
the organism after transplantation, but overall, this
result suggests that large number of Ki67-positive
cells at 14 days did not continue to divide and
differentiated into neuronal phenotype by 100 days.
Consistently, the ability to generate spheres was
limited in NS-MSCs, i.e.; NS-MSCs could generate
second and third spheres but were unable to show
fourth sphere formation. In addition, tumor forma-
tion was not detected up to 100 days. Many reports
suggested that MSCs are less tumorigenic than fetus-
derived stem cells or embryonic stem cells, and few
reports with regard to MSC transplantation into
stroke model animals reported ectopic tissue forma-
tion or carcinogenesis (Chen et al, 2001a, b). Indeed,
these earlier reports do not completely cast aside the
tumorigenic possibility of MSC or MSC-derived
cells. The most reliable safety evaluation will not
be performed in the rat experiment but in the higher
mammals like monkeys; therefore, we recognize that




evaluation in the monkey experiment is necessary in
the future.

Notch. signaling inhibits neuronal. differentiation
and promotes glial differentiation during develop-
ment (Lundkvist and Lendahl, 2001).. Although our
résults - seem . inconsistent. with- the -well-known
action’ of Notch signaling, it is presumed that cell
susceptibility to Notch signaling in MSCs is different
from cells in the process of neuronal development.
Our results: suggest: distinct cellular responses to
Notch signals; e.g:, the protein repertoire and active
factors may be quite different between conventional
neural progenitor cells and MSCs.  We recognized in
this experiment that NICD transfection leads to an
upregulation: of NeuroD in the luciferase assay as
described . earlier  (Dezawa et al, 2004),  which
suggests that; at least in MSCs, cells are orientated
to' a neural differentiation - by : NICD - introduction.
Furthermore, treatment with the free-floating culture
system ‘might have selected cells ‘with a- high
potential - for --neural . differentiation. . The precise
mechanism - underlying the MSCs acquisition : of
neural progenitor cell properties in this system needs
to be clarified.

Several reports indicated that remote degeneration
of neurons together with the change in Bel-2 and
tumor necrosis factor-« expression level occurs in the
substantia nigra after focal ischemia (Arango-Davila
et al, 2004; Loos et al, 2003). These observations
suggested that the nigrostriatal pathway was da-
maged  after focal ischemia. Earlier reports showed
the improvement of behavioral dysfunction after
striatal - transplantation. of embryonic stem cells,
which was assessed by methamphetamine injection,
the test known fo estimate the nigrostriatal pathway
(Yanagisawa et al, 2006). The result indicated that
striatal transplantation could repair the damage of
the nigrostriatal pathway. Our result also showed the
same effect of striatal transplantation.

Furthermore, several earlier studies indicated that
hemispheric damage influenced the result of water
maze test (Puurunen et al, 2001; Veizovic et al, 2001).
In addition, Yonemori ef al (Yonemori ef al, 1999)
reported that focal cerebral ischemia caused spatial
memory disturbance in rats. Therefore, in our
experiment, the improvement of this test might have
been brought about by the improvement of both
cognitive and motor functions.

Human MSCs have a high proliferation ability; 20
to 100 mlL of bone marrow aspirate provides 1 x 107
MSCs within several weeks. Considering the sphere
formation efficiency described above, as many as
5% 10% spheres may be obtained from a patient’s
bone marrow within a reasonable time period. We
also confirmed that cryopreserved NS-MSCs could
proliferate and repeatedly form spheres while main-
taining their neural progenitor-like characteristics
(data not shown). Therefore, not only for autologous
transplantation, but also for a cell-providing system
using the same human leukocyte antigen subtype,
MSCs from a healthy donor might be a realistic
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approach for cell therapy. This MSC cell therapy
approach may be applicable for stroke. victims and
for those of other neurodegenerative diseases.
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Based on their differentiation ability, bone marrow stromal cells (MSCs) are a good source for cell therapy.
Using a cynomolgus monkey peripheral nervous system injury model, we examined the safety and efficacy of
Schwann cells induced from MSCs as a source for auto-cell transplantation therapy in nerve injury. Serial
treatment of monkey MSCs with reducing agents and cytokines induced their differentiation into cells with
Schwann cell properties at a very high ratio. Expression of Schwann cell markers was confirmed by both
immunocytochemistry and reverse transcription-polymerase chain reaction. Induced Schwann cells were

Keywords: o , i
Mg,senchymal stem cells used for auto-cell transplantation into the median nerve and followed-up for 1 year. No abnormalities were
Monkey observed in general conditions. Ki67-immunostaining revealed no sign of massive proliferation inside the

Schwann cells
Nerve regeneration
Peripheral nerve
Transdifferentiation

grafted tube, Furthermore, '8F-fluorodeoxygluocose-positron emission tomography scanning demonstrated
no abnormal accumulation of radioactivity except in regions with expected physiologic accumulation.
Restoration of the transplanted nerve was corroborated by behavior analysis, electrophysiology and
histological evaluation. Our results suggest that auto-cell transplantation therapy using MSC-derived
Schwann cells is safe and effective for accelerating the regeneration of transected axons and for functional
recovery of injured nerves. The practical advantages of MSCs are expected to make this system applicable for
spinal cord injury and other neurotrauma or myelin disorders where the acceleration of regeneration is
expected to enhance functional recovery.

© 2010 Elsevier Inc. All rights reserved.

Introduction Schwann cells have a crucial role in the endogenous repair of the PNS

by reconstructing myelin, which is indispensable for neurologic

Schwann cells are peripheral glial cells that form the myelin of the
peripheral nervous system (PNS) and have a major role in neuronal
function including saltatory conduction. Following PNS injury,
Schwann cells have a pivotal role in axonal degeneration and
regeneration. During Wallerian degeneration, myelin is degraded
and Schwann cells are activated and proliferate to produce a variety of
neurotrophic factors, cytokines, and cell adhesion molecules, thereby
providing a pathway for regenerating axons (Fawcett and Keynes,
1990; Hall, 2001; Radtke and Vogt, 2009; Torigoe et al., 1996).
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function. Schwann cells also support reconstruction of the injured
central nervous system (CNS) where successful axonal regeneration
and functional reconstruction are not normally achieved by oligoden-
drocytes (Dezawa and Adachi-Usami, 2000). Several experiments in
the spinal cord and some other areas in the CNS have shown that the
injection or transplantation of cultured Schwann cells induces axonal
growth across the site of injury and contributes to functional recovery
(Bunge, 2002; Bunge, 2008; Hill et al., 2006; Plant et al., 1998; Vukovic
et al., 2007). For these reasons, Schwann cells have long attracted
attention and are thus one of the most widely studied cell types for
axonal regeneration both in the PNS and CNS.

Although Schwann cells have a strong ability to induce nerve
regeneration, it is difficult to obtain a sufficient amount of Schwann
cells for clinical use. Schwann cell cultivation requires another
peripheral nerve being newly sacrificed. In addition, several technical

Please cite this article as; Wakao, S., et al., Long-term observation of auto-cell transplantation in non-human primate reveals safety and
efficiency of bone marrow stromal cell-derived Schwann..,, Exp. Neurol. (2010), doi:10.1016/j.expneurol.2010.01.022
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difficulties remain for harvesting and expanding a large number of
Schwann cells. Accordingly, it is desirable to establish cells with
Schwann cell characteristics from sources other than the PNS that are
easy to access, capable of rapid expansion, amenable to survival, and
able to integrate into the host tissue to elicit axonal regeneration and
to contribute to re-myelination.

Therefore, we previously used bone marrow stromal cells (MSCs)
as a source for inducing Schwann cells because MSCs are easily
accessible through aspiration of the bone marrow from patients or a
marrow bank and can be expanded in culture with fewer ethical
problems compared to other sources. MSCs can be readily expanded
in large scale for auto-transplantation, and have the potential to
differentiate into other kinds of cells such as osteoblasts, adipocytes,
and chondrocytes (Pittenger et al., 1999; Prockop, 1997).

Induction of Schwann cells from MSCs is efficiently achieved by
first reverting human and rodent MSCs to an undifferentiated state
using beta-mercaptoethanol (BME) followed by retinoic acid (RA)
treatment and then inducing differentiation by treating them with
forskolin (FSK), basic fibroblast growth factor (bFGF), platelet-derived
growth factor (PDGF), and neuregulin, all of which are factors related
to Schwann cell differentiation (Dezawa et al., 2001). The induced
cells are different from the original untreated MSCs, but are morpho-
logically quite similar to Schwann cells and express Schwann cell
markers at a high ratio (Dezawa et al., 2001). The effectiveness of this
induction system was also demonstrated by other groups in other
mesenchymal stem cells such as adipose-derived stem cells (Jiang
et al,, 2008; Kingham et al., 2007; Xu et al., 2008).

It is noteworthy that human and rodent MSC-derived Schwann
cells express myelin-related markers and contribute to re-myelina-
tion when transplanted into rat sciatic nerve injury (Mimura et al.,
2004; Shimizu et al., 2007), and also effectively promote axonal
regeneration and functional recovery in spinal cord injury (Kamada
et al,, 2005; Someya et al.,, 2008). These findings demonstrate that
MSC-derived Schwann cells are effective for both PNS and CNS
regeneration.

To extend this system to clinical application, the safety and
effectiveness in higher mammals must be evaluated. The potential for
auto-cell transplantation is one of the strong advantages of MSCs. In
this study, we estimated the safety and effectiveness of MSC-derived
Schwann cells for auto-cell transplantation in a PNS injury model in
cynomolgus monkey. The expression of Schwann cell markers in the
MSC-derived Schwann cells was confirmed by both immunocyto-
chemistry and reverse transcription-polymerase chain reaction (RT-
PCR). Artificial grafts were made by transferring MSC-derived
Schwann cells into trans-permeable tubes filled with 3-dimensional
collagen, transplanted into the gap between transected median nerve
segments, and followed-up for 1year. No abnormalities were
observed in general conditions. In '8F-fluorodeoxygluocose (FDG)-
positron emission tomography (PET) scanning, which allows for
highly sensitive detection of neoplastic cells, no abnormal accumu-
lation of radioactivity was observed except in regions known to have
physiologic accumulations. Cell proliferation assessed by Ki67
immunostaining demonstrated no mass formation and low prolifer-
ation of cells. Restoration of the transplanted nerve was confirmed by
the hand movement analysis, electrophysiology, and histology.

These results suggest that auto-cell transplantation therapy using
MSC-derived Schwann cells is effective and is very likely to be safe for
nerve injury. The practical advantages of MSCs is expected to make
this system applicable for treatment of spinal cord injury and other
neurotrauma or neurodegenerative diseases where Schwann cell
transplantation is expected to be effective.

Materials and methods

Animal experiments using cynomolgus monkeys were approved
by the Animal Care and Experimentation Committee of the Kyoto

University Graduate School of Medicine, Tohoku University Graduate
School of Medicine and the National Cardiovascular Center Research
Institute. Six adult male cynomolgus monkeys (3 to 4 years of age)
were used in this experiment. Cynomolgus monkeys have been
broadly used to evaluate the efficiency of transplantation methods
particularly in PNS injury models (Ahmed et al., 1999; Archibald et al.,
1995; Auba et al, 2006; Hess et al, 2007; Lee et al., 2008).
Furthermore, we have previously confirmed the transdifferentiation
capacity of MSCs in cynomolgus monkeys, i.e., to be induced into
neuronal cells (Nagane et al, 2009). For these reasons, we chose
cynomolgus monkeys as the experimental animal in this study.

Isolation of monkey MSCs and Schwann cell induction

Primary monkey MSCs were isolated from the pelvic bone. Bone
marrow aspirate (5ml) was diluted 1:10 using culture medium
comprised of alpha-minimum essential medium (MEM), 15% fetal
bovine serum (FBS), 2 mM L-glutamine, and kanamycin and incubated
at 37 °C, 5% CO,. After 4 days, non-adherent cells were removed by
replacing the medium. Adherent MSCs were expanded when they
reached 95% confluence, and were subcultured 4 times, and then
finally subjected to the Schwann cell induction.

MSCs were subcultured at a density of 1.76x 10% cells/cm? and
incubated in alpha-MEM containing 1 mM BME without serum for
24 h. The culture medium was then replaced with alpha-MEM con-
taining 10% FBS and 35 ng/ml all-trans-RA (Sigma, St. Louis, MO).
Three days later, cells were transferred to alpha-MEM containing 10%
FBS, 5 uM FSK (Calbiochem, La Jolla, CA), 10 ng/ml bFGF (Peprotech,
London, UK), 5 ng/ml PDFG-AA (Peprotech, London, UK), and 200 ng/
ml heregulin-B1-EGF-domain (R&D Systems, Minneapolis, MN) and
cultured for 4 to 5 days. These Schwann cells induced from MSCs were
called ‘M-Schwann cells’ in the following sections.

Evaluation of M-Schwann cells

M-Schwann cells were evaluated using both phase-contrast
microscopic observation and immunocytochemistry. For immunocy-
tochemistry, the YST-1 cell line was used for positive control (RIKEN,
Ibaraki, Japan), monkey naive MSCs as a negative control, and monkey
M-Schwann cells were fixed with 4% paraformaldehyde in 0.02 M
phosphate buffered saline (PBS). Primary antibodies used for the
immunocytochemistry were anti-protein zero (P0) rabbit IgG (1:300,
kindly provided by Dr. ]J. Archelos, Karl-Franzens Universitat, Graz,
Austria), anti-p75 (nerve growth factor receptor) mouse IgG (1:500,
Abcam Cambridge, UK), anti-glial fibrillary acidic protein (GFAP)
rabbit IgG (1:300, DAKO, Carpinteria, CA), anti-O4 mouse IgM (1:20,
Boehringer Ingelheim GmbH, Ingelheim, Germany), anti-CD90 mouse
1gG (1:400, BD Bioscience, Bedford, MA), and anti-smooth muscle
actin (SMA) mouse IgG (1:400, LabVision, Newmarket, Suffolk, UK).
These primary antibodies were detected by Alexa 568-conjugated
anti-rabbit IgG, anti-mouse IgG, or anti-mouse IgM antibodies
(Molecular Probes, Invitrogen, Carlsbad, CA). Immunocytochemistry
was performed as previously described (Kitada et al., 2001). Briefly,
samples were incubated in 20% BlockAce (skim milk, Yukijirushi,
Tokyo, Japan) in 0.005% saponin and 50 mM glycine in PBS (SaGlyPBS)
for 10 min, incubated with the primary antibody in 5% BlockAce in
SaGlyPBS overnight at 4 °C followed by the secondary antibody
incubation in 5% BlockAce in SaGlyPBS. Nuclei were counterstained
with 4, 6-diamidino-2-phenylindole (DAPI, Molecular Probes). As for
immunostaining against CD90, cells were incubated with anti-CD90
antibody in culture medium at 37 °C, 5% CO,, washed, fixed with 4%
paraformaldehyde in 0.02 M PBS, and further processed for secondary
antibody incubation. All images were taken by a confocal laser
scanning microscope (CS-1, Nikon, Kawasaki, Japan) with the same
laser intensity and detection sensitivity.
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Expression of Schwann cell markers in RT-PCR

Total RNA from naive MSCs and M-Schwann cells was extracted
using an RNeasy Mini Kit (Qiagen GmbH, Hilden, Germany) and
purified in accordance with the manufacturer's instructions. From
1 g of total RNA, first-strand cDNA was generated using SuperScript
11 reverse transcriptase (Invitrogen, Carlsbad, CA). The PCR reactions
were performed using Ex Taq DNA polymerase (TaKaRa, Tokyo,
Japan). The amplification conditions were: 1 min at 94 °C, 1 min at
60 °C, and 1 min at 72 °C, for 30 cycles (25 cycles for -actin) and a
final incubation at 72 °C for an additional 7 min.

We used the following Macaca fascicularis PCR Primers that are
specific genes for Schwann cells, and B-actin as internal control.
R-actin sense: 5'-TCTAGGCGGACTGTGACTTAGTTGCGTTAC-3’ and an-
tisense: 5'-AATCAAAGTCCTCGGCCACATTGTAGAACT-3/, GFAP sense:
5/-TGCCCTAGGCTCCATCAGTATT-3’ and antisense: 5-TCCCAGATACC-
CTGAGAGAACCT-3’, Krox20 sense: 5’-AGTACCCCAACAGACCTAG-
CAAGA-3’ and antisense: 5’-GCAAACTTTCGGCCACAGTAG-3', MBP
sense: 5-CCCACACACCCCAATTAGCT-3’ and antisense: 5’-GCATCAC-
GCTGACTACTCCTCAT-3'.

M-Schwann cell autologous PNS graft

The composition and construction of the biodegradable conduit
and collagen sponge were previously reported (Hisasue et al., 2005).
Briefly, the copolymer was composed of 75% L-lactic acid and 25%
E-caprolactone. A rotating polytetrafluoroethylene tube 2 mm in
diameter was dipped in the copolymer solution, immersed in liquid
nitrogen for a few minutes, and air dried at 25 °C for 24 h. The tube
used for transplantation was 4 mm long with 2-mm internal and
3-mm external diameters. A solid sample of atelocollagen (Nippon
Meat Packers, Osaka, Japan; 70 wt.% type 1 and 30wt.% type Il
collagen) was used for sponge preparation. Atelocollagen was dis-
solved in HCl aqueous solution to a final concentration of 1.0 wt.%. The
collagen solution was whipped on a homogenizer, frozen at —80 °C,
and freeze-dried. Collagen sponge was prepared by cutting it into
pieces to fill the biodegradable conduit. The fabricated guide tubes and
collagen sponge were sterilized with ethylene oxide gas before use.
This artificial conduit can hold cells or tissue, which will be a scaffold
for supporting axonal regeneration. Also, this artificial conduit is gas
permeable so that cells inside the graft are able to survive after
transplantation (Mligiliche et al., 2003).

To determine the cell concentration of the artificial grafts, we
inspected normal monkey median nerve sections by Giemsa staining.
We calculated 250 myelinated axons were contained within an area of
110 pm?, suggesting 250 Schwann cells are myelinating axons in this
square measure. The total transverse area of the monkey median
nerve, except for the epineurium, was approximately 1570 pm?. Based
on the average length of a Ranvier's node (~1000 pm), a 1-cm nerve
segment is estimated to contain approximately 2 x 108 Schwann cells.
Thus, the tube was filled with induced M-Schwann cells at a concen-
tration of 2x 10 cells suspended in 30-pl 0.01 M PBS per 1-cm tube
and incubated in 10% FBS containing alpha-MEM for several hours in
5% CO2 at 37 °C before transplantation. The graft was longitudinally
cut and counterstained with Hoechst 33342 to observe the distribution
of the cells inside the graft.

Transplantation of autologous M-Schwann cell grafts to median nerve

We chose the median nerve to make the PNS injury model,
because this nerve is relatively easily accessible and the function of
this nerve is easier to evaluate during the regenerative period, rather
than any other nerves in cynomolgus monkey (Archibald et al.,, 1995).
Just before transplantation, the motor nerve conduction study
(described below) was performed under ketamine- and xylazine-
induced general anesthesia. A 20-mm segment of unilateral median

nerve was completely removed 2 cm proximal to the wrist joint of the
forearm and the artificial graft was anastomosed to the proximal and
distal nerve tips and their neurilemma using 10-0 nylon sutures at
both ends. Five monkeys (M-Schwann cell-transplanted group)
received auto-cell transplantation of the M-Schwann cells, while
two monkeys (the sham-operated group) received transplantation of
empty artificial grafts that were not filled with M-Schwann cells. Just
after transplantation, a motor nerve conduction study performed
again to confirm the absence of CMAP indicated that the median nerve
was completely transected. For auto-cell transplantation, M-Schwann
cells were all derived from each recipient animal so that no immu-
nosuppression was given after transplantation.

General health and behavior analyses

Weight check and blood tests (urea nitrogen, creatinine, creatine
phosphokinase, aspartate amino transferase, alanine transferase, lactate
dehydrogenase, platelet, hemoglobin, red blood cells, white blood cells,
hematocrit, mean corpuscular volume, mean corpuscular hemoglobin,
mean corpuscular hemoglobin concentration, D-dimer and fibrinogen
A) were performed every month before and after transplantation.

For behavioral analysis, movements of the hand and thumb, and
grip strength for obtaining food of both the transplanted and intact
sides were recorded on a video tape and analyzed for evaluation.
The criteria for hand motion and functional recovery scores were as
follows:

Score 5: Strength of the thumb, hand movement, and frequency of
hand use for feeding and general behavior, such as grabbing the cage,
are nearly equal between operated and intact sides.

Score 4: Strength of the thumb is asymmetrical, but the frequency
of the use of the hands is nearly the same in both sides. Monkey is able
to grab, but is unable to pinch small objects less than 1 cm.

Score 3: Monkey can grab the cage, but muscular force of the
operated hand is weak. The thumb is contractured. Wrist movement
compensates for the weakness of the hand and thumb. The muscle
force of the thumb is less than half that of the intact side.

Score 2: Functional recovery is weak. Movement of the thumb is
observed, but compensation by the wrist is recognized. The use of the
operated hand during feeding is rare.

Score 1: Little hand and finger motion on the operated side.
Monkey is unable to grab objects.

Score A: Unmeasurable. Monkey is unable to make contact because
of too much guarding.

The evaluation was conducted by a person, who did not operate
animals, without any information about the animal including the
procedure of transplantation, and the observation period after the
transplantation.

Motor nerve conduction study

To estimate the restoration of nerve function, we performed motor
nerve conduction study at five time points for each animal, just before
and after transplantation and at 3, 6, and 12 months after the trans-
plantation. To record the compound muscle action potential (CMAP)
in the motor nerve conduction study, we pasted the anode electrode
plate on the skin of the palmar side at the proximal joint of the first
digit, the cathode electrode plate on the belly muscle of the abductor
pollicis brevis, and the ground plate on the back of the forearm
(Someya et al., 2008). The median nerve was stimulated with a
rectangular wave-shaped pulse using a bipolar stimulator by placing
its cathode at either of the following sites; 5-cm proximal to the wrist
joint (3 cm proximal to the transplanted site) and at the cubital
fossa. At each stimulation site, we applied electrical current of
supramaximal intensity (varying from 5mA to 25mA) within a
range that did not induce ulnar nerve stimulation. For each study, we
recorded the CMAP, distal latency (time latency between the stimulus
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at the wrist and the increase in the CMAP), and the distance (the length
between the recording electrode and the stimulator at the wrist). We
used the amplitude of the CMAP and distal velocity (distal latency
divided by the distance) for further analysis. For the motor nerve
conduction study, we used an EMG/evoked potential measuring
system (Neuropack p, MEB-9100, Nihon Koden, Tokyo, Japan). We
used SPSS (ver. 12.0, SPSS Inc., Chicago, IL) for the statistical analysis.

PET using '8F-FDG

For the '8F-FDG-PET scan, we injected ~185MBq of 'SF-FDG
produced at the National Cardiovascular Center Research Institute
using a conventional method described previously (Hamacher et al.,
1986) and scanned the whole body for 48 min starting at 60 min after
the injection. For the PET scan, we used a PET scanner (PCT-2000A,
Toshiba Medical Systems Corp, Tokyo, Japan) that provided 47 slices in
an axial field of view of 162 mm with an intrinsic resolution of 6.2 mm
(trans-axial) and 6.0 mm (axial) in full-width-at-half-maximum. The
scan was performed in a three-dimensional mode after the transmis-
sion scan using three rotating °*Ga-%3Ge rod sources. The images were
reconstructed in a matrix of 128 x 128 x 223 (x, y, z) with a voxel size of
5.15%5.15x5.15mm (x, y, z) using a filtered back projection
algorithm. The reconstructed '8F-FDG radioactivity image (in Bq/ml)
was scaled by the injected dose of '®F-FDG per body weight of animal
(Bq/g) to calculate images of SUV. The region was considered to be
abnormal when the SUV value was greater than 2.5 (Al-Sugair and
Coleman, 1998), and when located in the area outside of organs known
to have physiologic accumulation of FDG (brain, heart, urinary tracts,
and kidneys). SUV images were inspected by coronal, axial, and sagittal
sections and also by the maximum intensity projection.

Immunohistochemical analysis of transplanted grafts

One year after transplantation, animals were sacrificed by an over-
dose of pentobarbital and perfused transcardially with 4% parafor-
maldehyde in 0.01 M PBS. The transplanted median nerve, including
the proximal site, graft, and distal site, was dissected out and incubated

in the same fixative for 6 h at4 °C. Tissues were washed with 0.1 M PBS
overnight at 4 °C, immersed in 10%, 20%, and 30% sucrose-PBS for 3 h
each at 4 °C, embedded in OCT, and cut into 10-pm-thick frozen
sections using a cryostat. Immunohistochemistry was performed as
described elsewhere (Kitada et al., 2001). Primary antibodies used for
immunohistochemistry were: anti-neurofilament (NF) rabbit poly-
clonal antibody (Sigma), anti-myelin-associated glycoprotein (MAG)
mouse monoclonal antibody (1:100, Boehringer Ingelheim, Ingelheim
am Rhein, Germany), anti-Ki67 rabbit monoclonal SP-6 1gG (1:300),
and anti-CD163 mouse monoclonal IgG (1:20, Hycult Biotechnology,
Uden, Netherlands). Secondary antibodies were: anti-rabbit IgG con-
jugated to Alexa488 (Molecular Probes) and anti-rabbit or anti-mouse
1gG conjugated to Alexa568 (Molecular Probes). To assess the extent of
regeneration, the ratio of the NF-positive area inside the grafted tube at
the middle of the graft was calculated in three 10-pm-thick transverse
sections from each animal. Statistical analysis of the ratio of NF-
positive area to the total nerve area was compared using ANOVA with
pairwise comparison using t-tests. To analyze the distribution of
proliferating cells inside the grafted tube, immunostaining against
Ki67 was done under the antigen retrieval technique using microwave
(Kitada and Rowitch, 2006).

Results
Schwann cell induction from cynomolgus monkey MSCs

Cultured naive MSCs of cynomolgus monkey are shown in Fig. 1A.
When naive MSCs were treated with BME followed by RA adminis-
tration, and a set of cytokines (bFGF, FSK, PDGF, and neuregulin), their
morphology changed similar to human and rat M-Schwann cells
(Figs. 1B-D), suggesting the possibility of Schwann cell induction
from monkey MSCs. Cells exhibiting morphological changes were
evaluated to determine whether they had acquired Schwann cell
phenotypes. In immunocytochemistry, Schwann cell markers includ-
ing p75, GFAP, PO, and 04 became positive in monkey M-Schwann
cells, while naive MSCs or M-Schwann cells without primary antibody
incubation (data not shown) showed no immunoreactivity against

Fig. 1. Phase contrast microscopy. A: Naive monkey MSCs, B: monkey M-Schwann cells, C: human M-Schwann cells, and D: rat M-Schwann cells, Morphological changes were
evident from A to B. M-Schwann cells derived from human and rat exhibited similar morphology to those from monkey. Scale bar: 30 pm.
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these Schwann cells markers (Fig. 2). Schwann cell markers analyzed
were all positive in the YST-1 cells. The rate of p75-positive cells in
M-Schwann cells was estimated to be 99.04-0.01% (mean = SD). RT-
PCR showed the mRNA expression of GFAP and Krox20 was weakly
detected in naive MSCs, but was up-regulated following M-Schwann
cell induction. Myelin basic protein (MBP), another marker for
Schwann cells, was undetectable in naive MSCs but became clearly
detectable in M-Schwann cells (Fig. 3). These results suggested that
M-Schwann cells expressed markers and factors related to Schwann
cell properties. We tried to determine whether M-Schwann cells
sustained their expression of MSC markers such as CD90 and SMA
(Supplementary Fig. 1). Whereas CD90 was not expressed in M-
Schwann cells, SMA expression was recognized and the expression
level of SMA was varied in each M-Schwann cell. These findings
suggest that M-Schwann cells might partially trail some of the MSC
characteristics at least in culture, although it is unknown whether
M-Schwann cells lose or retain the MSC property during maturation
in the transplanted environment.

Prior to transplantation, we constructed the graft tube made with
lactic acid and E-caprolactone and filled the inside of the graft
tube with collagen sponge and M-Schwann cells (see Materials and
methods). Cell number was calculated to mimic endogenous Schwann
cell number in an intact monkey peripheral nerve. To observe the
distribution of the cells inside the graft, the graft was longitudinally
cut and the nuclei of the cells were counterstained with Hoechst
33342 (Supplementary Fig. 2). Nuclei of the cells were homogenously
distributed inside the graft.

GFAP

M-Schwann Naive MSC

YST-1

B-actin

Fig. 3. RT-PCR of Schwann cell markers. Naive MSCs slightly expressed for mRNA
of GFAP and Krox20, but did not express that of myelin basic protein (MBP). Monkey
M-Schwann cells, however, presented up-regulation of GFAP and Krox20 mRNA, and
became clearly positive for MBP.

Fig. 2. Inmunocytochemistry of naive MSCs and M-Schwann cells. Initially naive MSCs exhibited almost no immunoreactivity for Schwann cell markers (red) such as p75, GFAP, PO,
and 04, After induction of Schwann cells, M-Schwann cells were positive for all Schwann cell markers: p75, GFAP, PO, and 04. YST-1 was used as a positive control and was also
positive for all Schwann cells markers analyzed. DAPI (blue) was used for the counterstaining of nuclei. Scale bar: 50 pm.
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Table 1 Table 3
Body weight (kg). Scores for hand motion recovery.
Group Animal Pre 3m 6m 12m Group Animal 3m 6m 9m 12m
M-Schwann cell-transplanted group  mon0038 4.2 5.1 5.5 54 M-Schwann cell-transplanted group ~ mon0038 3 4 5 S
mon0039 48 53 53 49 mon0039 3 4 5 )
mon0044 38 43 4.5 49 mon0044 4 4 5 5
mon0046 38 43 4.7 45 mon0046 4 A 4 4
Sham-operated group mon0045 4.1 45 48 5.0 Sham-operated group mon0045 1 1 2 2
mon0050 3.7 28 2.8 3.7 mon0050 A A 1 1

Body weight (kg) is shown at four time points: before transplantation (pre), and at 3, 6,
and 12 months after transplantation (3 m, 6 m, and 12 m, respectively).

General health follow-up

Grafts filled with autologous M-Schwann cells were transplanted to
the unilateral median nerve in the M-Schwann cell-transplanted group
(monkey numbers: mon0038, mon0039, mon0044, and mon0046).
For the sham-operated group, tubes without cells were transplanted
(monkey numbers: mon0045 and mon0050). Motor nerve conduction
velocity was measured just before and after transplantation to confirm
the complete transection of the median nerve.

For follow-up of general health, body weight check and blood tests
were performed at 1 to 6 month intervals after transplantation. In both
the M-Schwann cell-transplanted and sham-operated groups, no
considerable weight loss was observed, except in one animal in the
sham-operated group (mon0050; Table 1). Creatinine, creatine kinase,
glutamate oxaloacetate transaminase, glutamate pyruvate transami-
nase, lactate dehydrogenase, platelet, hemoglobin, red blood cell, and
white blood cell levels were within normal range in the M-Schwann
cell-transplanted group. Blood urea nitrogen was slightly elevated
(Table 2). The animals in the sham-operated group also showed
elevated blood urea nitrogen and glutamate oxaloacetate transami-
nase, glutamate pyruvate transaminase, and lactate dehydrogenase
higher than normal values. Although the normal values of D-dimer and
fibrinogen A are not established in the intact cynomolgus monkeys, the
values were almost within the normal range of humans and did not
increase during the follow-up period in either group.

Behavioral analysis

To assess functional recovery, general behavior, hand motion, and
movement of muscles along the distribution of the affected median
nerve were video-recorded and evaluated to be in 5 levels (see Materials
and methods). The functional recovery score of the M-Schwann cell-
transplanted group was high at 3 months while that of the sham-
operated group was markedly lower even at 1year. In the sham-

Table 2
Results of the blood analysis.

Scores for hand motion recovery at 3, 6, 9, and 12 months after surgery. In the sham-
operated group, score 2 was the highest score achieved at 1 year, whereas the M-
Schwann cell-transplanted group showed good recovery up to score 5.

operated group, because the use frequency was very low, and hand
motion or food grabbing were poor due to the rigidity of the operated
hand, their scores remained around 1 and 2. The M-Schwann cell-
transplanted group had a mean functional recovery score of approxi-
mately 3 and 4 at 6 months. At 9 and 12 months, some monkeys in the
M-Schwann cell-transplanted group achieved the highest possible score
of 5 (Table 3). Actual hand movements used in feeding are shown in the
video-recorded data (see movies in Supplementary information).

Any animals both in the sham-operated and M-Schwann cell-
transplanted groups did not exhibit self-mutilation or overgrooming
in the radial palm of the hand, the innervation area of sensory branch
of the transected median nerve, suggesting no abnormal sensation
including dysethesia or hyperalgesia was evoked by transplanted tube
and M-Schwann cells.

Motor nerve conduction study

We analyzed the amplitude of the CMAP and the distal velocity,
both measured in each animal at five time points (just before and after
transplantation, and 3, 6, and 12 months after transplantation; Fig. 4).
The group comparison at each observation period was done by
the two sample sign test, showing significant differences at 6 and
12 months after transplantation between the M-Schwann cell-
transplanted and sham-operated groups. At 12 months after trans-
plantation, the CMAP in M-Schwann cell-transplanted group nerves
recovered to ~60% (mean4SD=7.27+4.41 mV) than that of the
pre-transplanted nerves (12.2 +0.73 mV). The sham-operated CMAP
reached ~20% (2.45 £ 0.51 mV). The whole data of each experimental
group was further analyzed by the two-way repeated analysis of
variance (repeated ANOVA) with factors of group (M-Schwann cell-
transplanted vs. sham-operated) and the observation period and
found a significant effect of group in CMAP. The M-Schwann cell-
transplanted group had a significantly greater CMAP (F; 4 =5.02, one-

M-Schwann cell-transplanted group (n=4)

Sham-operated group (n=2) Normal values

Post-1 Post-2 Post-3 Post-4 Post-1 Post-2 Post-3 Post-4 (S527)
WBC (x 10?/ul) 116 (19) 123 (27) 107 (17) 88 (14) 122 (17) 111 (1) 117 (6) 77 (53) 133 (57)
RBC (x 10%/ul) 554 (50) 567 (59) 565 (51) 576 (56) 562 (10) 580 (5) 497.5 (67) 540 (18) 587(77)
Hb (g/dL) 13.1 (0.5) 13.5(0.8) 13.25 (0.5) 13.7 (1.5) 13.0 (0.3) 13.5 (0.4) 129 (0.8)* 12,6 (0.1) 14.6(1.1)
PLT (x10%/ul) 35.4 (14.0) 32.5(10.0) 30.2 (7) 325 (11) 38.0 (3.6) 31.0 (0.1) 31.5 (0.5) 30.2 (5.0) 37.9(10.8)
GOT (IU/L) 29 (5) 28 (3) 29 (4) 36 (6) 32 (2) 46 (9)* 38 (5) 25 (1) 31(8)
GPT (IU/L) 15 (1) 26 (3) 27 (5) 34 (7) 31 (21) 64 (33)* 64 (7)™ 30 (5) 36(12)
LDH (IU/L) 437 (182) 337 (30) 377 (25) 479 (116) 343 (80) 511 (123) 401 (62) 265 (35) 592(116)
CRE (mg/dL) 0.7 (0.1) 0.7 (0.1) 0.7 (01) 0.7 (0.1) 0.6 (0.0) 0.7 (0.0) 0.7 (0.1) 0.7 (0.1) 0.66(0.12)
BUN (mg/dL) 239 (3.5) 28.1 (43)* 25.6 (4.2)* 19.8 (6.1)* 27 (1.0) 30.2 (7.8)* 25.1 (2.4) 19.1 (5.7) 20.5(3.7)
CK (U/L) 147 (66) 128 (32) 69 (23) 214 (93)** 158 (44) 303 (86)** 229 (200)* 553 (4)** 126(50)
D-dimer (pg/ml) 0.7 (0.1) 1.2 (03) 0.9 (0.3) - 1.3 (0.5) 1.3 (0.2) 1.1 (0.1) - -
Fibrinogen A (mg/dl) - 170 (23) 190 (20) - - 176 (1.4) 205 (13) - -

Values are presented as mean (SD). For each animal, blood was sampled at four time points: 55-104 days (Post-1), 110-180 days (Post-2), 196-217 days (Post-3), and 350-470 days
(Post-4) after transplantation. Normal values were obtained from animals 3 years old or younger. -: not obtained. *one or **two animals in the corresponding group had values
outside the normal range of values + 2SD. Although normal D-dimer and fibrinogen A values were not obtained in cynomolgus monkeys, they were close to the normal range of
humans (D-dimer: <1.0 mg/ml and fibrinogen A <380 mg/dl).
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Fig. 4. Results of motor nerve conduction studies. (A) Compound muscle action
potential (CMAP, in mV) of the medial nerve, (B) distal velocity (m/s) of the median
nerve and (C) the actual wave forms of the CMAP for an example of the M-Schwann
cell-transplanted group. Pre; before transplantation, Post; just after transplantation,
3m, 6m, and 12 m indicate 3, 6, and 12 months after transplantation, respectively.
Values in (A, B) are presented as mean+SD (mV and m/s, respectively).

tailed P=0.04) than the sham-operated group. These findings suggest
that auto-cell transplantation of M-Schwann cells significantly
promoted regeneration of the median nerve motor axons distal to

the transected site and that this graft contributed about 40% of the
grab function at 1year post-transplantation. In terms of distal
velocity, significant promotion was observed at 3 months after
transplantation by the two sample sign test, and a significant group
effect (F;4=5.85, one-tailed P=0.036) was demonstrated by the
two-way repeated ANOVA, in the M-Schwann cell-transplanted
group, but the velocities at 12 months after transplantation were
well recovered in both the M-Schwann cell-transplanted group (13.5+
4.03 m/s) and the sham-operated group (10.2+1.33 m/s) to a level
60% to 75% of the pre-transplantation (18.04 0.57 m/s) velocity. These
findings suggest that saltatory conduction was a little accelerated by the
transplanted M-Schwann cells but reached almost a similar level
observed in the sham-operated group at 12 months after transplanta-
tion because of the contribution of the host Schwann cells in myelin
formation and saltatory conduction.

18F_FDG-PET

Although the 'SF-FDG-PET test is not completely specific for
neoplastic cells, it sensitively detects such cells in most organs. In
addition, previous studies revealed that neoplastic transformation of
host Schwann cells can be detected by FDG-PET scans (Hamada et al.,
2006). Thus, for each animal, we performed '8F-FDG-PET scans to
screen for neoplastic transformation of the grafts at 3, 6, and
12 months after transplantation.

We found no abnormal radioactivity accumulation based on
standardized uptake value (SUV) images of FDG-PET at any of the
three time points (Fig. 5) except in regions of physiologic accumu-
lation and in the vein where the FDG was injected. Importantly, no
apparent accumulation was observed at the transplanted site of the
animals in any PET scan.

Histological analysis of the graft after 1 year

To estimate the safety of M-Schwann cell transplantation, labeling
of cells prior to the transplantation such as lentivirus- or retrovirus-
mediated gene introduction of green fluorescent protein or labeling
with fluorescent dye was not performed. Therefore, the true ratio of
Schwann cell marker expression in transplanted M-Schwann cells
could not be evaluated. Furthermore, since host Schwann cells
migrate from both proximal and distal nerve segments, host Schwann
cells and M-Schwann cells might have intermingled within the
grafted tube. For these reasons, we did not attempt to show the
grafted cells inside the tube but instead examined the effect of
transplanted cells. The effect of Schwann cells in the injured PNS is to
promote axonal regeneration and to construct the myelin sheath for
saltatory conduction (Fawcett and Keynes, 1990; Hall, 2001; Radtke
and Vogt, 2009; Torigoe et al, 1996). Electrophysiological data
suggested that transplanted M-Schwann cells contributed to the
promotion of axonal regeneration and that myelination level was not
significantly different between the M-Schwann cell-transplanted and
sham-operated groups. In this regard, we evaluated the effect of
transplanted cells by immunohistochemistry for NF to detect the
amount of regenerated axons inside the grafted tube (McKay Hart
et al., 2002). The immunohistochemistry for NF in the transverse
sections of the middle portion of the grafted tube is shown in Fig. 6.
Also, the NF-positive axons inside the tube seemed more condensed,
particularly at the site just beneath the inner wall of the tube, in the
M-Schwann cell-transplanted group compared to the control group
(Figs. 6C and D). The ratios of the NF-positive area to the total nerve
area in each animal were calculated (see Materials and methods) as
51.547.55% and 33.341.11% in the M-Schwann cell-transplanted
and sham-operated groups, respectively. The ratio of the NF-positive
area in the M-Schwann cell-transplanted group was significantly
greater than that in the sham-operated group (one-tailed P<0.05,
Student's t-test with Bonferroni correction). The NF-positive area
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Fig. 5. Results of the whole-body '®F-fluorodeoxyglucose (FDG)-positron emission tomography (PET) performed to screen for neoplastic transformation of the grafted cells. In PET
images, the frontal view of the animal is presented by maximal intensity projection. Arrowheads indicate the grafted sites, the distal median nerve (left in mon0038, and rightin the
other animals). Abnormal accumulation (cut-off=2.5 in SUV) was not observed in any PET scan except in regions known to have physiologic accumulations of FDG: brain, heart,
kidney, urinary tracts, and injection site. SUV: standardized uptake value. 3 m, 6 m, and 12 m indicate 3, 6, and 12 months after graft transplantation.

significantly correlated with the CMAP measurement just before
autopsy (measured at 12 months after operation; Pearson's correla-
tion coefficient=0.81, P<0.05). While transplanted M-Schwann cells
were not distinguishable from host Schwann cells, double-immunos-
taining for NF and MAG on transverse sections both of the M-Schwann
cell-transplanted and sham-operated groups (Figs. 6E and F, re-
spectively) confirmed myelination of regenerated axons. As was
predicted by results of electrophysiology taken at 12 months, the
extent of myelination was almost similar in both experimental groups.
These data suggest that the improvement observed in behavioral
and electrophysiological assessment was provided by transplanted
M-Schwann cells in regard to their function in promoting axonal
regeneration rather than in facilitation of myelination of regenerated
axons.

To observe the immune response against the transplanted graft,
immunohistochemistry against CD163, a specific marker for mono-
cytes and macrophages, was performed (Supplementary Fig. 3). Inside
the graft, CD163+- cells were scarcely observed at the middle portion
of the graft and some cells were found near (<300 pm) by the wall of
the graft. Although CD163+ cells were observed inside the graft, the
number of CD163+ cells inside the graft in the M-Schwann cell-

transplanted group was as small as 1.50 +0.41 cells in 0.1 mm? and
was not significantly different from 1.44 + 0.51 cells, that in the sham-
operated group, indicating that the sustained rejection of transplanted
M-Schwann cells was not prominently exerted after transplantation.
More CD163+ cells were observed in the wall of the graft both in the
sham-operated and M-Schwann cell-transplanted groups, indicating
the process of bio-degradation of the grafted tube.

Local tumor formation was evaluated by the detection of
proliferating cells with Ki67-immunostaining (Fig. 7), showing no
statistically significant difference between Ki67-positive cells inside
the grafted tube in the M-Schwann cell-transplanted and sham-
operated groups: 2.88+0.67 cells and 3.2541.00 cells/0.1 mm?,
respectively. Also, these proliferating cells exhibited no mass forma-
tion. These findings indicate that transplanted M-Schwann cells did
not exhibit local tumor formation.

Discussion
In the present study, we estimated the safety and effectiveness

of transplanting M-Schwann cells into non-human primates over a
1-year period. Schwann cells induce neural regeneration and enable
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Fig. 6. Grafted monkey median nerves at 12 months. (A, B) Appearance of grafted monkey median nerves. Arrows indicate approximate position of grafts in mon0039 (M-Schwann
cell-transplanted group) (A) and mon0045 (sham-operated group) (B). (C-F) Immunohistochemistry of transverse sections in the middle portion of the graft in mon0039
(M-Schwann cell-transplanted group) (C, E) and mon0045 (sham-operated group) (D, F). Immunostaining for neurofilament (NF) (green) exhibited massive axonal regeneration just
beneath the inner wall of the tube (arrowheads) in the M-Schwann cell-transplanted group (C), but notin the sham-operated group (D). Arrows in Cand D indicate the wall of the grafted
tube. Immunofluorescence against NF (green) and myelin-associated glycoprotein (red) showed myelination of regenerated axons (E, F). The extent of myelination of regenerated axons
was almost similar in both experimental groups. DAPI (blue) was used for the counterstaining of nuclei. Scale bars: 500 pm (C, D) and 40 pm (E, F).

saltatory conduction by producing myelin, and are expected to be
applied to PNS and CNS injuries. In the case of the monkey study, PNS
injury models are easily approved by the ethics committee for animal
experimentation rather than spinal cord injury. We therefore
examined the effectiveness and safety of our system in a monkey
median nerve injury model. Cells that expressed Schwann cell markers
could be efficiently induced from cynomolgus monkey MSCs, similar to
rat and human MSCs (Dezawa et al., 2001, Shimizu et al., 2007). Auto-
cell transplantation of M-Schwann cells in monkey median nerve
injury model resulted in successful nerve regeneration and functional
recovery.

Cell labeling is effective in tracing the fate of transplanted cells and
this method is categorized into two techniques such as exogenous
gene introduction and staining with a fluorescent dye. Gene
introduction by virus infection such as lentivirus or retrovirus enables
permanent cell labeling, while this method is also known to evoke a
hazardous risk of carcinogenesis (Hacein-Bey-Abina et al, 2003).
Fluorescence dyes such as Dil or PKH26 have been used for cell
labeling for transplantation study but these dyes also have cytotoxi-
city and might not exhibit sufficient fluorescence intensity after
prolonged period such as 1year. For these reasons, we did not
perform labeling of M-Schwann cells in this study. Based on the lack of
any signs of tumor formation in FDG-PET scanning and in immuno-
histochemistry for proliferation marker for up to 1 year in any of the
M-Schwann cell-transplanted animals, and the absence of serious

A

Fig. 7. Immunohistochemistry inside the grafted tube. Small numbers of Ki67-positive
cells (red, arrowheads) were found in both the M-Schwann cell-transplanted (A) and
also sham-operated (B) groups. DAPI (blue) was used for the counterstaining of nuclei.
Scale bar: 100 pm.

problems in the general health and histological study, our system is
very likely to be safe. In our previous report, M-Schwann cells induced
from human MSCs were transplanted into a rat model of sciatic nerve
transection under immunosuppression, and were shown to contrib-
ute to re-myelination of regenerating axons and functional recovery
(Shimizu et al., 2007). Also, we previously examined the safety of
M-Schwann cells induced from human MSCs transplanted into
uninjured nude-mice striatum followed-up for 6 months (unpublished
data). Tumor formation was not observed in pathologic analysis and the
general health of transplanted nude-mice showed no serious problems.
These results together support the idea that human MSC-derived
Schwann cells may also be safe and effective for cell-based therapy.

Our results indicate that the M-Schwann cells contributed to
functional recovery after transplantation in the injured PNS. Electro-
physiology demonstrated that CMAP was much improved in the
M-Schwann cell-transplanted group compared with the sham-operated
group, suggesting regeneration of a larger number of axons promoted
by the transplanted M-Schwann cells in this group. This concept was
confirmed by histological analysis. The area positive for NF, being
considered to be correlated with CMAP, was larger in the M-Schwann
cell-transplanted group than in the sham-operated group.

In previous studies, we have demonstrated the myelin formation
of M-Schwann cells induced from rat MSCs after transplantation into
the injured PNS models even in the ultrastructural level (Dezawa
et al,, 2001; Ishikawa et al., 2009). In this study, electrophysiological
data regarding distal velocity was accelerated in the M-Schwann cell-
transplanted group compared with those of the sham-operated group.
However, the biodegradable conduit used in this study itself has the
property to support regenerating axons (Hisasue et al., 2005). As
mentioned in Results, host Schwann cells also join to promote axonal
regeneration and to form myelin sheath. This process might be
enhanced by the biodegradable conduit used in this study and might
mask the function of M-Schwann cells on saltatory conduction at later
observation period such as 6 and 12 months after transplantation.
Whether the transplanted M-Schwann cells can form myelin sheath
to contribute efficient saltatory conduction should be assessed in
future studies by labeling cells with either a genetic modification or
fluorescent dyes prior to transplantation.

Because the induction system for M-Schwann cells comprises a cell
density adjustment at the first step followed by a series of treatments
with BME, RA, and a set of cytokines, M-Schwann cells can be induced
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by a rather simple and stable process without gene introduction, and
thus the system is a realistic source of cell therapy for PNS and CNS
regeneration. The induction of cells with Schwann cell properties was
recently reported in embryonic stem cells and skin-derived neural
crest cells, but their effectiveness and safety in terms of tumor for-
mation and problems that might arise need to be examined because of
potential ethical concerns (Roth et al., 2007).

MSCs provide potential possibilities for clinical application, since
they can be efficiently expanded in vitro to acquire a therapeutic scale.
Different from embryonic stem cells or fetus/embryo-derived cells,
MSCs are easily accessible through aspiration of the bone marrow, and
can be easily expanded in large scale for auto-transplantation. MSCs can
be collected without serious ethical problems, and there is no need to
use fertilized eggs or fetuses, which is a great advantage for clinical use.
In addition, as MSCs are also obtained from marrow banks, trans-
plantation of induced cells with the same HLA subtype from a healthy
donor may minimize the risks of rejection in allo-transplantation.

In the present study, we chose the PNS injury model to show the
safety and efficiency of M-Schwann cells, in which M-Schwann cells
were induced prior to, and transplanted immediately after, the injury.
This model, however, is not a representative of clinical situations.
Virtually, it needs more than 1 week to prepare M-Schwann cells after
harvesting MSCs. Further studies are necessary for confirming the
effectiveness of M-Schwann cells in delayed transplantation in PNS
injury.

Our previous studies have demonstrated that Schwann cells
induced from MSCs exert trophic effects, provide a strong foothold
for regenerating axons, and re-construct myelin to support saltatory
conduction (Dezawa et al., 2001; Ishikawa et al., 2009; Kamada et al.,
2005; Mimura et al., 2004; Shimizu et al., 2007; Someya et al., 2008).
Therefore, induced Schwann cells are a valuable candidate source for
cell therapy in peripheral nerve injury, and this study suggests that
auto-cell transplantation of M-Schwann cells is also hopeful for
application to spinal cord injury.
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— % —T% % nestin, NeuroD, Sox27% &% %
B L, promoterEHIZBVTH I b O
ERAPED LN BY HICHEHEMEORE
TR 3 5 & neurosphere 3% B L &
N5 Zhboneurosphere & S LR HICEE T
ckizky, BEAEOMMBA Tuj-1, MAP2
BHEOmMEHRIC LT 2 hn, 7Y THM
Bl v kDt L ARSI b L 7 iR
JarEohiztEz 5h 5%

MSC 2 Notch Z 8 A Lz Eatofilaz HE
OMfBECEXE L, MEFE T CHRMESM
Rt i K+ (bFGF), MifaM cAMP ER/EH 2
$O 7 + WA Y ¥ (Hforskloin) & BRAMEER
ZHF(CNTR D32 FRICEKSTHILIC
ko TERITEVIIR96 % Hif2) CHREMIR
FEAE| XM ENBY. FEIN-MEME
I3 Brd-U B Y sAAFEER D> & post—mitotic neu-
ron ThhH I LPMEREIh, BNy F 7TV
FTEBIZBOLCIFHEMZAD - L bRk
WMl chrEEZbND. $-C 0%
D —DHi @ sphere Z IV 7: KR T HHER S
h7zk 91, CoMRcEs Y 7THlEE X
RTVuaVnEVI HlE b > T 5°

54

FIEFEAEIZ BT Notch i ##ESL 2 #98HI L
Fy Tt RETAIHERTE LTHGNR TS
A ARV AFATIEMSCICNICD #EAT 5
ZETHRIRMICHREMRIFESNTEDY,
NE THIS N TWBFEEFETO Notch DIEH»
L, FOEHZ L L) KRG
bhn, RPELEHEIZE 2L TUEER L2V D
2, ZOBRRITFHEBREICH L MM T
2, BAEOBRIOEEINTEX/MERD
WM CRXZBRTHHLENVIZLTHS.
DE I Notch il % Z 1T HUA M BIE O &
WiZkoTwaeHigsh, 7/, L Notch
DY TFNEZITRoTH, HRELUTHES
NBBEPRELILEHD H 5.

RT-PCRz AW CHFEBRICBITHHERN
FOEBREAN L5, FEFOELEOR
REIZ B\ T neurogenic [AF (Mathl, Mashl,
Neurogenin) & gliogenic K- (STAT1, STATS,
Hesl, Hes5) DM ORBEAVRD N5,
NICD O3 A2 & » T STAT1, STAT3 OFHM
HAS ROTHA b4 JRIBIC & A RS E
2BV T Hesl, Hesb OFEHMAMMBALN, &
YR T2 WM RS B 12 BV Tld neurogenic AT
OREBOBRDPRLY. ZOZED, AV AT A
KBV THENMBZSHFESh, 7Y THilE
BHFEXINTCI o BiHOo—DEEZ T
57,

Notch BEEEMOE S 237 THY, VA
v F®Delta/Jagged B #EETHE7UT T
— B CHIBE R AL Yl s h, BAILE
TLEREEAKRZEHEL T 7 27 ¥ — Hesl,
Hes5 #FE 35", Zhdvwbws Notch ¥ 7
FIVRCHLY, AFEYATLTIEINICDD
AL 5 Hesl, Hess OFE D LNT,
NICD O{Efl# Hes CE#T A5 L b TE LD
S22 E2s, MSCIIIEABHEOMATE X
BELBAOVAT AVERETHEEDNS.
2006 4E 12 AG. Smith 5%, Notch OHIfLE F X
4 v % ES|CEAT % & shikmiarkic b L,
B2 h oMo A»BRHICHL L

>~
L

-
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1 MSCHR5OF—/N2 EEMROBEE BCHgE
a AT AEVREB N —F Y VIRETFNVICBITAMSCHE P33 VEAHBOBCH
RBHEOBE. T2 EOBSHARCOREN, FIMORENFGERGHICBI20RELS.
b =% ) UHBEICBITAMSC 2RO =32 ViBEEBBo BB OE

LHELCBY, COBRRIMSCIIBITAAER
VATAEMOL PO BRI RIBETAIDL
L CIEE IR,

3. MBETHETIEYAOBE

SE LM, Bl X 9 I post-
mitotic neuron TH H, FBREMIC dEERRIICD

MREMBORNZA LTV 5, BEOMRE
EMEREELTCOL503 %, MkfsE
MERCLZOBESY ¥ 87 1233 5 RIE RIS
FEnd BtV FNUNTHY, BIZF—

JI/oa—uaryOv—Hh—ThAHTHIE3-4%
AR TH o 712"

N—X VY VIRETFWADIGHIZBVWTIRF
=3 VEAHIBOBHSAN THS. 22T
i F—28S 3 VMREORA ZRET 5 2 & T

b T 5 glial—cell line derived neurotrophic
factor(GDNF) 2 F BX U9 v F MSC 5%
BLAMEMRBICHRS LS THEMEX
30-40% I EAL, BEFEGTOKIBEE
AL LSBT~ 1.1pM/10% cells F—,%3
B shs etk s
74 (HPLO KBV THRALZ(®1-b). ch
HOFEIN F—/83 VRS ERIC A
BBV CHEET 2002 RIET 57012, 6-
OHDAWL X BN —F VY VRETVLT v b %
E L, MEBICHI0FEDS v FHIROH
faeBREL/L-L2h BHUIZBIIAHNATO
F—s33 VEEARED EHA HPLC THEES h,

TLTARENT 4 /FBICXLBEHEESHO
HELRUEZROL. RENEHKZE TR R
MSCOHFE LA F— 33 VS : B
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2 U“C-CFT PET CEMHiL = K—/¥3 > b5 > AR — %2 (DAT) 5 & HE
a: E% 7 =27 4 FVICB &G HER (7 7 —) % MRI-TLE{R (HR) ICERZHO. b
£ MPTPIEAIC & 2 Al S —% > v YIRET VT B 2R REEHR (A2 > TENAE G
OEANCHST 2). HABEEHM 121068 LORMTIZR0.1-02BEF TET LT 5.

LChRABOREEEDL. FAIEERW R
B4 e 74l paw-reaching test, adjusting step
test BV THHRENAD LN, BRI
MBI BWT ZF DI & A ED5fhiEHT e &
LCHA3% L, TH, dopamine transporter P4 %
RL7ZAS Z) THO~Y— A —%2FHRTED
DR ThHEDT ENHMSCHHFE
B2 R AR E T VB W TES
LEREEIEICE ST 5 Z LATRIR I h7?.

4, BEHILBICHTBEN—-F2Y R
EF VIR & MR - EE SIS

BEHABWE LTH= 24PV EHV
28— F VYV VIFE T VI Bankiewicz & D fE
2B, HREEIIR X Y N-methyl-4-phenyl
-1,2,3,6—tetrahydropyridine (MPTP) Z A ¥
5T ETHRAM S S—F Y VIHETVEIERL
72 BREE L 729 VIS E B s E & I E 7 7
—F NV ERMER L THNSEBIRA 5# 20 5300
TR MPTP B2 EAT 5 L #7180 % D
A CRERMOEILAHRT 5. BEFLBOK L7218
i3 E L ORER - EBEE) % EORERE 1

56

BRI BRI E L2 D% 3 % H BATEEHM % Fil)
LI CEBEEERDEET S TORET
=% vV VIRETFIVE L CHIRRB AR AR
W SO, BETH =8I VB
BEEFMliZ# PET # W CTATH 2 & TEEMITH
Ja gt % 5F Ml L7z, F—/83 VAt o3I &
BIZBBLTWLF— 2SIV NI VAR—%
(DAT) IZBIRMIHER T 5 ) A F("C-CFT)
ZRVBROY Y FiEAREFHMELZ. €0
R, EEREATIIHEARBIISBETH S
DZxt L, MPTPIEAMOMBSGAATIZO0IFEE
ERBIRICREARSET LT (E2). #LT
DAZAEFRDIRD2ZAEEK) OV Y FeHw
TPET 2 #Hf& ¥ 5 LEARITE ERICRE
nTeh, ThHoFRide boX—F2 Y ¥
HEBM L RIS SN /- DATHE
BEDK TR, HVEMR S & SRRl L A e B
HEEEAEEE D RCMB L —F, BT LE
BERE M SR K — 283 A RRHIT D AR D
DA #iffa & [F4%1C DAT D %3 b oz duta i TH
L2 7-0T, 5H%IOMBOBKEHRDERE -
BAE S D E L% "C-CFT PET & LBOEB) B
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HE DFERFREHIE TV, BICHREMICIIRE S
B, HbFNBEL LI L THEYSE - e
HICBT M RBENTELEEZON5.

5. N—=%2 VU REFIVHILOIER 5
M=/ UESHROBCHlRBIESR

A= AFVDOMSCIE, HBEHERERLTY
% b O lipofection 72 & DEVEIZ X o THIML
BEMNKEL, BRIy POMSC LR L#
ElCE o CHET AL LPRETHS. —FHT
NICD OB AZMEFEICBVWTUHTH L.
% Z T lipofection Tid 7%, WM S A BHF L/
reverse transfection X VWA 2 &2 X o TH
W MSC~DNICD OEAZITV, EAZHEH
B LB MBEEENSD R PN VEAM
JEBLZENTELY, ZOFETHEL
FNVMSCOLFEL F—/83 VEAMEE
FEPE S—F% 2 VIHE TV VICH G
HziToTw5(R1-a). EBEOBMICIE V
VEEER % B e A 2 B ICFEE L SR EERR
FEE SR MRD Z2IREL-0BIS, ZOHEE:
BV CRBRENA (MPTP 7 A SIBR M) &
FMEL, EMETEBEICESLEARBIC
DBEBOEMIH T THBEZEALTWY S,
MSC B3k F—/83 Y EEAMBO B B R A
222V TCIRYC-CFT PET 12 X 5 C DAT
EERLAIBHEA TR O TW A,

b

MSC XA K B4 ZHIlRIC LT 5 BT
YxWiibhs LLEELRZ L BRI
B TRICHEMIC MR R T E LT
Z ORI KL, MEBHERICERT

EHDDTIEHEVENITLTH L. HMbizhk
WKEoTHWE ThMle:— e8I LB
Wi&, WERIL Tl b ERE % 1T ) LEND
5.
MSCIXBEHMBHOBICEIIBHEIhTYS
MiaTHY, HEERLZEEIE ->TV5E B
BRARFKED O DORMD TR TH Y, BHEOE
BNV 7 OBGEN ORI EZIT L HED H 5.
FICBERANOMBE B2, REE
D72 B 5 ORI % Fv 72 38 2 Mk
B, T 4bb ‘HUMBBHER ks %
5(B1-b). Lo LEBICHEBRICSHET L0
i, Bl Fae L lcirhiEz s
BWE L OBEIRENT WS, $#12 Notch
BEFEAPBREERICA>TWEZE, $7-
AROBZERMBL OREMEZER ST
MlazBHY 5L 2L BEEROFEL K
RBAFICBOTHIEL AL TR 25w, &
ZHEV)BEPSTITEETFEATIERL
Y UNRTBABEOREEHVWAZLIZE ST
NHEPLE»EEBbNE. Fh%eM - A%
HOEBROFFMICE MOEWETH 2 EEHS)
WaHO-RERABR CORMRBE L RBRDS
BET, SHBZOBEVHEINS.

HE AMREIREERSTICB T 5 EBMAHE
HE5-6)ICLHMAEEZ I THELZDDTH
5. MlAMMEERChPbos L EREBERGLKR), 4
SIAFNERICEDS A R, AW BHE
FREE), =% Y VRETVOER I D72
MHEE, FREAMK(HB L) 24, #8) CHE
*RT D LBEREOABRIENHERSERL Y ¥ —
EBRBYWERBROAR 2R TIT o7
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