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Abstract Neural stem cell (NSC) transplantation is a major
focus of current research for treatment of spinal cord injury
(SCI). However, it is very important to promote the survival
and differentiation of NSCs into myelinating oligodendrocytes
(OLs). In this study, myelin basic protein-activated T (MBP-T)
cells were passively immunized to improve the SCI microen-
vironment. Olig2-overexpressing NSCs were infected with a
lentivirus carrying the enhanced green fluorescent protein
(GFP) reporter gene to generate Olig2-GFP-NSCs that were
transplanted into the injured site to differentiate into OLs.
Transferred MBP-T cells infiltrated the injured spinal cord,
produced neurotrophic factors, and induced the differentiation
of resident microglia and/or infiltrating blood monocytes into
an “alternatively activated” anti-inflammatory macrophage
phenotype by producing interleukin-13. As a result, the
survival of transplanted NSCs increased fivefold in MBP-T
cell-transferred rats compared with that of the vehicle-treated
control. In addition, the differentiation of MBP-positive OLs
increased 12-fold in Olig2-GFP-NSC-transplanted rats com-
pared with that of GFP-NSC-transplanted controls. In the
MBP-T cell and Olig2-GFP-NSC combined group, the number
of OL-remyelinated axons significantly increased compared
with those of all other groups. However, a significant decrease
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in spinal cord lesion volume and an increase in spared myelin
and behavioral recovery were observed in Olig2-NSC- and
NSC-transplanted MBP-T cell groups. Collectively, these
results suggest that MBP-T cell adoptive immunotherapy
combined with NSC transplantation has a synergistic effect
on histological and behavioral improvement after traumatic
SCI. Although Olig2 overexpression enhances OL differenti-
ation and myelination, the effect on functional recovery may be
surpassed by MBP-T cells.

Keywords Spinal cord injury - Passive immunization -
Olig2 - Neural stem cells - Transplantation

Introduction

Neural stem cells (NSCs) can differentiate into neurons,
oligodendrocytes (OLs), and astrocytes, and are a promising
candidate for cell transplantation to treat spinal cord injury
(SCI) [1]. Recently, NSC-based therapy of SCI has been
attempted in numerous animal experiments and produced
encouraging results [1-4]. However, the studies also found
that after transplantation into the injured spinal cord, most
NSCs differentiate into astrocytes, but not OLs and neurons
[5, 6]. This default differentiation hinders not only the
effectiveness of NSC transplantation, but also remyelination
because of increased astrocytes in the injured area [7].
Therefore, it is important to direct differentiation of trans-
planted NSCs into OLs and neurons, but not astrocytes.
Autoimmunity-induced inflammation has been viewed
as an important mediator of secondary damage in the
central nervous system (CNS) following injury. However,
based on experimental findings in rodents [8—13], Schwartz et
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al. [12] suggested that autoimmunity is a beneficial
endogenous response to CNS injury. Recently, we showed
that myelin basic protein-activated T (MBP-T) cells infiltrate
SCI sites, produce neurotrophic factors, improve the local
microenvironment, protect residual myelin and neurons, and
promote motor function recovery [14]. Ziv et al. [15] also
demonstrated that a combination immune- and stem cell-
based therapies result in a synergistic effect on functional
recovery after SCI. These results suggest that CNS antigen-
activated T-cell adoptive immunotherapy combined with
NSC transplantation is a potential treatment of SCL

Cell differentiation is regulated by various factors such as
inherent differentiation potential and interactions between cells
and the extracellular microenvironment [16—19]. Following
SCI, the local microenvironment of the injured spinal cord is
more complex, which includes natural elements of the spinal
cord itself, as well as inflammatory cytokines and cytotoxic
substances that have been produced in response to the trauma
[20-22]. This new microenvironment is detrimental to the
survival of transplanted cells and may be the reason for
predominant astrocytic differentiation of transplanted NSCs
[5, 6]. It has been demonstrated that 2 members of the basic
helix-loop-helix family (namely Oligl and Olig2) are
transcription factors that determine the differentiation of
NSCs into OLs and motor neurons [23-25]. In vitro studies
have shown that transient expression of Oligl initiates the
differentiation of NSCs into OL progenitor cells (OPCs) [26],
and Olig2 overexpression induces NSC differentiation into
mature OLs [27]. A recent study demonstrated that trans-
plantation of Olig2-overexpressing human NSCs improves
locomotor recovery and enhances myelination of white matter
in the rat spinal cord following contusive injury [28]. These
results suggest that transplantation of NSCs that have been
genetically modified to overexpress Olig2 may promote
differentiation of transplanted NSCs into OLs.

Based on previous reports, we hypothesized that a
synergistic and therapeutic effect on SCI would be achieved
by combining Olig2-overexpressing NSC transplantation and
MBP-T-cell adoptive immunotherapy. Therefore, we trans-
planted Olig2-overexpressing NSCs into the spinal cords of
rats that received MBP-T-cell adoptive immunotherapy
following SCI to evaluate the synergistic effect on survival
and differentiation of transplanted cells, and the histological
and behavioral improvement of spinal cord-injured animals.

Materials and Methods
Animals
A total of 368 adult female Sprague-Dawley (SD) rats (200—

250 g) were used in this study. Among them, 6 rats at
gestational day 14.5 were used for NSC isolation, 10 rats were

immunized with myelin basic protein (MBP) to generate
activated T cells for passive immunization, 4 rats only received
laminectomy without contusion (Sham-operated control), and
the remaining rats received a contusive SCI. All surgical
procedures and postoperative animal care were performed in
accordance with the Guide for the Care and Use of Laboratory
Animals (National Research Council, 1996) and the Guidelines
and Policies for Rodent Survival Surgery provided by the
Animal Care and Use Committees of Bengbu Medical College.

Culture of Spinal Cord-Derived NSCs

Spinal cord-derived NSCs were prepared using a method by
Fu et al. [29] with some modifications. Briefly, embryonic
spinal cords were collected from embryonic day 14.5 SD rat
embryos. Cells were isolated by pipetting in Leibovitz's L-15
medium (Gibco, Grand Island, NY). The suspension was
then filtered through a 70-um nylon mesh. After washing,
cells were seeded at 1x10° cells/ml and incubated at 37°C in
a humidified atmosphere with 5% CO,. NSC basal medium
consisted of Dulbecco‘s Modified Eagle‘s Medium (DMEM)/
F12 (Gibco), 1% N, and 1% B27 supplements (Gibco),
3 pg/ml heparin (Sigma, St. Louis, MO), 2 mM glutamine
(Gibco), 20 ng/ml basic fibroblast growth factor (bFGF)
(Gibco), and 20 ng/ml epidermal growth factor (EGF)
(Sigma). At days 3 to 4, one-sixth of the NSC basal medium
was exchanged. At day 6, neurospheres were collected,
mechanically dispersed into single cells, and then re-seeded.

Lentiviral Vector Production, Concentration, and Infection

Recombinant lentiviral vectors pLenti6.3-EGFP carrying the
EGFP reporter gene and pLenti6.3-Olig2-EGFP carrying rat
Olig2 and EGFP genes were produced by cloning using a
pLenti6.3/v5 DEST lentiviral vector (Invitrogen). To generate
high-titer virus, human embryonic 293T cells were seeded at
6x10° cells/10-cm dish in DMEM and cultured for 16 h.
pLenti6.3-EGFP and pLenti6.3-Olig2-EGFP, together with
packaging plasmids, pLP1, pLP2, and pLP/VSVG (Invitro-
gen), were cotransfected into 293T cells using lipofectamine
2000 according to the manufacturer's instructions (Invitro-
gen). After 48 h, cell culture supernatant was collected and
the lentivirus was concentrated from the medium using
ultracentrifugation, followed by ultrafiltration as described
elsewhere [30]. For lentiviral vector transfection, fourth-
passage neurospheres were dissociated into single cells,
suspension was cultured in growth medium for 24 h and then
exposed to pLenti6.3-EGFP and pLenti6.3-Olig2-EGFP
lentivirus with a multiplicity of infection of 15. Medium
was replaced with fresh medium after 24 h. After transfec-
tion for 48 h, transfection efficiency was estimated by
evaluation of EGFP expression using fluorescence micros-
copy. After 5 days, neurospheres were passaged and fresh
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medium containing blasticidin (5 pg/ml) was added to select
for stably transfected cells. Lentivirus-infected NSCs under
proliferation and differentiation conditions were subjected to
immunocytochemistry to identify cell types. pLenti6.3-
EGFP- and pLenti6.3-Olig2-EGFP-transfected NSCs were
named GFP-NSCs and GFP-Olig2-NSCs, respectively.

Western Blot Analysis

Western blotting was used to analyze Olig2 expression in
NSCs, GFP-NSCs, and GFP-Olig2-NSCs. Briefly, cells were
washed twice in phosphate-buffered saline (PBS) and lysed in
RadiolmmunoPrecipitation Assay (RIPA) buffer (50 mM Tris—
HCI, 150 mM NaCl, | mM Na3V04, 1 mM Ethylenediami-
netetraacetic acid (EDTA), 1% Nonidet P-40 (NP-40), 0.5%
sodium deoxycholate, 0.1% Sodium dodecyl sulfate (SDS),
100 pg/ml Phenylmethanesulfonyl fluoride (PMSF), 30 pl/ml
aprotinin, and 4 pg/ml leupeptin, pH 7.5). The supernatant was
clarified by centrifugation at 16,000 g for 10 minutes at 4°C.
Protein concentrations of the lysates were determined using a
Bicinchoninic acid (BCA) protein assay kit (Pierce, Rock-
ford, IL). For Western blotting, supernatants were diluted in
sample buffer (62.5 mM Tris—HCI, pH 6.8, 2% SDS, 10%
glycerol, 50 mM Dithiothreitol (DTT), and 0.1% bromophe-
nol blue) and boiled for 5 minutes. Equal amounts of protein
(20 ng) were resolved by 12% SDS polyacrylamide gel
electrophoresis and then transferred onto Polyvinylidene
Fluoride (PVDF) membranes. The membranes were blocked
with 5% (w/v) skim milk powder in Tris-buffered saline (TBS)
with 0.1% Tween-20 (TBS-T) at room temperature (RT) for 1
h, rinsed in TBS-T and incubated with primary antibodies at
4°C overnight. Primary antibodies used were mouse anti-[3-
actin (1:5000; Santa Cruz Biotechnology) and rabbit anti-
Olig2 (1:1000; Chemicon, Temecula, CA). After rinsing with
TBS-T, membranes were incubated with appropriate
horseradish peroxidase-conjugated secondary antibodies
(KPL, Gaithersburg, MD) at RT for 1 h. To visualize
immunoreactive proteins, an ECL kit (Pierce) was used
following the manufacturer’s instructions.

NSC Differentiation

To induce NSC differentiation, dissociated cells were seeded
onto 200 pg/ml poly-L-lysine-coated coverslips at 5x 10* cells/
coverslip. Then, growth factors were removed from the growth
medium and 1% fetal bovine serum (FBS) (Gibco) was added
(referred to as NSC differentiation medium). Cells were
differentiated for 7 days and then fixed for immunostaining.

Immunocytochemistry

For NSCs, free-floating neurospheres were fixed in 4%
paraformaldehyde (PFA) (Sigma) at 4°C overnight, PBS
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washed, and cryoprotected in PBS containing 30% sucrose.
Neurospheres were embedded in OCT (Sakura FineTec Inc.,
Torrance, CA) and sectioned with a cryostat. For differentiated
NSCs, cells were fixed with 4% PFA in PBS (0.01 M, pH 7.4)
for 10 minutes at RT. Sections of neurospheres and differen-
tiated NSCs were mounted on poly-L-ornithine-coated cover-
slips and blocked with 10% normal goat serum (NGS)
containing 0.3% Triton X-100 for 1 h at RT, and then incubated
with mouse anti-rat primary antibodies against nestin (1:100;
Pharmingen, San Diego, CA) for NSCs, III-tubulin (1:800;
Sigma) for neurons, glial fibrillary acidic protein (GFAP)
(1:200; Sigma) for astrocytes, and MBP (1:2000; Chemicon,
Temecula, CA) for OLs overnight at 4°C. Sections were then
incubated with rhodamine-conjugated goat anti-rabbit IgG
(1:50; Cappel, Costa Mesa, CA) for 1 h at 37°C. Sections
were then rinsed and mounted with Gel/Mount aqueous
mounting media (Biomeda Corp., Foster City, CA) containing
Hoechst 33342, a nuclear dye (0.5 uM; Sigma). Immunostain-
ing was examined with an Olympus BX60 microscope.

Generation of MBP-T Cells and Ovalbumin-Reactive-T
Cells

MBP- and ovalbumin-reactive-T (OVA-T) cells were
generated from draining lymph node cells that were
obtained from SD rats after immunization with guinea pig
MBP (Sigma, St. Louis, MO) and OVA (Sigma) as
described elsewhere [14, 31]. Briefly, the previously
described antigens were dissolved in PBS at 1 mg/ml. The
proteins were emulsified in an equal volume of incomplete
Freund’s adjuvant (Bio Basic Inc., East Markham, Ontario,
Canada) supplemented with 4 mg/ml mycobacterium
tuberculosis (Bio Basic Inc). Then, 0.2 ml MBP- and
OVA-containing emulsions were injected into the 2 hind
footpads of the rats. Nine days postinjection, the rats were
sacrificed, and draining lymph nodes in the inguinal areas
were surgically removed and dissociated. Cells were
cultured at 1x107 cells/ml with their immunized antigen
(25 pg/ml). Proliferation medium consisting of Roswell
Park Memorial Institute (RPMI) 1640 supplemented with
L-glutamine (2 mmol/L), 2-mercaptoethanol (50 pmol/L),
sodium pyruvate (1 mmol/L), gentamycin (50,000 IU/L),
nonessential amino acids, and 2% autologous rat serum. After
72 h, lymphoblasts were separated by Percoll (Amersham
Pharmacia Biotech, Piscataway, NJ) gradient centrifugation
and placed in proliferation medium supplemented with 10%
FBS and 10% medium supernatant from concanavalin
A-stimulated spleen cells, which contains T-cell growth factors.
After 5 to 7 days, cells were re-stimulated with their immunized
antigen (10 pg/ml) using mitomycin-treated splenocytes as
antigen-presenting cells [14]. MBP- and OVA-T cells were
expanded for at least 3 cycles of propagation and re-
stimulation before transplantation into spinal cord-injured rats.
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The specificities of MBP- and OVA-T cells were confirmed
by proliferation in response to their immunized antigen.

Lymphocyte Proliferation Assay

Lymphocyte proliferation assays were performed in 96
well plates. MBP- and OVA-T cells were seeded at 2x
10° cells/well in 200 ul proliferation medium and co-
cultured with mitomycin-treated splenocytes (2x10° cells/
well) and 25 pg/ml MBP, 25 pg/ml OVA, 25 pg/ml bovine
serum albumin, and 250 pg/ml spinal cord homogenate
extract (SCHE) (final concentration) from either rat or guinea
pig (rSCHE and gpSCHE, respectively). Cultures were
incubated at 37°C with 5% CO, for 48 h, and then 1 uCi
*H-TdR was added to each well, followed by 18 h incubation.
Then the cells were harvested and thymidine uptake was
assessed by liquid scintillation counting.

Enzyme-Linked Immunosorbent Assays for Cytokine
and Neurotrophin Measurements

MBP- and OVA-T cells were cultured for a week in
proliferation medium and then PBS washed and re-suspended
in stimulation medium. T cells (1x10° cells/ml) were
incubated with mitomycin-treated splenocytes (2x107 cells/
ml) in the presence of 25 pug/ml MBP, 25 pug/ml OVA, 250
pg/ml rSCHE (final concentration), and without antigens
(PBS alone) in 200 pl proliferation medium. After 48 h, the
concentrations of interferon-y (IFN-y), interleukin-4 (IL-4),
interleukin-10 (IL-10), interleukin-13 (IL-13), brain-derived
neurotrophic factor (BDNF), nerve growth factor (NGF), and
neurotrophin-3 (NT-3) in medium supernatants were measured
using enzyme-linked immunosorbent assays (ELISAs),
according to the manufacturer’s instructions. The ELISA kit
for IL-13 was purchased from Invitrogen; BDNF, NGF, and
NT-3 ELISA kits were purchased from Cell Applications, Inc.
(San Diego, CA); and IFN-y, IL-4, and L-10 ELISA kits were
purchased from R&D Systems (Minneapolis, MN).

Contusive SCI

Contusive SCI was performed using a New York University
impactor as described elsewhere [14]. Briefly, rats were
anesthetized with pentobarbital (50 mg/kg, intraperito-
neally) and received a laminectomy at the T9 vertebra.
After spinous processes of the T7 and T11 vertebrae were
clamped to stabilize the spine, the exposed dorsal surface of
the cord was subjected to a weight drop injury using a 10 g
rod (2.5-mm diameter) dropped at a height of 25 mm.
Sham-operated rats only received laminectomy without
contusion. After SCI, muscles and skin were closed in
layers, and rats were placed in a temperature- and humidity-
controlled chamber. Manual bladder emptying was performed

3 times daily until reflex bladder emptying was established. To
prevent infections, animals were daily provided with chlor-
amphenicol (50~75 mg/kg) via drinking water.

Passive Immunization

For passive immunization, rats were intravenously injected
with 2x 107 MBP- or OVA-T cells suspended in 1 ml sterile
PBS at 1 h post-SCI. Rats in the vehicle control group were
intravenously injected with 1 ml sterile PBS at 1 h post-SCIL

RNA Extraction and Real-Time RT-PCR

mRNA expression was measured by real-time RT-PCR as
described elsewhere [32]. Total RNA from injured spinal
cords (1-cm spinal cord segment containing the injury
epicenter) was extracted using TRI reagent (Molecular
Research Center, Cincinnati, OH) according to the
manufacturer’s instructions. RNA was reverse transcribed
into cDNA using a reverse transcription system (Promega,
Madison, WI). Real-time PCR was performed on an ABI
7900 PCR detection system (Applied Biosystems, Foster
City, CA) using a SYBR Green PCR Master Mix (Applied
Biosystems). Parallel amplification of the glyceraldehyde-
3-phosphate dehydrogenase housekeeping gene was used
to normalize gene expression. PCR primer sequences are
listed in Table 1. The relative expression level of target
mRNA was calculated using the AACt method [33]. All
data were expressed as relative to injured spinal cord
without T-cell transfer, which was designated as one.

Isolation of Infiltrating Cells

Cells that infiltrated the spinal cord were isolated as
described elsewhere [14, 34] with some modifications.
Briefly, at the indicated time periods post-injury, rats were
perfused with PBS, and spinal cord segments T8-10 were
removed by insufflation and dissociated by gently grinding
the tissue into a single-cell suspension that was passed
through a 45-um nylon mesh with a syringe plunger.
Infiltrating cells were isolated by Percoll gradient centrifu-
gation and re-suspended in staining buffer (PBS containing
5% FBS and 0.01 M sodium azide) for immunolabeling.

Flow Cytometry

Phenotypes of MBP- and OVA-T cell, as well as infiltrating
cells in the spinal cords were determined using flow
cytometry. For immunolabeling, cells were incubated with
the following panel of anti-rat monoclonal antibodies: biotin-
conjugated anti-CD3 (1 ng/10° cells; eBioscience, San
Diego, CA) followed by phycoerythrin (PE)-Cy5-conjugated
streptavidin (0.2 pg/10° cells; eBioscience), fluorescein
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Table 1 Real-Time PCR

Forward Primer 5' - 3'

Reverse Primer 5' - 3'

Primers Used in the Study Gene GenBank Accession No.
1IL-10 NM_012854.2
IL-1B NM 031512.2
1IL-13 NM 053828.1
IFN-y NM_138880.2
. . 1IL-4 NM 201270.1
BDNF=brain-derived
neurotrophic factor; BDNF NM_012513.3
IFN=interferon; IL=interleukin; NT-3 NM_031073.2
NGF=nerve growth factor; NGF XM 227525.5

CAGTCAGCCAGACCCACA GGCAACCCAAGTAACCCT
GGCAACTGTCCCTGAACT TCCACAGCCACAATGAGT
AATCCCTGACCAACATCT ATAAACTGGGCTACTTCG
CTGGCAAAAGGACGGTAA TGTGCTGGATCTGTGGGT
ACCCTGTTCTGCTTTCTC GTTCTCCGTGGTGTTCCT
TCTGTAATCGCCAAGGTG ATGCTGGAAGGTAATGTG
TGGAAATAGTCATACGGA CAACTTGATAATGAGGGA
AAGGCTTTGCCAAGGACG GTGATGTTGCGGGTCTGC

NT-3=neurotrophin-3

isothiocyanate-conjugated anti-CD3 (1 ug/10° cells; Caltag
Laboratories, Burlingame, CA), PE-conjugated anti-CD8
(0.5 ug/10° cells; Caltag Laboratories), allophycocyanin-
conjugated anti-CD4 (0.2 pug/10° cells; eBioscience), Alexa
Fluor 647-conjugated anti-CD163 (1 pg/10° cells; AbD
Serotech, Oxford, UK), PE-conjugated anti-CD86 (0.2 j1g/10°
cells; eBioscience), and biotin-conjugated anti-CD68 mAb
(1 ug/10° cells; AbD Serotech) followed by PE-Cy5-
conjugated streptavidin (0.2 pg/10° cells). After incubation
at 4°C for 30 minutes, cells were washed 3 times with
staining buffer, fixed with 1% PFA in PBS, and analyzed
using a FACSCalibur flow cytometer (Becton Dickinson,
San Diego, CA). Isotype-matched antibodies were used to
control for nonspecific staining that was subtracted from
specific staining results. A minimum of 10,000 events were
collected and analyzed by WinMDI 2.8 software (J. Trotter,
The Scripps Research Institute, La Jolla, CA).

Transplantation Procedures

After 9 days of SCI, 348 rats were divided into 9 groups
(Table 2). To transplant NSCs, rats were anesthetized with
pentobarbital (50 mg/kg, intraperitoneal), the spinal cord was
re-exposed, and a small window was opened in the dura.
Four injections were performed left and right laterally 0.6-
mm from the midline, 2-mm cranial and caudal to the lesion
site, at a depth of 1.1 mm. For cell transplantation, 2-ul NSCs
(1x10° cells) in NSC medium were injected at 0.5 pl/min
into each site through a glass micropipette with a 50~70 um
outer diameter and sharp beveled tip at 30~50° as described
elsewhere [18, 35]. The microinjection system was powered
by compressed nitrogen, and a total of 4x10° cells were
transplanted into each rat. Muscle and skin were sutured and
normal saline and antibiotics were administered to prevent
dehydration and infection. Animals were sacrificed at the
indicated time periods post-transplantation.

Immunohistochemical Assay

After the indicated time periods post-transplantation, animals
were administered an overdose of sodium pentobarbital
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(nembutal; 80 mg/kg, interperitoneally) and transcardially
exsanguinated with 200 ml physiological saline followed by
fixation with 300 ml ice-cold 4% PFA in 0.01 M PBS (pH 7.4).
After perfusion, a 2-cm spinal cord segment containing the
injury epicenter was removed, postfixed overnight in 4% PFA
in 0.01 M PBS (pH 7.4), and transferred to 30% sucrose in 0.01
M PBS (pH 7.4) at 4°C overnight. Then the specimens were cut
into segments spaced 5 mm from the cervical to the sacral cord.
Segments were placed in OCT compound embedding medium
(Tissue-Tek, Miles, Elkart, IN), and 20-um frozen sections
were obtained horizontally and transversely using a cryostat
(Leica CM1900, Bannockburn, IL), followed by thaw mount-
ing on poly-L-lysine-coated slides (Sigma). For immunohisto-
chemistry, sections were blocked with 10% NGS in 0.01 M
PBS (pH 7.4) for 1 h, and primary mouse anti-rat antibodies
against nestin (1:100; Pharmingen), MBP (1:2000; Chemicon),
GFAP (1:200; Sigma), B1II-tubulin (1:800; Sigma), arginase |
(1:100; Santa Cruz), and CD4 (1:100; SeroTec Inc., Raleigh,
NC), and rabbit antibodies against CC-chemokine receptor 7
(CCR7) (1:250; Cell Application, San Diego, CA), and
neurofilament M (NFM) (1:200; Millipore Bioscience Re-
search Reagents) were applied overnight at 4°C. The following
day, sections were incubated for 60 minutes at 37°C with
rhodamine-conjugated goat anti-mouse (1:50; Jackson Immuno
Research Laboratories, West Grove, PA) and goat anti-rabbit
antibodies (1:100; Jackson Immuno Research Laboratories), or
amino-methyl-coumarin-acetate-conjugated donkey anti-rabbit
Fab’ fragments (1:100; Jackson Immuno Research Laboratory).
Slides were then washed, coverslipped, and examined using an
Olympus BX60 microscope.

For immunocytochemistry and immunohistochemistry,
primary anti-serum omission controls and normal mouse
and goat serum controls were used to confirm the
specificity of immunofluorescence labeling. Cell quantifi-
cation of spinal cord tissue was performed in an unbiased
stereological manner as described elsewhere [2].

Histological Analyses

Eight weeks after SCI, animals were sacrificed as previ-
ously described. Histological analyses were performed as
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Basso, Beattie, and Bresnahan Locomotor Rating Scale

Behavioral assessments were performed using the Basso,
Beattie, and Bresnahan (BBB) locomotor rating scale, a 21
point scale (0-21) based on observations of hind-limb move-
ments of a rat freely moving in an open field [36, 37]. The
BBB score was evaluated at 1 and 3 days, then at 1,2, 3,4, 5,
6, and 7 weeks after injury. During the evaluation, animals
were allowed to walk freely on the open-field surface for 4
minutes while being observed by 2 blinded scorers.

Statistical Analyses

BBB scores were analyzed using repeated measures analysis
of variance, followed by Tukey’s pairwise comparison at each
time point. Other data were analyzed using nonparametric
Kruskal-Wallis analysis of variance, followed by individual

Mann—Whitney U tests. The relationship between BBB
scores and histological outcomes was determined by Pearson
correlation coefficients (). Statistical differences were
considered significant at p<0.05.

Results
Isolation, Differentiation, and Identification of NSCs

After dissociated NSCs were plated in growth medium
containing EGF and bFGF for 3 to 4 days, single cells
proliferated to form small clusters and then larger floating
neurospheres. Immunostaining of sectioned neurospheres
revealed that the cells were positive for nestin (95.58-
98.84%; Fig. 1A), an intermediate filament protein that is
mainly expressed in neural stem cells and precursor cells
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Fig. 1 The characteristics of nontransfected, green fluorescent
protein (GFP)-transfected, and Olig2-GFP-transfected neural stem
cells (NSCs) are shown. The characteristics of nontransfected (—),
GFP-transfected (GFP), and Olig2-GFP-transfected (Olig2-GFP)
NSCs were identified by immunostaining. (A) All gene-modified
NSCs express GFP (green, Asg 17-20). Cells in neurosphere
sections are immuno-positive for nestin (red, A, o ;). After culture
in NSC differentiation medium for 7 days, NSCs differentiate into
neurons (BIII-tubulin®, Ay 10, 22), astrocytes (GFAP", As 11, 23), and
OLs (myelin basic protein [MBP]", A4, 12, 24). Co-localization of cell
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specific markers (red) and GFP (green) in NSCs and their
derivatives are shown in overlay images (yellow, Ajs.is, 25-28).
Cells were counterstained with Hoechst 33342 (blue), a nuclear dye.
Scale bars: 25 pm. (B) Preceding the differentiation experiments,
Western blot analysis of Olig2 was performed using cell lysates of
the 3 NSC types. (C) Statistical graphs show the proportion of
nestin-, BII-tubulin-, GFAP- and MBP-positive cells in various
groups. Data are median values (histograms) and individual data
points (dots); (n=4); **p<0.01
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[38]. After plating on poly-ornithine-coated coverslips in
NSC differentiation medium for 7 days, cells migrated out
of the neurospheres and differentiated into a mixture of
neurons (BIII-tubulin®, 12.14-14.7%; Fig. 1A,), astrocytes
(GFAP", 57.61-66.90%; Fig. 1A5), and OLs (MBP", 14.33-
18.85%; Fig.1Ay).

Effect of Olig2 Overexpression on NSC Differentiation
in Vitro

Preceding the differentiation experiments, Western blot
analysis of Olig2 was performed using cell lysates from
nontransfected (—), GFP-transfected (GFP), and Olig2-
GFP-transfected (Olig2-GFP) NSCs. Low Olig2 expression
was detected in (—) and GFP-NSCs, whereas Olig2-GFP-
NSCs expressed high levels of Olig2 (Fig. 1B). These data
indicated that lentiviral vector-mediated Olig2 overexpres-
sion in NSCs was successful. Next, we compared the
characterization of NSCs (—), GFP-NSCs, and Olig2-GFP-
NSCs. There was no significant difference in neurosphere
morphology among the 3 NSC groups (the first column in
Fig. 1). Immunostaining of sectioned neurospheres revealed
that >95% of cells were positive for nestin (Fig. 1A, Ao,
A,, and Fig. 1C). No significant difference was found in
the proportion of nestin-positive cells (Fig. 1C; p>0.05).
After 7 days differentiation, the proportions of neurons
(~15%), astrocytes (>60%), and OLs (~16%) showed no
significant difference between NSCs (—) and GFP-NSCs
(Fig. 1C, p>0.05). However, more than 50% (50.8-62.88%)
of Olig2-GFP-NSCs differentiated into fully mature OLs
with elaborate myelin extensions that stained positive for
MBP (Fig. 1A,4 and C), which was significantly higher
compared with that of the other groups (Fig. 1C, p<0.01).
The proportion of BIII-tubulin-positive cells in Olig2-GFP-
NSCs was also increased (14.51-20.18%), which was
slightly higher compared with that of the other groups
(Fig. 1A,, Aqo, Ay, and Fig. 1C; p>0.05). Relatively, the
proportion of GFAP-positive cells in Olig2-GFP-NSCs
decreased (17.81-23.70%), which was significantly lower
compared with that of the other groups (Fig. 1A3, Ajq, Ajs,
and Fig. 1C; p<0.01).

Phenotypes and Specificities of MBP-T Cells

Prior to T-cell transfer into spinal cord-injured rats, the
phenotype of MBP-T cells was identified by flow cytometry.
As shown in Fig 2A, MBP-T cells were mainly CD3°CD4" T
cells (>98%). The antigen-specific lymphocyte proliferation
assay showed that in the presence of 250 pg/ml rfSCHE or
gpSCHE, or 25 pg/ml MBP, *H-TdR incorporation was
significantly increased in MBP-T cells, but not OVA-T cells.
In medium and non-CNS antigen (bovine serum albumin)
controls, MBP- and OVA-T cells did not proliferate
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Fig. 2 Phenotypes and specificities of myelin basic protein (MBP)- and
ovalbumin-reactive (OVA)-T cells are shown. (A) Flow cytometric
analysis shows that >98% of MBP- and OVA-T cells are CD3'CD4" T
cells; (B) MBP- and OVA-T cells were cultured in RPMI 1640 medium
only (—), stimulated by MBP, spinal cord homogenate extract (rSCHE),
gpSCHE and a non-central nervous system antigen (bovine serum
albumin) to show reactivity as detected by 3H-thymidine (*H-TdR)
incorporation. Data are median values (histograms) and individual data
points (dots); (n=4); **p<0.01. BSA=bovine serum albumin

(Fig. 2B). This result indicated that MBP-T cells generated
in this study were antigen-specific in the spinal cord. It
should be noted, however, that the MBP antigens used to
generate MBP-T cells from rats were of a guinea pig origin,
and MBP-T cells also recognized antigens in rSCHE.
However, the reactivity was somewhat decreased compared
with that of gpSCHE.

Cytokine and Neurotrophin Expression
in rSCHE-Stimulated MBP-T Cells in Vitro

To study cytokine and neurotrophin expression in MBP-
and OVA-T cells that were stimulated with CNS antigens,
we stimulated MBP- and OVA-T cells with rSCHE or
their respective antigens for 2 days in vitro to mimic the
activation of these cells in vivo. Then, the expression of
IFN-y, IL-4, 1L-10, IL-13, BDNF, NT-3, and NGF in
MBP- and OVA-T cells was analyzed using ELISAs. As
shown in Fig. 3, MBP- and OVA-T cells that were treated
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Fig. 3 Cytokine and neurotrophin production by spinal cord
homogenate extract (rSCHE)-stimulated myelin basic protein-
activated T (MBP-T) cells in vitro. MBP- and ovalbumin-reactive
activated T (OVA-T) cells were stimulated with rfSCHE or their
immunized antigens for 2 days in vitro. Concentrations of interferon
(IFN)-y, interleukin (IL)-4, IL-10, IL-13, brain-derived neurotrophic

with PBS showed no detectable expression of these
cytokines and neurotrophins. After stimulation with their
respective antigens, both MBP- and OVA-T cells
expressed IFN-y, IL-10, IL-13, BDNF, NT-3, and NGF.
After stimulation with rSCHE, expression of IFN-y, IL-10,
IL-13, BDNF, NT-3, and NGF was detected in MBP-T cells.
However, there was no detectable expression of the above
cytokines and neurotrophins in SCHE-stimulated OVA-T
cells. Interestingly, IL-4 was not detected in any group.

Effect of MBP-T Cell Transfer and NSC Transplantation
on Cytokine and Neurotrophin mRNA Expression
in Injured Spinal Cord Tissue

To investigate the effect of MBP-T cell transfer and NSC
transplantation on cytokine and neurotrophin mRNA expres-
sion in the injured spinal cord, we transplanted GFP-NSCs and
Olig2-GFP-NSCs into MBP-T- and OVA-T cell-transferred
spinal cord injured rats. Two weeks after adoptive immunity
(5 days after NSC transplantation), mRNA expression of [FN-
v, IL-13, TNF-«, IL-4, IL-10, IL-13, BDNF, NT-3, and NGF
in whole injured spinal cord tissues was analyzed using RT-
PCR. As shown in Fig. 4, mRNA expression of IFN-y, IL-1(3,
TNF-«, IL-10, IL-13, BDNF, NT-3, and NGF in injured
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factor (BDNF), nerve growth factor (NGF), and neurotrophin-3 (NT-
3) in medium supernatants were measured using enzyme-linked
immunosorbent assays (ELISAs). Data are median values (histograms)
and individual data points (dots); (n=4); **p<0.01. SCHE=spinal
cord homogenate extract

spinal cord tissue was detected in all groups. Furthermore,
mRNA expression of IL-10 and IL-13 showed no statistical
significant difference between all OVA-T cell-transferred
groups and the control group (p>0.05). However, the injured
spinal cord tissues from all MBP-T-cell-transferred groups
expressed increased mRNAs for IL-10 and IL-13 compared
with those of OVA-T-cell-transferred and control rats
(<0.01). mRNA expression of BDNF, NT-3, and NGF
showed no statistical significant difference between the OVA-
T-cell-transferred group and control group (p>0.05). However,
injured spinal cord tissues from all NSC transplanted groups
(GFP-NSCs and Olig2-GFP-NSCs), and the MBP-T-cell-
transferred group, expressed increased mRNAs for BDNF,
NT-3, and NGF compared with those of the OVA-T-cell-
transferred group and control group (p<0.01). Interestingly,
although IFN-y, IL-13, TNF-x and IL-4 mRNA were
detected in all groups, no significant difference was found
between groups.

Effect of MBP-T-Cell Transfer and NSC Transplantation
on T-Cell Infiltration into Injured Spinal Cords

To observe the effect of MBP-T cell transfer and NSC
transplantation on local inflammatory and immune
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Fig. 4 Cytokine and neurotrophin mRNA expression in injured spinal
cords is shown. mRNA expression was measured by real-time RT-PCR.
Relative expression levels of target mRNA in various tissue samples was
calculated based on the ““Ct method. Data are expressed relative to the
injured spinal cord without T-cell transfer, which is designated as one.

responses in host rats, we examined the infiltration of T-cell
subsets in the injured spinal cord at 1, 3, 7, 14, and 28 days
postinjury (dpi). As shown in Fig. SA, T cells that were
isolated from the injured spinal cord were mainly
CD3"CD4" T-cell subsets (> 90%). T-cell infiltration into
injured spinal cords was further examined using immuno-
fluorescence staining for CD4 in spinal cord sections. CD4"
T cells were very infrequent in intact spinal cord. However,
CD4" T cells were detected in the lesion epicenter of all
groups at all observed time points. Figure 5B shows

Data are median values (histograms) and individual data points (dots);
(n=4); **p<0.01. BDNF=brain-derived neurotrophic factor; GFP-
NSCs=green fluorescent protein erexpressing Neural Stem Cells; IL=
interleukin, MBP=myelin basic protein; NGF=nerve growth factor;
OVA-T=ovalbumin-reactive activated T; TNF= tumor necrosis factor

representative images of control, MBP-, and OVA-T cell-
transferred groups without NSC transplantation at 3, 7, and
28 dpi. Figure 5C shows the representative images of
control, MBP-, and OVA-T cell-transferred groups with
NSC transplantation at 14 and 28 dpi (5 and 19 days post-
NSC transplantation). Statistical graphs (Fig. 5D) indicated
that the trends of T-cell infiltration were similar in all
groups. CD4" T cells were observed at 1 dpi, and then
gradually increased to a maximum at 7 dpi, followed by a
decrease at 14 dpi. However, CD4" T-cell density among

@ Springer



Hu et al.

PBS

10

OVAT

PBS MBPT

dpi 28
10°

CD3-PE-Cy5 .
Il Gi=r1

2 2 2
T - 541 [0.00 < 315 | 0 b5 58| L1
P [ 108 9030 e [ 082 [0509] Qr (215 [ 9085
n." :::g s &1
% « s

=3 o =3
[ T y b - > . .

of 1% ] - |- A
| 0° 10' 107 107 10° YETor 10° 900 10 10° 10' 10° 10°

CD4-APC -

PBS + NSC MBPT+NSC OVAT+NSC

CD4 GFP

Fig. 5 T-cell infiltration into the injured spinal cords is shown. (a)
Infiltrating cells in spinal cords were isolated by Percoll gradient
centrifugation, and phenotypes were determined by flow cytometry.
(b, ¢) T-cell infiltration into injured spinal cords was further examined
by CD4 immunofluorescence staining of spinal cord sections. (b)
Representative images of control, MBP- and OVA-T cell-transferred
groups without NSC transplantation at 3, 7 and 28 dpi. Scale bars: 25 pm.
(c) Representative images of control, MBP- and OVA-T cell-transferred

the groups was very different. At 3 dpi, CD4" T-cell density
in the lesion epicenter of the control group was very low
(~80 cells/mm?). However, a significantly higher number of
CD4" T cells was observed in MBP- and OVA-T cell-
transferred rats (~500 and 400 cells/mm?, respectively). At 7
dpi, CD4" T-cell density reached up to ~200 cells/mm? in the
control group and increased to >800 and 500 cells/mm? in
the MBP- and OVA-T-cell-transferred groups, respectively.
At 14 dpi, CD4" T-cell density in the control and OVA-T-
cell-transferred groups decreased to the level at 3 dpi.
However, CD4" T-cell density in the MBP-T-cell-transferred
group was maintained at a high level that was similar to that
of 7 dpi. Up to 28 dpi, CD4" T-cell density decreased to a
very low level in control and OVA-T-cell-transferred groups
(<25 cells/mm?). Although CD4" T-cell density decreased to
some extent in the MBP-T-cell-transferred group, it remained
at a very high level (>380 cells/mm?). It is worth mentioning

@ Springer

EMBP-T
OVA-T+ NSCs

OVehicle [IVehicle + NSCs
#Z MBP-T +NSCs OVA-T

=

CD4-positive T cell number/mm?

groups with NSC transplantation at 14 and 28 dpi (5 days and 19 days
post-NSC transplantation). Scale bars: 25 pum. (d) Statistical graphs
indicate that the trends of T cell infiltration are similar in all groups.
Data are median values (histograms) and individual data points (dots);
(n=4); *p<0.05; **p<0.01. APC=allophycocyanin; GFP=green
fluorescent protein; MBPT=myelin basic protein-activated T;,
NSCs=neural stem cells; OVAT=ovalbumin-reactive activated T;
PBS=phosphate-buffered saline

that no significant difference in CD4" T-cell density was
found between NSC-transplanted groups and their
corresponding groups without NSC transplantation (p>0.05)
(Fig. 5B-D). Because MBP-activated T cells were mainly
CD3"CD4" T cells, the previous results indicated that T-cell
infiltration into injured spinal cords may primarily consist of
transferred MBP-T cells. CD8" T cells were not detected in
any group, which indicated that allogeneic NSC transplan-
tation caused a very weak inflammatory response in the
spinal cord.

Effect of MBP-T-Cell Transfer and NSC Transplantation
on the Polarization of CNS Macrophages in the Injured
Spinal Cord

To observe the effect of MBP-T-cell transfer and NSC
transplantation on the local immune response of CNS macro-
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phages (resident microglia and/or macrophages derived from
infiltrating monocytes), we examined the phenotypes of
distinct macrophage subsets including “classically-activated”
pro-inflammatory (M1) and “alternatively-activated” anti-
inflammatory (M2) cells [39] using flow cytometry and
immunohistochemistry. As shown in Fig. 6A, macrophages
in the spinal cord homogenate were first defined by CD68
expression and side scattered light in a dot plot (R1). Among
CD68" macrophages, CD86'CD163™ and CD86'CD163"
subpopulations represented M1 and M2 macrophages,
respectively. Moreover, M1 and M2 macrophages in spinal

o T

b PBS

-
=3 | .
b ™ dpi 7

cord sections were determined by immunofluorescence
staining of CCR7 and arginase I, respectively, as shown in
Fig. 6B-E. We examined subpopulations of macrophages in
the injured spinal cord at 1, 3, 7, 14, and 28 dpi. It was
reported that microglia/macrophages possess an M2 pheno-
type in the intact spinal cord [39]. Our result indicated that
the phenotypes of both M1 and M2 macrophages were
rapidly induced in the injured spinal cords of all groups
(Fig. 6F). However, M1 macrophages were detected and
maintained at a high level for up to 28 dpi (the longest time
period evaluated in this study) in all groups. In contrast, M2
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Fig. 6 Polarization of central nervous system macrophages in the
injured spinal cord are shown. Phenotypes of distinct macrophage
subsets in injured spinal cord were examined by flow cytometry and
immunohistochemistry. (a) Among CD68" macrophages,
CD86CDI1637, and CD86"CD163", the subpopulations are M1 and
M2 macrophages, respectively. (b-e¢) M1 and M2 macrophages in the
spinal cord sections were determined by CC-chemokine receptor 7 and
arginase I immunofluorescence staining, respectively. Scale bars: 25

pum. (f) Statistical graphs show the trends of M1 and M2 macrophages
in various groups. Data are median values (histograms) and individual
data points (dots); (n=4); **p<0.01. (g) Statistical graphs show the
ratio of M1:M2 cells in various groups (*¥**p<0.01). GFP=green
fluorescent protein; MBPT=myelin basic protein-activated T; NSCs=
neural stem cells; OVAT=ovalbumin-reactive activated T, PBS=
phosphate-buffered saline
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macrophages were transiently detected at high levels and
returned to pre-injury levels at 14 dpi in control and OVA-T-
cell-transferred groups (with or without NSC transplanta-
tion). Only in MBP-T cell-transferred groups (with or
without NSC transplantation) were M2 macrophages
detected and maintained at a high level for up to 28 dpi.
Expressed as a ratio of M1:M2 macrophages (Fig. 6G), the
ratio was approximately equivalent in all groups at 1, 3, and
7 dpi. However, after the first week, the M1:M2 ratio
markedly increased in control and OVA-T-cell-transferred
groups (with or without NSC transplantation). Only in MBP-
T-cell-transferred groups (with or without NSC transplanta-
tion) was the ratio of M1:M2 close to the levels at 1, 3, and 7
dpi. The M1:M2 ratio in MBP-T-cell-transferred groups
(with or without NSC transplantation) was significantly
lower compared with that of other groups (p<0.01).

Effect of MBP-T-Cell Transfer and Olig2 Overexpression
on the Survival and Differentiation of NSCs in the Injured
Spinal Cord

To determine the survival of transplanted GFP-NSCs and
Olig2-GFP-NSCs in vivo, we detected transplanted cells by
GFP fluorescence at 2 and 6 weeks post-transplantation.
GFP-positive cells were observed in the spinal cords of host
rats at 2 and 6 weeks post-transplantation. Because it is
extremely difficult to discern individual cells at 6 weeks,
we counted viable cells and determined their phenotype at 2
weeks post-transplantation. Figure 7 3 x 6 € and ¢ show
representative low power images of spinal cords from the 6
groups. Transplanted GFP-positive cells (green) were
mainly restricted to the dorsal white matter and part of the
gray matter. Figure 7A—X shows representative high-power
images of the spinal cords. Quantitative analysis showed
that the average number of GFP-positive cells in the spinal
cord of MBP-T-cell-transferred groups was significantly
higher compared with those of other groups (p<0.01;
Fig. 7a). However, there was no difference between the
number of GFP-NSCs and Olig2-GFP-NSCs in the same
transferred groups (p>0.05; Fig. 7a). Next, we investigated
the differentiation of transplanted GFP-NSCs and Olig2-
GFP-NSCs in spinal cords using immunofluorescence
staining. In all GFP-NSC-transplanted groups, the majority
of GFP-positive cells expressed GFAP and only a very
small number of GFP-positive cells expressed RIII-tubulin
and MBP (Fig. 7A-L). However, in Olig2-GFP-NSC-
transplanted groups, a greater number of GFP-positive cells
differentiated into MBP-positive OLs (Fig. 7M—X, b-d).
The percentage of GFP/MBP-double positive cells in GFP-
Olig2-NSC-transplanted groups was significantly higher
compared with that of other groups, while the percentage of
GFP/GFAP-double positive cells was significantly de-
creased compared with that of other groups (p<0.01).
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Effect of MBP-T-Cell Transfer and Olig2-Overexpressing
NSC Transplantation on the Lesion Volume of Contused
Spinal Cord

Quantitative analysis of the total lesion volume of injured
spinal cords was performed after 7 weeks of SCI. As shown in
Fig. 8, total lesion volumes in MBP-T cell-transferred groups,
GFP-NSC-, and GFP-Olig2-NSC-transplanted groups were
significantly lower compared with those of groups treated
with PBS and transferred with OVA-T cells alone (p<0.05).
There were no significant differences between the PBS
control and OVA-T cell transfer alone (p>0.05). GFP-NSC
and Olig2-GFP-NSC transplantation showed no significantly
different effect on the total lesion volume of the injured spinal
cords (p>0.05). There were also no significant differences
among the 3 MBP-T cell-transferred groups (p>0.05).

Effect of MBP-T-Cell Transfer and Olig2-Overexpressing
NSC Transplantation on the Survival of Motoneurons
in the VH following SCI

To determine the effect of MBP-T-cell transfer and Olig2-
overexpressing NSC transplantation on neuronal survival,
the numbers of VH motor neurons at the injury epicenter as
well as at 1-, 2-, 3-, and 4-mm rostral and caudal to the
epicenter were counted after 7 weeks of SCI. As shown in
Fig. 9, in the 3 MBP-T-cell-transferred groups, as well as
the GFP-NSC- and GFP-Olig2-NSC-transplanted groups, a
higher number of residual motor neurons were found in the
VH at 3- and 4-mm rostral and caudal to the lesion
epicenter compared with those of groups treated with PBS
and OVA-T-cell transfer alone (p<0.01). Further compari-
son showed that MBP-T-cell transfer combined with GFP-
NSC or GFP-Olig2-NSC transplantation resulted in signif-
icantly reduced neuronal loss compared with that of any
treatment alone (p<0.05). However, the number of motor
neurons showed no significant difference between the PBS
control and OVA-T-cell transfer alone, and between GFP-
NSC and Olig2-GFP-NSC transplantation with the same T-
cell transfer (p>0.05).

Effect of MBP-T-Cell Transfer and Olig2-Overexpressing
NSC Transplantation on the Extent of Myelination
following SCI

To investigate the effect of MBP-T-cell transfer and Olig2-
overexpressing NSC transplantation on myelin preservation
and the extent of residual myelination, stained with LFB,
was examined at the injury epicenter as well as at 1-, 2-, 3-,
and 4-mm rostral and caudal to the injury epicenter after 7
weeks of contusive SCI. As shown in Figure 10, in the 3
MBP-T-cell-transferred groups, the volume of residual
myelin was significantly increased at the epicenter and at
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Fig. 7 The survival and differentiation of neural stem cells (NSCs)
after 2 weeks of transplantation into injured spinal cords are shown.
Two weeks after cell transplantation, the survival and differentiation of
transplanted cells were detected in sagittal sections of injured spinal
cord. (ox 3 x & € and ¢ Representative low-power images show the
survival and distribution of transplanted cells (green). Scale bar=1
mm. (A-X) Representative merged images show surviving green
fluorescent protein (GFP)-positive cells and their differentiation fate.
Cell specific markers (nestin, PIII-tubulin, glial fibrillary acidic
protein [GFAP], and myelin basic protein [MBP]) are red. Cell
specific markers and GFP (green)-double positive cells are yellow.
Scale bar=25 pm. (a-d) Statistical graphs show the number of GFP-
positive cells (a), percentages of nestin (b), GFAP (c), and MBP (d)
positive cells in GFP-positive cells. Data are median values (histograms)
and individual data points (dots); (n=6); **p<0.01. MBP-T=myelin
basic protein-activated-T; OVA-T=ovalbumin-reactive activated-T

1-mm rostral, as well as 1- and 2-mm caudal to the epicenter
compared with that of groups treated with PBS and OVA-T
cell transfer alone (p<0.01). However, the volume of residual
myelin showed no significant difference between the PBS
control and OVA-T-cell transfer alone. Although Olig2-GFP-
NSC-transplanted groups showed a slightly higher volume of
residual myelin compared with that of GFP-NSC-
transplanted groups with the same passive transfer, there
was no significant difference between the groups (p>0.05).
To verify LFB results, a subset of sections from the injury
epicenter was stained with toluidine blue. As shown in
Fig. 11A, the spinal cord contusion injury resulted in
widespread demyelination. However, myelinated axons were
more abundant in MBP-T-cell-transferred rats compared with

Fig. 8 Three-dimensional
reconstruction of lesion volumes
after 7 weeks of contusive spinal
cord injury is shown.

(A) Representative images of a
three-dimensional reconstruction
of a 10-mm spinal cord segment
containing the lesion cavity
(green). Spinal cord contours
and white matter are shown in

those of other groups. To further confirm the cellular source
of regenerated myelin, OL-remyelinated axons (Fig. 11A,
arrowheads) were identified by characteristically thin myelin
sheaths that are relative to the axon diameter, with a 0.1- to
0.4-um myelin sheath thickness [40-42]. Schwann cell (SC)-
remyelinated axons (Fig. 11A, arrows) were identified by
characteristically thick myelin sheaths relative to the axon
diameter, with a 0.6- to 1.2-um myelin sheath thickness,
darker myelin staining relative to OL myelin, and the cell
body immediately juxtaposed to the myelin sheath [40—42].
We counted OL- and SC-remyelinated axons in 4 random
10 x40-fold microscope views (~67,500 um? per view) in the
middle of the lesion and pial borders in the dorsal, lateral, and
ventral columns. The number of OL-remyelinated axons in
the GFP-Olig2-NSC and MBP-T-cell groups was significantly
higher compared with those of all other groups (Fig. 11B;
p<0.05). The numbers of SC-remyelinated axons in the three
MBP-T-cell-transferred groups were significantly higher
compared with those of all other groups (Fig. 11B; p<0.01).

Transplanted Olig2-Overexpressing NSCs Remyelinate
Axons in the Injured Spinal Cord

All transplanted NSCs expressed GFP; thus, we used GFP
as a marker to directly detect whether mature OLs derived
from transplanted NSCs were able to form a myelin sheath
around axons. We found that ~4% of transplanted GFP-
NSCs and ~50% of transplanted GFP-Olig2-NSCs were

4
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Fig. 9 Survival of motoneurons

in the spinal cord ventral horn

(VH) after 7 weeks of contusive

spinal cord injury is shown. (A,

a, B, and b) Neutral red staining

shows VH neurons in sections

from the myelin basic protein-

activated T (MBPT)-cell-trans-

ferred group, some VH neurons

(arrows) remain intact in a sec-

tion 8-mm rostral to the epicen-

ter (A, a), whereas at the injury

epicenter (B, b) neurons were

not found. Scale bar in (A and

B)=1 mm and (a and b)=25

pum. (C) Comparison of VH

neurons among groups at vari-

ous distances from the injury c
epicenter (0), as well as at 1-, 2-,

3-, at 4-mm rostral (+) and 38
caudal (—) to the epicenter. Data
are median values (histograms)
and individual data points
(dots); (n=6); *p<0.05, **p<
0.01. GFP=green fluorescent
protein; NSC=neural stem cells;
OVAT=ovalbumin-reactive
activated T 4

Number of Neurons
g

differentiated into MBP-positive OLs in all groups
(Fig. 12A, arrows), which formed multiple rings around
NFM-positive axons as observed in cross sections
(Fig. 12A, arrows). We further confirmed transplanted
NSC-derived OL remyelination using immuno-EM. In
GFP-Olig2-NSC transplanted groups, GFP-positive cells
showed ultrastructural characteristics of mature OLs, which
sent processes to wrap multiple adjacent axons (Fig. 12B).
GFP immunoreactivity was directly detected in myelin at
higher magnifications (Fig. 12C, arrows), indicating remye-
lination was derived from transplanted NSCs. However, in
GFP-NSC transplanted groups, although GFP-positive cells
were also found, ultrastructural characteristics of mature
OLs were very infrequent (Fig. 12D). GFP immunoreac-
tivity was mainly detected in cell bodies at higher
magnifications (Fig. 12E, arrows), indicating that those
transplanted cells could not form myelin.

Effect of MBP-T-Cell Transfer and Olig2-Overexpressing
NSC Transplantation on Functional Recovery in Rats
after SCI

To observe the effect of MBP-T-cell transfer and Olig2-
overexpressing NSC transplantation on functional recovery
in spinal cord injured rats, BBB scores were evaluated. As
shown in Fig. 13A, all animals scored 21 points prior to
SCI. At 1 day post-SCI, all animals received a score of 0,
and at 3 days a score <2. During the following days,

[ Vehicle W GFP-NSC B GFP-olig2-NSC
EOVAT OGFP-NSC+OVAT B GFP-olig2-NSC+ OVAT
EMBFT @EGFP-NSC+MBPT O GFP-olig2-NSC + MBPT

Distance from Epicenter(mm)

locomotor performance was substantially improved and
plateaued in the third week. From weeks 3 to 7, BBB scores
in MBP-T-cell transfer combined with GFP-NSC or Olig2-
GFP-NSC transplantation groups were consistently higher
compared with those of other groups (p<0.01) and differ-
ences between the MBP-T-cell transfer only group and
other groups were also statistically significant (p<0.05).
Notably, in the same PBS control and OVA-T-cell-trans-
ferred groups, there were no significant differences between
Olig2-GFP-NSC- and GFP-NSC-transplanted groups (p>
0.05). The correlation between the final histological out-
comes and behavioral scores for each individual animal in
all groups was also analyzed (6 rats in each group; n=54).
Total lesion volume was strongly negatively correlated with
BBB scores at 7 weeks post-SCI (Fig. 13B; r=—0.82; p<0.01).
The volume of residual myelin at the epicenter (Fig. 13C; r=
0.94; p<0.01) and the numbers of VH motor neurons at
3-mm rostral to the epicenter (Fig. 13D; r=0.93; p<0.01)
were strongly positively correlated with BBB scores.

Fig. 10 Quantifications of residual myelination in the injured spinal
cord after 7 week of contusive spinal cord injury is shown. (A) Luxol
fast blue-stained cross-sections of a spinal cord taken from the injury
epicenter (0), as well as at 1-, 2-, 3-, 4-mm rostral (+) and caudal (-)
to the epicenter. (B) Comparison of residual myelination among
groups at various distances from the injury epicenter. Data are
median values (histograms) and individual data points (dots); (n=
6); **p<0.01. GFP=green fluorescent protein; MBPT=myelin basic
protein-activated T; NSC=neural stem cells; OVAT=ovalbumin-
reactive activated T
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Fig. 11 Quantifications of a
oligodendrocyte (OL)- and
Schwann cell (SC)-remyelinated
axons in the injured spinal cords
after 7 weeks of contusive spinal
cord injury are shown. (A)
Representative
photomicrographs of toluidine
blue-stained sections taken from
the middle of the lesion and pial
borders. OL-remyelinated
(arrowheads) and
SC-remyelinated axons (arrows)
are identified by their myelin
sheaths relative to the axon
diameter. (B) Statistical graphs
show the number of OL- and
SC-remyelinated axons in 4
random 10x40-fold microscope
views in the middle of the lesion
and pial borders in the dorsal,
lateral, and ventral columns.
Data are median values
(histograms) and individual data
points (dots); (n=6); *p<0.05,
**p<0.01. GFP=green
fluorescent protein;
MBPT=myelin basic
protein-activated T;
NSC=neural stem cells;
OVAT=ovalbumin-reactive
activated T
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Discussion

Many axons remain intact following SCI, but are rendered
useless by a loss of insulating myelin [43-45]. Cell
transplantation is an attractive approach for the treatment
of demyelinating diseases. Multiple types of cells including
NSCs, glial-restricted precursors, and OPCs have been used

for differentiation into mature OLs to induce axonal
remyelination after transplantation into injured spinal cords
[35, 40, 46-49]. Although approximately 15% and 47% of
transplanted glial-restricted precursors and adult OPCs,
respectively, differentiate into mature OLs in the injured
spinal cord [35, 40], these cells are difficult to obtain and
store for clinical application. In contrast, NSCs can be
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Fig. 12 Transplanted a
Olig2-overexpressing neural
stem cells (NSCs) remyelinate
axons in the injured spinal cord
are shown. (A) Transplanted
NSCs differentiate into mature
myelin basic protein (MBP)-
positive oligodendrocyte (OLs)
(red) at various proportions
(arrows), which form myelin
rings around neurofilament (NF)
M-positive axons (blue). (B-E)
Immuno-electron microscopy
(immuno-EM) confirmed trans-
planted NSC-derived OL
remyelination. In green fluores-
cent protein (GFP)-Olig2-NSC-
transplanted groups (B, C),
GFP-positive cells (B, asterisk)
show ultrastructural characteris-
tics of mature OLs. GFP immu-
noreactivity is directly detected
in myelin at higher magnifica-
tions (C, arrows). However, in
GFP-NSC-transplanted groups
(D, E), although GFP-positive
cells are found (D, asterisk),
GFP-positive cells showing ul-
trastructural characteristics of
mature OLs are very infrequent.
GFP immunoreactivity is mainly
detected in cell bodies at higher
magnifications (E, arrows).
Scale bars in (A): 25 um, in (B
and D): 10 um, and in (C and
E): 25 um

GFP-NSC

GFP-olig2-
NSC

isolated from fetal and adult CNS, proliferate, and can be
passaged and cryopreserved, thereby being a reliable source
for cell therapy. However, transplanted NSCs mainly
differentiate into astrocytes with very few (<5%) OLs in
injured spinal cord [5, 50-53]. This may be attributed to the
multipotency of NSCs and the unfavorable microenviron-
ment for the OL differentiation in the injured spinal cord.
Therefore, it is of great importance to direct differentiation
of transplanted NSCs into OLs, and to improve the
microenvironment of the injured spinal cords.

In the present study, we demonstrated that >50% of
Olig2-GFP-NSCs were differentiated into fully mature OLs
in NSC differentiation medium. This result was consistent
with recent reports that show overexpression of Olig2
transcription factor is sufficient to activate cellular machin-
ery in NSCs, which promotes differentiation into OLs [27,
28, 54-56]. In addition, although Olig2-overexpressing
NSCs differentiated into OLs in NSC differentiation
medium, the cells maintained an undifferentiated state in
growth medium containing EGF and bFGF. These results

@ Springer

demonstrated that our Olig2-overexpressing NSCs can be
maintained in vitro, and Olig2-overexpression may promote
differentiation of transplanted NSCs into OLs.

To improve the microenvironment of the injured spinal
cord, we used MBP-T-cell adoptive immunotherapy, which
was based on “protective autoimmunity” [10—13] and our
previous study [14]. Although the concept and safety of
clinical therapies have been severely suspected [57—60],
recent reports from ourselves and others have suggested
that at least in the experimental allergic encephalomyelitis
(EAE)-resistant SD rats, adoptive immunotherapy using
MBP-T cells shows a neuroprotective effect on the injured
spinal cord [14, 61, 62]. The protective effect of MBP-T
cells may be due to their ability to release neurotrophic
factors [63, 64], induce microglia to buffer toxic mediators
(such as glutamate), and remove growth inhibitors (e.g., by
phagocytosis of myelin) [65—69]. In this study, we
demonstrated that MBP-T cells were mainly CD3°CD4" T
cells (>98%). *H-TdR incorporation assays showed that
MBP-T cells were reactive to MBP and extracts from rat
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Fig. 13 Basso, Beattie, and Bresnahan (BBB) tests showing the effect
of myelin basic protein-activated-T (MBP-T)-cell transfer and
Olig2-overexpressing neural stem cell (NSC) transplantation on
functional recovery following spinal cord injury (SCI). (A) BBB
scores of the 9 groups were compared. Data are means+standard
deviation (n=12; *p<0.05). (B-D) Correlational analysis of behav-
ioral scores and total lesion (B), volume of residual myelin at the
epicenter (C), and numbers of ventral horn (VH) motor neurons at 3-
mm rostral to the epicenter (D). Six rats in each group were analyzed
(n=54). GFP=green fluorescent protein; LFB=luxol fast blue;
OVAT=ovalbumin-reactive activated T

and guinea pig spinal cords. These results showed that
MBP-T cells reacted with CNS antigens and may regulate
the local immune response in the injured spinal cord.

Although MBP- and OVA-T cells showed a similar
production pattern of cytokines and neurotrophins in vitro,
only MBP-T cells infiltrated into the injured spinal cord for
a long time period. These results also confirm that only
activated T-cells migrate into the CNS, recognize CNS
antigens, and remain in the CNS. Activated T-cells, but
non-CNS-reactive, would rapidly migrate out of the CNS
[70, 71]. Therefore, the effects of passive immunization
with MBP- and OVA-T cells on the local microenviron-
ment were very different. In the injured spinal cord
tissues, only IL-10 and IL-13 were highly expressed in
the 3 MBP-T-cell-transferred groups, and high expression
of neurotrophins, such as BDNF, NT-3, and NGF, was
detected in all NSC (both GFP-NSCs and Olig2-GFP-
NSCs)-transplanted groups and MBP-T cell-transferred
groups. Particularly in MBP-T cell and NSC combined
groups, mRNA expression of these neurotrophins were
significantly higher compared with those of other groups.
Moreover, consistent with previous reports [72—75], pro-
inflammatory cytokines, such as IFN-y, IL-1f3, and TNF-
«, were also highly expressed in the injured spinal cord.
However, no differences were detected among groups.
Neurotrophins produced by MBP-T cell and transplanted
NSCs are well known to promote nerve cell growth and
survival [76—78]. The role of inflammatory factors in SCI
is complex. Anti-inflammatory cytokines, such as IL-10,
IL-4, and IL-13, have been shown to be neuroprotective
[39, 79-82]. Pro-inflammatory cytokines, such as [FN-y,
IL-13 and TNF-«, have been shown to be detrimental in
CNS injury [72-75]. Therefore, we showed that MBP-T-
cell passive immunization improves the local microenvi-
ronment by changing the balance between beneficial and
detrimental cytokines. MBP-T-cell adoptive immunother-
apy and NSC transplantation may have synergistic effects
on the expression of some neurotrophins and anti-
inflammatory cytokines.

In addition to cytokines and neurotrophins, we also
observed the effect of MBP-T-cell transfer on the local
immune response of CNS macrophages, which includes
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resident microglia and/or macrophages derived from infil-
trating monocytes. We examined the phenotypes of 2
distinct macrophage subsets, which are referred to as
“classically-activated” pro-inflammatory (M1) and “alter-
natively-activated” anti-inflammatory (M2) cells, respec-
tively [39]. Consistent with a report by Kigerl et al. [39],
the M1 macrophage response was rapidly induced and then
maintained in the injured spinal cord in all groups. In the
control and OVA-T-cell-transferred groups, the M2 macro-
phage response was transient and overwhelmed by the M1
response, which is also similar to observations by Kigerl et
al. [39]. However, in MBP-T-cell-transferred groups, the
M2 macrophage response was maintained at a high level up
to 28 dpi (the longest time period evaluated in this study).
The ratio of the M1:M2 macrophages has significant
implications in CNS repair. M1 macrophages are neurotox-
ic and M2 macrophages promote axonal regeneration after
CNS injury [39, 83, 84]. Our results suggest that MBP-T-
cell passive immunization promotes the differentiation of
resident microglia and infiltrating blood monocytes toward
an M2 macrophage phenotype. This effect may improve the
local microenvironment to promote CNS repair.

Pro-inflammatory cytokines, such as IFN-y and TNF-«,
are important mediators in promoting the development of
M1 macrophages [39, 85]. However, M2 macrophages
form in the presence of anti-inflammatory cytokines, such
as IL-4, 1L-10, and IL-13 [39, 86-88]. In this study,
although we detected high expression of pro-inflammatory
cytokines in the injured spinal cord, no significant
difference was found among groups. However, MBP-T-
cell adoptive immunotherapy induced high expression of
anti-inflammatory cytokines IL-13 and IL-10. Although IL-
4 expression was only detected at a basal level in all
groups, IL-13 and IL-10 induced the development of M2
macrophages in MBP-T-cell-transferred groups.

Next, we observed the survival and differentiation of
transplanted NSCs. We found that MBP-T-cell adoptive
immunotherapy resulted in a dramatic increase in the
numbers of transplanted NSCs. This effect may be due to
the production of neurotrophins and anti-inflammatory
cytokines, but the precise mechanisms require further study.
OL differentiation of transplanted NSCs is vital for SCI
treatment. It is of great significance to clarify whether
Olig2-overexpression affects differentiation of transplanted
NSCs. Similar to previous reports, Olig2-overexpressing
NSCs effectively differentiated into OLs after transplanta-
tion into the injured spinal cord [28]. Using GFP/NFM/
MBP 3-color immunofluorescence and immuno-EM of GFP,
we further determined that these OLs were derived from
transplanted NSCs and formed myelin sheaths around axons.

Following SCI, regenerated myelin is mainly formed by
SCs and OLs [40]. To clarify the cellular source of
regenerated myelin, the remyelination was further quanti-
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fied using toluidine blue-stained semi-thin sections. We
found that MBP-T-cell adoptive immunotherapy signifi-
cantly increased the number of SC-remyelinated axons in
the injured spinal cord, and the number of OL-remyelinated
axons in animals that received both Olig2-GFP-NSC
transplantation and MBP-T-cell adoptive immunotherapy
significantly increased compared with that of all other
groups. These results indicate that MBP-T-cell transfer may
create a microenvironment that is conducive not only to
survival and differentiation of transplanted NSCs into
myelinated OLs, but also migration and myelination of
SCs in the injured spinal cord.

To determine whether NSC transplantation and/or T-cell
adoptive immunotherapy improve functional recovery after
SCI, morphological and functional assays were performed.
We found a significant decrease in spinal cord lesion
volume in all MBP-T-cell-transferred groups and NSC-
transplanted groups. Additionally, increases in spared
myelin, myelinated axons, and neurons were found,
compared with those of vehicle-treated and OVA-T-cell-
transferred groups. This histological improvement correlat-
ed well with an increase in behavioral recovery. It is worth
emphasizing that although Olig2-overexpression enhanced
OL differentiation and myelination, histological and behav-
ioral improvement showed no significant difference be-
tween Olig2-overexpressing NSC transplantation combined
with MBP-T transfer and NSC transplantation combined
with MBP-T transfer. In a recent study, Hwang et al. [28]
reported that Olig2-overexpressing NSCs significantly
increase the extent of myelination and improve locomotor
recovery compared with that of NSCs. The reason why no
significant differences were detected between the 2 cell
types in our experiment may be due to the MBP-T-cell
adoptive immunotherapy. Neuroprotection of MBP-T cells
may surpass the contribution of OL differentiation and
myelination. In this case, whether Olig2 overexpression is
necessary for neuroprotection or how to improve the
contribution of Olig2-overexpressing NSCs in SCI repair
remains an important issue.

Conclusion

In conclusion, our study shows that MBP-T cells
produce neurotrophic factors, improve the SCI microen-
vironment and are neuroprotective to residual myelin
and neurons. MBP-T cells combined with NSCs or
Olig2-overexpressing NSCs show a synergistic effect on
histological and behavioral improvement after traumatic
SCI. Olig2 overexpression promotes the differentiation
of NSCs into mature OLs in the injured spinal cord, but
there is no significant additive effect on functional
recovery.
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