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We previously reported the beneficial effect of administering an anti-mouse IL-6 receptor antibody (MR16-1)
immediately after spinal cord injury (SCI). The purpose of our present study was to clarify the mechanism
underlying how MR16-1 improves motor function after SCI. Quantitative analyses of inflammatory cells using
flow cytometry, and immunohistochemistry with bone marrow-chimeric mice generated by transplanting
genetically marked purified hematopoietic stem cells, revealed that MR16-1 dramatically switched the central
player in the post-traumatic inflammation, from hematogenous rmacrophages to resident microglia. This change
was accompanied by alterations in the expression of relevant cytokines within the injured spinal cord; the
expression of recruiting chemokines including CCL2, CCL5, and CXCL10 was decreased, while that of Granulocyte/

Keywords:
Spinal cord injury
Interleukin-6

Antibody Macrophage-Colony Stimulating Factor (GM-CSF), a known mitogen for microglia, was increased. We also
Inflammation showed that the resident microglia expressed higher levels of phagocytic markers than the hematogenous
Microglia macrophages. Consistent with these findings, we observed significantly decreased tissue damage and reduced

Hematogenous macrophages levels of myelin debris and Nogo-A, the axonal growth inhibitor, by MR16-1 treatment. Moreover, we observed
increased axonal regeneration and/or sprouting in the MR16-1-treated mice. Our findings indicate that the
functional improvement elicited by MR16-1 involves microglial functions, and provide new insights into the role
of IL-6 signaling in the pathology of SCL

© 2010 Elsevier Inc. All rights reserved.

Introduction

In the pathology of spinal cord injury (SCI), the primary
mechanical injury is followed by post-traumatic inflammation, in
which inflammatory cells such as neutrophils, hematogenous macro-
phages (blood-borne macrophages), and resident microglia accumu-
late at the lesion site. These inflammatory cells release reactive
oxygen, nitrogen radicals, and proteases, which exacerbate tissue
damage (Hausmann, 2003 ). Because the inflammation is regulated by
pro-inflammatory cytokines, such as TNFa, IL-1B, and IL-6, these

* Corresponding authors. H. Okano is to be contacted at the Department of
Physiology, Keio University School of Medicine, 35 Shinanomachi, Shinjuku, Tokyo
160-8582, Japan. M. Nakamura, Department of Orthopedic Surgery, Keio University
School of Medicine, Shinjuku, Tokyo 160-8582, Japan. Fax: + 81 3 3357 5445,

E-mail addresses: masa@sc.itc.keio.ac,jp (M. Nakamura), hidokano@sc.itc.keio.ac.jp
(H. Okano).

0014-4886/$ - see front matter © 2010 Elsevier Inc. All rights reserved.
doi:10.1016/j.expneurol.2010,04.020

cytokines have been targets for potential pharmaceutical interven-
tions for SCI (Nesic et al., 2001; Okada et al., 2004; Sharma et al., 2003;
Tuna et al., 2001). Among these cytokines, IL-6 is known to promote
the activation and infiltration of macrophages/microglia (Hurst et al.,
2001; Van Wagoner and Benveniste, 1999), which are the major
inflammatory cells in the injured spinal cord, and the overexpression of
IL-6 extends the inflammation to worsen the tissue injury (Klusman
and Schwab, 1997; Lacroix et al., 2002). Hypothesizing that a blockade of
IL-6 signaling might reduce the extension of injury by post-SCI
inflammation, we previously administered the anti-mouse IL6-receptor
antibody (MR16-1) after SCI and demonstrated reduced inflammation,
decreased astrogliosis, and enhanced tissue sparing, leading to
improved functional recovery (Okada et al, 2004). As a humanized
antibody for the human IL-6 receptor (MRA; tocilizumab) is already in
clinical use for the treatment of Castleman's disease and rheumatoid
arthritis (Choy et al., 2002; Nishimoto et al., 2000; Sato et al., 1993), this
drug might represent a new option for the treatment of SCL

_21_



404 M. Mukaino et al. / Experimental Neurology 224 (2010) 403-414

However, recent studies using gene-knockout animals revealed
that the continuous inhibition of IL-6 signaling is detrimental to
functional recovery, by inhibiting axonal regeneration or causing
failed gliosis, implying that IL-6 may also have a beneficial function in
spinal cord repair (Cafferty et al., 2004; Okada et al., 2006).
Furthermore, numerous studies suggest that inflammation is benefi-
cial or even essential for spinal cord repair, because it clears tissue
debris and involves the secretion of various neurotrophic factors
(Donnelly and Popovich, 2008; Hashimoto et al., 2005; McTigue et al.,
2000). This discrepancy prompted us to investigate how the
administration of an anti-IL-6 receptor antibody immediately after
SCI promotes the repair process.

One of the important determinants of the extent of secondary
damage by inflammation is the nature of the recruited inflammatory
cells. For example, the transplantation of macrophages that have been
co-incubated with peripheral nerves or skin improves spinal cord
repair (Bomstein et al, 2003; Schwartz et al,, 1999). On the other
hand, zymosan-activated macrophages have neurotoxic properties,
although they can also have proregenerative effects (Gensel et al,,
2009; Popovich et al., 2002; Steinmetz et al., 2005). Previous reports
have shown that these differences in the characteristics of inflamma-
tory cells depend not only on their state of activation, but also on their
origin. A subpopulation of hematogenous macrophages is more
cytotoxic than microglia, and their excessive infiltration into a lesion
is detrimental to spinal cord repair (Gris et al., 2004; Popovich et al,,
1999). Since IL-6 is known to promote macrophage infiltration after
central nervous system (CNS) trauma (Klusman and Schwab, 1997;
Lacroix et al., 2002), here we focused on the effect of the temporary
inhibition of IL-6 signaling by MR16-1 on macrophages and microglia
after SCI. The administration of MR16-1 reduced the infiltration of
macrophages into the injured spinal cord, but increased the number of
microglia residing there, thus switching the major inflammatory cell
type at the lesion from hematogenous macrophages to resident
microglia. A comparison of the expression of phagocytic markers by
hematogenous macrophages and microglia revealed that the micro-
glia had greater phagocytic ability against myelin debris after SCL
Consequently, this switch in major inflammatory cell type resulted in
improved tissue sparing and debris clearance, which promoted neural
repair after SCI

Materials and methods
Animals

74 adult female C57BL/6] mice (8-10 weeks old) were used.
C57BL/6 background CAG-EGFP transgenic mice that ubiquitously
express EGFP under the control of the CAG promoter (Kawamoto et
al,, 2000) were kindly provided by Professor Jun-ichi Miyazaki (Osaka
University, Osaka, Japan) and were bred in our animal facility. The
ethics committee of our institution approved all the surgical and
animal care procedures, in accordance with the Laboratory Animal
Welfare Act, the Guide for the Care and Use of Laboratory Animals
(National Institutes of Health), and the Guidelines and Policies for
Animal Surgery provided by the Animal Study Committees of the
Central Institute for Experimental Animals and of Keio University.

Rat anti-mouse IL-6 receptor monoclonal antibody (MR16-1)

The rat anti-mouse IL-6 receptor monoclonal antibody MR16-1
was prepared as described previously (Tamura et al.,, 1993). MR16-1
binds to the mouse IL-6 receptor and suppresses IL-6-induced cellular
responses in a dose-dependent manner (Okazaki et al., 2002). Other
basic characterizations of this antibody were reported previously
(Okazaki et al., 2002; Tamura et al,, 1993).

Purification and transplantation of genetically marked hematopoietic
stem cells (HSCs)

In the present study, we produced bone marrow-chimeric mice
using highly purified, genetically marked hematopoietic stem cells by
the method reported by Koide et al. (2007). This method enabled us to
limit our observation specifically to the hematopoietic cell lineage. The
femurs and tibias were dissected from donor CAG-EGFP transgenic mice
and crushed with a pestle. The marrow cells were collected in HBSS+
(Hanks-balanced salt solution supplemented with 2% FCS, 10 mM
HEPES, and 1% penicillin/streptomycin), filtered through a cell strainer
(Falcon 2350) to remove debris, and suspended in 50 ml of ice-cold
HBSS+-. The cells were collected by centrifugation at 280 g for 6 min at
4°C, resuspended in HBSS+ at 1x 106 cells/ml, and iricubated with
5 pg/ml Hoechst 33342 (Sigma Chemical Co.) for 60 min at 37 °C. A
paralle] aliquot was stained with Hoechst dye in the presence of 50 pM
reserpine (Sigma Chemical Co.). The cells were spun down, resuspended
in 5 ml of ice-cold HBSS+, and layered on top of 5 ml of Ficoll-Paque™
Plus (Amersham Pharmacia Biotech AB, Uppsala, Sweden). After
centrifugation at 630 g at 4 °C for 20 min, the mononuclear cells were
collected from the intermediate layer and immediately washed with
10 ml of ice-cold HBSS+. The Hoechst-stained cells were resuspended
in ice-cold HBSS+ at 1-5x 107 cells/ml and stained for 30 min on ice
with one of the following monaclonal antibodies: biotinylated CD34
(RAM34), PE-conjugated Sca-1 (Ly6A/E), or APC-conjugated c-Kit
(2B8). Biotinylated antibodies were visualized with Cy7-APC-conjugat-
ed streptavidin. All of these reagents were purchased from eBioscience
(San Diego, CA). An aliquot of cells was also stained with a mouse
isotype control conjugated with FITC, PE, or APC. After antibody staining,
the cells were washed in an excess volume of HBSS+ and resuspended
at 1x 107 cells/ml in HBSS+ containing 2 pg/ml propidium iodide (PI;
Sigma Chemical Co.). Genetically marked, highly purified HSCs (CD34~
Sca-17 c-kit™ SP cells (Matsuzaki et al., 2004)) derived from donor CAG-
EGFP transgenic animals were sorted by flow cytometry. A 100-ul
aliquot of unfractionated marrow cell suspension (2 x 10 cells) from
donors not carrying the CAG-EGFP transgene was added to provide
competitor cells, which is the minimum dose to keep the animals alive
during the period required for bone marrow reconstitution. A
suspension of 100 CD34~ Csa-17 c-kit™ SP cells and 2 x 10° unfractio-
nated marrow cells was then intravenously injected into the retro-
orbital plexus of an etherized recipient mouse that had been lethally
irradiated at 10.5 Gy. The successful induction of chimerism was
confirmed by a Dual-laser FACS Calibur (Becton and Dickinson, CA)
analysis of the peripheral blood.

Spinal cord injury model

Mice were anesthetized with an intraperitoneal injection of
ketamine (100 mg/kg) and xylazine (10 mg/kg). The dorsal surface of
the dura mater at the T10 level was exposed by laminectomy, and a
moderate (impact force = 60 kdyn) contusion injury was induced using
an IH impactor, as reported previously (Cafferty et al., 2004; Glass et al,,
2001). The muscles and skin were closed in layers, and the animals were
placed in a temperature-controlled chamber until thermoregulation
was reestablished. Manual voiding of the bladder was performed twice
per day until reflex bladder emptying was reestablished.

Injection of MR16-1 and BrdU

Immediately after SCI, mice were given a single intraperitoneal
injection of MR 16-1 (100 ug/g body weight; MR16-1-treated group)
or the same volume and concentration of purified rat IgG (ICN/Cappel
Ohio; control group). To label the cells that divided after the injury, a
sterile solution of bromodeoxyuridine (BrdU; 50 pg/g body weight;
Sigma) was injected intraperitoneally immediately after the injury,
and then every 24 h for 4 days after SCI (a total of 5 times).
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Immunohistochemistry

At 4, 7, 14, and 42 days after SCl, animals in the MR16-1-treated
and control groups were deeply anesthetized by inhalation of diethyl
ether and transcardially perfused with 4% paraformaldehyde in 0.1 M
phosphate-buffered saline (PBS). The spinal cord tissue was removed
and post-fixed in 4% paraformaldehyde in PBS for a few hours at room
temperature, The tissue samples were immersed in 10% sucrose in PBS
at 4°C for 24 h, then placed in 30% sucrose in PBS for 48 h, and
embedded in OTC compound. The embedded tissue was immediately
frozen in liquid nitrogen and stored at —80 °C until use. Frozen spinal
cord tissues were sectioned on a cryostat at 20 pm, either in the axial
or sagittal plane. Luxol fast blue and Oil red O staining were performed
to evaluate the spared myelin and myelin debris.

For immunochistochemistry with fluorescent antibodies, spinal
cord sections were permeabilized with 0.03% Triton X-100 and 10%
normal goat serum in 0.01 M PBS, pH 7.4, for 30 min. The following
primary antibodies were applied overnight at 4 °C: rat anti-CD11b,
1:200 (Serotec, Oxford, United Kingdom); rabbit anti-lba-1, 1:200
(Wako Pure Chemical Industries, Osaka, Japan); rat anti-LAMP2, 1:200
{Abcam, Cambridge, UK); rat anti-Mac2, 1:200 (Cedarlane, Hornby,
Ontario); rabbit anti-GFP, 1:500 (MBL, Nagoya, Japan); goat anti-GFP,
1:500 (Rockland Immunochemicals, Gilbertsville, PA); or chick anti-
GFP, 1:500 (Aves Lab, Tigard, OR). The sections were then incubated
for 1 h at room temperature with secondary antibodies conjugated
with Texas red or fluorescein isothiocyanate (FITC; all from Jackson
Immunoresearch, West Grove, PA). The sections were then washed,
wet-mounted, and examined by epi-fluorescence. Multiple staining
with Oil red O was performed by the method reported by Koopman et
al. (2001).

For diaminobenzidine (DAB; Sigma)} staining, mouse anti-Neuro-
filament 200kD antibody, 1:200 (Chemicon, Temecula, CA) or goat
anti-5HT, 1:200 (Immunostar, Hudson, WI} was used as the primary
antibody, followed by horseradish peroxidase (HRP)-labeled goat
anti-mouse IgG or donkey anti-goat IgG as the secondary antibody.
The staining was visualized with DAB, and the sections were washed,
dehydrated, cleared in xylene, and mounted.

Quantitative analyses

For quantitative analyses, three representative midsagittal or axial
sections through the injured portion of the spinal cord of each mouse
were selected randomly and captured at 50x magnification. The areas
of tissue immunopositive for CD11b, Iba-1, LAMP2, Mac2, Neurofila-
ment 200kD, and Nogo-A, and those stained with Oil red 0 (ORO) and
Luxol Fast Blue {LFB) were quantified using the Image] software and
MCID system (Imaging Research, Inc., St. Catharines, Ontario, Canada).
To count the number of macrophages/microglia, three midsagittal
sections through the injured portion of the spinal cord of each mouse
were selected randomly, and the number of CD11b- or Iba-1- and/or
EGFP-immunopositive cells contained within a cephalocaudal stretch
of 500 pm at the indicated levels was counted. To confirm the CD11b-
Iba-1 double-staining as a marker of macrophages/microglia the ratio
of CD11b-Iba-1 double-stained cells to total CD11b-positive cells was
also quantified. To count the LAMP2- andMac2-positive cells, three
midsagittal sections through the injured portion of the spinal cord of
each mouse were selected randomly, and a threshold was determined
from the basal fluorescence of a portien of intact tissue. From the
epicenter area (0-1-mm caudal and rostral to the epicenter), 15 non-
overlapping high-power fields were chosen at random (630x
magnification; total area 0.39 mm?). An immunopositive cell was
defined as a cell with staining over 10% of its soma, as determined by
the MCID system, and the number of stained and unstained cells was
counted manually. For the quantification of SHT fibers, five regions
(the dorsal horn and ventral horn of both sides, and the site around
the central canal) from each axial section of the cord, 2-mm caudal

to the epicenter, were captured at x 200 magnification, and the area of
the SHT* tissue in each field was quantified using the MCID system.
The light intensity and threshold values were maintained at constant
levels for all analyses.

Flow cytometry

Mice were transcardially perfused with 0.1 M phosphate-buffered
saline, and the spinal cords were harvested. The injured portion of
each spinal cord (6 mm) was surgically dissected, digested with
collagenase, mechanically homogenized, and passed through a wire
mesh screen (Sigma-Aldrich Canada Ltd., Ontario, Canada) to obtain a
single-cell suspension. The cells were washed in PBS containing 3%

* FBS, and incubated for 5 min on ice with Fc Block and 30 min on ice

with fluorescent antibodies. Flow cytometric analysis was performed
using a FACS Calibur (Becton Dickinson) and MoFlo (Dakocytoma-
tion}, and the data were analyzed using Cell Quest software. The cells
were stained with antibodies against CD11b-PE, CD45-FITC, and
CD45-APC (eBioscience, San Diego, CA), and were classified according
to their expression level of CD45 (common leukocyte antigen) and
CD11b (complement 3 receptor), with CD11b+ CD45"8" indicating
hematogenous macrophages and CD11b™ CD45'°" indicating resident
microglia, as reported previously (Sedgwick et al., 1991). At least
1.0 10° cells were analyzed for each spinal cord sample.

Western blot analysis

Twenty-four hours after the injury, the spinal cord tissue at the
lesion epicenter {6 mm in length) was dissected from the mice (four
animals per group and four sham-operated animals), homogenized in
MAPK lysis buffer containing protease inhibitors, sonicated, and spun
at 15,000 rpm. The proteins in the supernatants were separated by
10% SDS-PAGE and transferred to a polyvinylidene difluoride
membrane by electrophoresis. The membranes were blocked for 1 h
at room temperature in TBST buffer containing 4% non-fat milk, NaCl
(150 mM), and 0.05% Tween 20. The blots were then incubated with
primary polyclonal rabbit anti-CCL2 antibody {1:2000; Abcam, Cam-
bridge, MA), goat anti-CCL5 antibody, 1:500 (eBioscience, San Diego,
CA); rabbit anti-CXCL-10 antibody, 1:500 (Cedariane, Hornby,
Ontario); rabbit anti-GM-CSF antibody, 1:2000 (Abcam, Cambridge,
MA); or mouse anti-o-tubulin antibody, 1:500 followed by a
secondary HRP-conjugated anti-rabbit, goat, or mouse IgG antibody.
The blots were visualized with the ECL Blotting Analysis System
(Amersham, Arlington Heights, IL).

Real time RT-PCR

A 4-mm-long spinal cord segment at T10 was collected at the
indicated times, the total RNA was isolated using an RNeasy Kit
(Qiagen Science, Maryland, USA), and cDNA was obtained by reverse
transcription. The ¢cDNA synthesis was performed at 42 °C for 50 min
in a final volume of 20 i, following the manufacturer's instructions
for Superscript Il RNase H Reverse Transcriptase (Invitrogen). The
template cDNA was normalized to the B-actin mRNA. Real time RT-
PCR was performed using an Mx3000P thermal cycler (Stratagene)
with SYBR green (TaKaRa RR041A). For every set of RT-PCR analyses,
at least three independent experiments were performed. The
amplification was performed using the following primers: CCL2,
sense 5'-GCATCCACGTGTTGGCTCA-3', antisense 5-CTCCAGCCTACT-
CATTGGGATCA-3; CCL5, sense 5-AGATCTCTGCAGCTGCCCTCA-3/,
antisense 5-GGAGCACTTGCTGCTGGTGTAG-3’; CXCL10, sense 5'-
TGAATCCGGA ATCTAAGACCATCAA-3’, antisense 5'-AGGACTAGC-
CATCCACTGG GTAAAG-3' (purchased from Takara, Kyoto, Japan)
and GM-CSF, sense 5'-AAGGTCCTGAGGAGGA TGTG-3/, antisense 5’'-
GAGGTTCAGGGCTTCTTTGA-3' (purchased from Hokkaido System
Science, Sapporo, Japan).
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Statistical analysis

Values are reported as the mean 4 SEM. Statistical significance was
analyzed using the unpaired Student's t-test, and significance was
accepted at P<0.05.

Results

Anti-IL-6 receptor antibody treatment reduced inflammatory cell
accumulation

To examine the effect of MR16-1 on the infiltration of inflammatory
cells after SCI, immunostaining for CD11b and Iba-1 was performed.
Although CD11b is known to be expressed by granulocytes and some
T cells, 93.6 +-3.3% of the infiltrated cells were CD11b and Iba-1 double-
positive at 4, 7, and 14 days post-injury (dpi), indicating that the
immunocompetent cells present at the injured site at those times after SCI
were mostly hematogenous macrophages and resident microglia
(Figs. 1A-E). While the CD11b-positive area increased in both the
MR16-1 and control groups, with a peak at 7 dpi, the MR16-1-treated
animals showed a significantly smaller CD11b™ area compared to the
control animals: a non-significant difference at 4 and 7 dpi that developed
to a significant difference at 14 dpi (Fig. 1F). These findings suggest that
MR16-1 administration reduced the accumulation of CD11b™ cells at the

MR16-1

late stage of inflammation, even though MR16-1 was only administered
once, at the acute stage.

To determine whether the administration of MR16-1 alters the
subtype of CD11b* cells at the acute stage, the profiles of the recruited
CD11b* cells were analyzed using flow cytometry. Homogenates of the
injured spinal cord were analyzed to determine the ratio of hematog-
enous macrophages to total CD11b™ cells. We first confirmed that within
the CD11b™ population, hematogenous macrophages could be distin-
guished from the resident microglia by their expression level of CD45, as
reported previously (Sedgwick et al,, 1991). At 4 dpi, 37.6 - 3.9% of the
CD11b™ cells were CD45"€" hematogenous macrophages in the control
group, whereas only 22.3-+2.9% of these cells were CD45™2" in the
MR16-1-treated group. Although the proportion of hematogenous
macrophages had increased in both groups at 7 dpi, the difference in
their proportions between the MR16-1-treated and control mice was
significant (57.8 4- 1.9% in the control group, 41.0 + 2.2% in the MR16-1-
treated group) (Figs. 1G-1). MR16-1 treatment thus reduced the relative
abundance of hematogenous macrophages in the injured spinal cord.

MR16-1 treatment caused the central player in the inflammation after
SCI to shift from hematogenous macrophages to resident microglia

To determine whether MR16-1 specifically affects the recruitment of
hematogenous macrophages into the injured spinal cord, contusive SCI
was induced in chimeric mice, which were generated by irradiating

i control
. EMR16-1

-

S oo
~N o ©

SO0 000«
oo

coo
- N W

CD11b immunopositive area (mm2) T
(=]

4dpi 7dpi 14dpi
G H I 5 *
104 10* [
3 1 £ 60%-
1032 103-3 @ 50% - *
g . g . 2 40%
5 107+ g 109 e
© £ 30%-
10’ 107 4
1 H 20%
control MR16-1 B
100 —rrrrrma—rrrrr ey 10° B PR 0 10%
10° 10" 10 10* 10 10° 10" 10* 10° 10* ©Q
CD45 CD45 e 0%-
4dpi 7dpi

Fig. 1. MR16-1 treatment accelerates the resolution of inflammation. A, B, F: There was a significant difference in the CD11 b* area between the control group (A) and the MR16-1-
treated group (B) at 14 dpi, but not at 4 or 7 dpi (F). C-E: 96.9 4 1.3% of the CD11b™ cells (D) were double-labeled with Iba1 (C, E), indicating that the accumulated CD1 1b* cells
were inflammatory macrophages/microglia. G-I: MR16-1-treatment decreased the proportion of hematogenous macrophages in the injured spinal cord at 4 and 7 dpi.
Hematogenous macrophages (CD11b+CD45"2" blue box) and microglia (CD11b™CD45'Y, red box) were identified according to their levels of CD11b and CD45 expression. I: The
proportion of hematogenous macrophages within the CD11b* population was significantly lower in the MR16-1-treated animals than in the control group at 4 and 7 dpi. Values are

means = SEM. *P<0.05. Scale bars =500 pm in A, B; 20 pm in C-E.
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recipient mice and then transplanting purified EGFP-expressing HSCs
into them (Matsuzaki et al., 2004). Flow cytometric analysis revealed that
3 months after the HSC transplantation, 88.34+ 1.45% of the CD11b™*
leukocytes in the blood of the chimeric mice were EGFP-positive. In
contrast, only 1.57% of the CD11b™ cells in the uninjured spinal cord
expressed EGFP, suggesting that the recruitment of microglia from the
hematopoietic pool was a rare event. Since the irradiation dose required
for this method is rather high (10.5 Gy}, which could affect microglial
turnover (Mildenberger et al,, 1990), we quantified the accumulation of
CD11b+ cells at the lesion of chimeric mice, and compared it to that of
wild-type mice. There was no significant difference in the number of
CD11b+- cells between the chimeric mice and wild-type mice at 4, 7, or
14 dpt (P=10.60, 0.76, 0.67, respectively). This result is consistent with
the previous report by Turrin et al. (2007), which showed that the
chimerization with 10 Gy irradiation dose does not significantly affect the
acute inflammatory response. Thus, these chimeric mice enabled us to
distinguish in situ hematogenous macrophages from endogenous
microglia by their EGFP immunoreactivity (Figs. 2A-C), and examine
the precise spatio-temporal localization of these cell populations after
SCL

Consistent with our findings using wild-type mice, the total
number of recruited CD11b™ macrophages/microglia was compara-
ble between the MR16-1-treated and control groups at 4 dpi (not
shown), but the proportion and distribution of the hematogenous
macrophages and microglia were completely different (Figs. 2D, E, G,
and 1). In the MR16-1-treated group, there were significantly fewer
CD11b*EGFP™ hematogenous macrophages at the lesion site
{Fig. 2G), and there were significantly more CD11b*EGFP™ resident
microglia, especially in areas 1.0- to 2.0-mm away from the lesion site
(Fig. 2I). Thus, at 4dpi, the MR16-1 treatment led to a reduced
accumulation of hematogenous macrophages at the lesion epicenter,
and an increased number of microglia at sites rostral and caudal to the
lesion epicenter.

Similarly, at 7 dpi, although the distribution of CD11b* cells was
comparable in the control and MR16-1-treated groups (Fig. 2F), the
composition of the CD11b™ population was dramatically different. In
the MR16-1-treated group, the CD11b*EGFP* hematogenous mac-
rophage accumulation at the lesion epicenter was significantly
reduced (Fig. 2H), and the CD11bTEGFP™ resident microglia had
significantly increased (Fig. 2]). These results indicate that the central
player in the inflammation after SCI shifted from being hernatogenous
macrophages to being resident microglia, following MR16-1-
treatment.

MR16-1 treatment reduced the expression of macrophage-recruiting
chemokines and increased the GM-CSF level at the lesion site

Although there is no evidence that IL-6 directly stimulates the
infiltration or proliferation of inflammatory cells, it does affect the
expression of various cytokines; furthermore, the blockade of IL-6
signaling during inflammation causes a drastic change in the cytokine
profile, including the chemokines and colony-stimulating factors
(CSFs) {(Matsumura et al, 1999; Romane et al., 1997). Because the
infiltration of hematogenous macrophages is mediated by chemo-
kines (Babcock et al,, 2003; Romano et al, 1997) and the increased
proliferation of microglia is mainly controlled by CSFs {Giulian and
Ingeman, 1988; Lee et al., 1994), we examined the expression levels of
CCL2 (MCP-1), CCL5 (RANTES), CXCL10 (IP-10), and GM-CSF, which
are representative cytokines known to direct cell infiltration and
proliferation, by quantitative real time PCR, 12 h after injury. The
mRNA levels of CCL2, CCL5, and CXCL10 were significantly attenuated
by MR16-1-administration compared to the control group (to 15.0%,
49.7% and 30.8% of the control levels, respectively), whereas the GM-
CSF mRNA level was significantly increased (to 214% of the control
level) (Figs. 3A~D). We also quantified the cytokine proteins by
western blotting. The protein level of CC12 was significantly decreased

(to 80.7% of the control level), whereas the GM-CSF level was
significantly increased (to 193% of the control level). Although the
difference did not reach to statistical significance, we also observed a
tendency for the protein levels of CCL5 and CXCL10 to decrease
(Figs. 3E-H).

Microglia had higher phagocytic capacities than hematogenous
macrophages

To determine whether the shift in the major inflammatory cells by
MR16-1 treatment affected the inflammatory process, we further
characterized the hematogenous macrophages and the microglia. The
phagocytosis of tissue debris by inflammatory cells is a pivotal process
for spinal cord repair after injury, as the debris includes various
cytotoxic agents and axonal growth inhibitory factors. Quantitative
analysis revealed that the expression of LAMP2, a marker for
endosomes/lysosomes, was significantly increased at the lesion
epicenter in the MR16-1-treated group compared to the control
group, at 4, 7, and 14 dpi (Figs. 4A-C). Previous reports showed that
the resident microglia have higher phagocytic activity than the
infiltrating hematogenous macrophages (Rinner et al,, 1995; Schilling
et al,, 2005). Consistent with these reports, we found that significantly
more Iba1*EGFP™ resident microglia expressed LAMP2 than did the
Iba1*EGFP* hematogenous macrophages at 4 and 7 dpi (Figs. 4D-G).

In addition, we performed immunostaining with Mac2, which is
reported to participate in the phagocytosis of myelin (Rotshenker et al,,
2008). Although Mac2 was expressed on the cell membrane of most of
the accumulated cells, only a portion of the macrophages/microglia
expressed Mac2 in their cytoplasm. Consistent with the LAMP2 results,
more of the Ibal "EGFP~ resident microglia than Iba1*EGFP* hema-
togenous macrophages showed cytoplasmic expression of Mac2
(Figs. 5A-D, and I). Similarly, the average size and intracellular Mac2*
area of the resident microglia were significantly greater at 7 dpi than
those of hematogenous macrophages (Figs. 5] and K). We also
performed triple staining for Iba-1, EGFP, and Oil red O using the
method reported by Koopman et al, (2001) to observe phagocytosed
lipid, which is derived from myelin, The Oil red O™ area in each cell body
was significantly greater in the Ibal*EGFP~ resident microglia than in
the IbalTEGFP* hematogenous macrophages, and was increased at
7 dpi by the MR16-1 treatment (Figs. 5E-H, L).

MR16-1 treatment promotes repair of the spinal cord

To examine the effect of the altered inflammatory response on
spinal cord repair, we evaluated the clearance of myelin debris by Oil
red O staining and Nogo-A immunostaining, as well as the sparing of
myelin sheath, which is evaluated by Luxol Fast Blue staining. At 14
and 42 dpi, the Oil red O area was significantly decreased in the
MR16-1-treated group compared to the control group (Figs. 6A-C).
The deposition of Nogo-A, the major myelin-derived axonal growth
inhibitor, was also decreased by MR16-1 treatment (Figs. 6D-F).
Furthermore, we evatuated the spared myelin sheath using Luxol fast
blue staining. At the lesion epicenter, the area of the spared myelin
sheath in the MR16-1-treated group was significantly greater than in
the control group at 14 and 42 dpi (Figs. 6G-1).

To determine the effect of MR16-1 on repair of neural tissue, we
quantified the RT-97% (Neurofilament 200kD) fibers at the lesion
epicenter and the 5-HT™* (serotonergic) fibers that were caudal to the
lesion site. There was no significant difference in the area of RT-97*
fibers between the two groups at 14 dpi, but a significantly larger RT-
97+ area was observed in the MR16-1-treated group at 42 dpi (Figs.
6]-K). Similarly, there was no significant difference in the 5-HT area
between the two groups at 14 dpi. Although there was a slight
increase in 5-HT™ fibers at 42 dpi, even in the control group, which is
characteristic of contusive SCI, a significantly larger area of 5-HT*
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Fig. 2. MR16-1 treatment switches the major inflammatory cell type, from hematogenous macrophages to resident microglia. Analysis using chimeric mice. A-C: Immunostaining for EGFP
(A, green) and CD11b (B, red), showing the distribution of CD11b*EGFP* hematogenous macrophages (arrowheads) and CD11b* EGFP~ resident microglia (arrows) in the injured spinal
cord (C, merged). D: In the MR16-1-treated group, the major player in the inflammation switched from CD11b*EGFP* hematogenous macrophages (light gray) to CD11b™ EGFP™ resident
microglia (dark gray) at 4 and 7 dpi. Number and distribution of macrophages/ microglia in the spinal cord at 4 and 7 dpi. E, F: MR16-1 did not significantly affect the total number of
inflammatory cells (Cd11b™) at 4 (E) or 7 (F) dpi. G, H: MR16-1 reduced the recruitment of CD11b*EGFP* hematogenous macrophages at 4 (G) and 7 (H) dpi. I, J: MR16-1 treatment
increased the number of CD11b*EGFP™ resident microglia 1.0 to 2.0 mm rostral and caudal to the lesion epicenter at 4 dpi (I). At 7 dpi, both groups showed a shift in CD11bTEGFP~
microglia to the lesion epicenter, where the number of CD1 1b*EGFP™ microglia was significantly higher in the MR16-1-treated animals (J). Values are means + SEM. *P<0.05. **p<001.
Scale bars =50 pmin A-C.
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Fig. 3. MR16-1 decreases the expression level of macrophage-recruiting chemokines, while increasing that of GM-CSF. A-D: The CCL2 (A), CCL5 (B), CXCL10 (C), and GM-CSF (D) mRNA
expression levels in the spinal cord tissue 12 h after injury were determined using quantitative RT-PCR. Macrophage-recruiting chemokines had significantly decreased, while the
expression of GM-CSE, a known mitogen for microglia, had increased. E-H: The protein levels of the CCL2(E), CCL5(F), CXCL10(G) and GM-CSF(H) 24 h after injury were determined by
western blot analysis. The protein level of CCL2 (E) was significantly decreased, whereas the GM-CSF (H) level was significantly increased. There was a tendency for the protein levels of
CCL5 (F) and CXCL10 (G) to decrease, although the change was not statistically significant. Values are means 4 SEM. *P<0.05.

fibers was observed in the MR16-1-treated group than in the control
group (Figs. 6M-0).

Discussion

IL-6 is a pro-inflammatory cytokine that triggers secondary injury
in the pathophysiology of SCI. IL-6 binds to soluble and membrane-
bound IL-6-receptor to form a complexed ligand for gp130, the
common signal transducer of IL-6 and its related cytokines. MR16-1 is
a neutralizing antibody for IL-6-receptor that competitively inhibits
its binding to IL-6, thereby blocking IL-6-receptor-mediated cell
signaling. We previously reported that the systemic administration of
MR16-1 decreases the phosphorylation of signal transducer and
activator of transcription 3 (STAT3) in the injured spinal cord,
demonstrating that this treatment potently affects the IL-6/JAK/
STAT3 signaling pathway. Subsequently, we showed that MR16-1
administration after SCI reduces the number of inflammatory cells
present 2 weeks after injury and decreases the amount of reactive
astrogliosis, leading to improved functional recovery (Okada et al.,
2004). Our present study extends these findings, showing that MR16-
1 treatment alters the nature of the inflammatory response after SCIL

Here we found that the temporary inhibition of IL-6 signaling by
MR16-1 treatment caused a significant reduction in the macrophage/
microglia accumulation at 14 dpi, but not at 4 or 7 dpi. We had
expected MR16-1 to have an anti-inflammatory effect, because IL-6 is
a pro-inflammatory cytokine, so it was unclear why the immediate
administration of MR16-1 affected only the late phase of the
inflammatory response after SCI. We hypothesize that the response
was delayed because the effects of MR16-1 treatment were owed to
changes in the nature of the inflammatory response, rather than to the
immediate effects of inhibiting the IL-6 signal.

Previous studies showed that functional recovery after SCI is
affected by the properties of the inflammatory response, which are
determined by the cell types involved and their state of activation
(Gris et al., 2004; Popovich et al., 1999; Rapalino et al., 1998; Saville et
al,, 2004; Schwartz et al., 1999). Hematogenous macrophages and
microglia are the major players in the inflammatory pathology of SCI,
and their characteristics have therefore been of major interest. Of the
two, hematogenous macrophages are regarded as more detrimental,
because removing them or preventing their infiltration into the
injured tissue reduces the degree of secondary injury and improves
functional recovery (Gris et al, 2004; Popovich et al, 1999). In
contrast, microglia are believed to be relatively beneficial for spinal

cord repair, owing to their higher phagocytotic activity and
expression of various neurotrophic factors (Lalancette-Hebert et al,,
2007; Schilling et al., 2005). The state of cell activation also affects the
nature of the inflammation; the implantation of bone marrow-derived
macrophages previously stimulated by co-incubation with peripheral
nerve or skin improves spinal cord repair (Bomstein et al., 2003;
Rapalino et al,, 1998).

Because IL-6 has a leading role in recruiting macrophages
during inflammation, we hypothesized that MR16-1 treatment
would decrease the infiltration of hematogenous macrophages.
Therefore, we focused on the balance between the types of
inflammatory cells, i.e., the hematogenous macrophages and micro-
glia. Flow cytometric analysis revealed that the proportion of
infiltrated CD45"" hematogenous macrophages decreased markedly
following MR16-1 treatment, with the result that resident microglia
replaced hematogenous macrophages as the major inflammatory cell
type at the lesion site. Furthermore, we performed quantitative
analyses in chimeric mice bearing transplanted EGFP-expressing,
highly purified HSCs. These analyses showed that, besides the reduced
infiltration of hematogenous macrophages following MR16-1 treat-
ment, the number of resident microglia increased, contributing to the
shift in the major inflammatory cell type. The increase in the number
of BrdU+ microglia by MR16-1 indicated that the higher number of
microglia might have resulted from their increased proliferation
(Suppl. Fig. 1).

Two mechanisms appear to mediate this phenomenon. First, the
number of hematogenous macrophages is reduced because fewer are
recruited from the blood pool. Various chemokines are known
to mediate macrophage infiltration; in particular, CCL2, CCL5, and
CXCL10 have a demonstrated role in recruiting macrophages following
CNS injury (Babcock et al,, 2003; Ghirnikar et al,, 1998; Glass et al., 2001;
Liu et al, 2001). Here we observed decreased expression levels of CCL2,
CCL5, and CXCL10 following MR16-1-treatment, which could account
for the reduced infiltration of hematogenous macrophages. This agrees
with the observation that IL-6 is a major player in directing chemokine-
mediated macrophage infiltration during inflammation (Hurst et al,
2001; Romano et al,, 1997).

In contrast to hematogenous macrophage recruitment, microglial
proliferation is mainly regulated by colony-stimulating factors (CSFs)
(Giulian and Ingeman, 1988; Lee et al., 1994), and the local increase in
GM-CSF that we observed could have stimulated their proliferation,
resulting in their increased numbers at the lesion site (Lee et al,
1994). Since IL-6, like other cytokines, interacts with various other
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cytokines or neurotrophic factors, and since previous reports show
that the inhibition of IL-6 signaling drastically alters the expression
profiles of various cytokines (Matsumura et al., 1999; Romano et al.,
1997), the temporary inhibition of IL-6 signaling may, by altering the
chemical milieu, underlie the shift in the dominant inflammatory cell
type following MR16-1 treatment.

Given the characteristics of hematogenous macrophages vs. those of
resident microglia, the MR16-1-induced switch in the central player in
post-SCI inflammation should be beneficial. The evidence bears out this
prediction. In the injured spinal cord, broad destruction of the blood-
spinal cord barrier (BSCB) permits the infiltration of hematogenous
macrophages into the lesion. If the infiltrating neutrophils and
macrophages are depleted or blocked, tissue sparing improves, as
does axonal regeneration/sprouting (Gris et al,, 2004; Papovich et al,,
1999; Saville et al., 2004). The cytotoxicity of hematogenous macro-
phages may be due to their increased NO production in the injured CNS
(Ponomarev et al,, 2007). In addition, a recent report showed that direct
physical interactions between activated hematogenous macrophages
and axons causes the axons to retract; microglia have a similar effect, but
it is much weaker (Horn et al., 2008).

Despite the detrimental effects of hematogenous macrophages,
the accumulation of inflammatory cells is considered to be critical for
the repair process, because these cells clear away tissue debris and
release neurotrophic factors. Previous studies demonstrated that the
resident microglia play an active role in repairing the injured CNS,
through their relatively high phagocytotic activity (Schilling et al.,
2005) and by releasing various neuroprotective cytokines or neuro-
trophic factors (Lalancette-Hebert et al., 2007; Lambertsen et al.,
2009). In fact, the tissue debris within the injured spinal cord contains

myelin-derived axonal growth inhibitory factors (Bregman et al.,
1995; Merkler et al., 2001) that hinder the repair process after SCI, so
clearing away this debris is prerequisite for axonal re-growth.

In this study, MR16-1 treatment led to an increased accumulation
of microglia, which expressed higher levels of the phagocytic markers
LAMP2 and Mac2 than did the hematogenous macrophages. Further-
more, the Oil red O-stained intracellular area of microglial cells was
greater than that of hematogenous macrophages. These data indicate
that the microglia had higher phagocytotic activity than the
hematogenous macrophages, and this activity was enhanced by the
MR16-1 treatment.

The enhanced phagocytosis by MR16-1 treatment, along with
attenuation of injury, resulted in decreased Oil red O staining
(indicating reduced deposition of myelin) and decreased immunos-
taining for the axonal growth inhibitor Nogo-A, at the chronic phase of
post-SCI inflammation. These effects could have contributed to the
formation of a permissive environment for the regeneration or
sprouting of neuronal fibers. In fact, the process of spinal cord repair
seemed to be enhanced, given the increase in the RT-97* fibers and
5HT™ serotonergic fibers between 14 and 42 dpi. The higher density
of RT-97 fibers in the penumbral area in the treated group, and the
lack of RT-97+ fibers at the center of the injury site in both groups,
may indicate that enhanced sprouting contributed to the increase in
5HT+- fibers caudal to the lesion site (Supplemental Fig. 2).

Taken together, it is possible that the immediate administration of
MR16-1 affected only the late phase of inflammation, because the
change in cytokine profile by MR16-1 enhanced the participation of
microglia in the inflammatory process, resulting in a tissue-protective
inflammation. Our results with LFB, Oil red O, and immunostaining for
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Nogo-A, which showed reduced injury and deposition of debris,
support this idea. This series of immune responses takes place over a
long time, which is consistent with the effects of MR16-1 treatment
appearing only at the late phase.

However, despite the marked improvement in the inflammatory
response obtained with MR16-1 treatment, skepticism about the
therapeutic effects of IL-6 signal inhibition remains, because several
studies have shown that IL-6 signaling has neuroprotective functions
after CNS trauma. For example, Penkowa et al. showed that the
overexpression of IL-6 results in decreased oxidative stress and
apoptosis, leading to faster tissue repair after brain injury (Penkowa et
al,, 2003), and IL-6-deficient mice show a slower rate of recovery and
healing after brain injury than wild-type mice (Swartz et al., 2001).

Although our results may seem to conflict with these reports, we
believe that the apparent discrepancies are owing to the context-

dependent pleiotropic actions of IL-6. Our present data revealed that
the therapeutic effect of MR16-1 was achieved by inhibiting the
excessive infiltration of hematogenous macrophages through the
damaged BSCB, during the acute phase of SCI. This idea is corroborated
by previous reports demonstrating that the overexpression of IL-6
family cytokines during the acute phase of SCI significantly increases
inflammatory cell accumulation, resulting in greater damage (Kerr
and Patterson, 2004; Lacroix et al., 2002). On the other hand, IL-6 can
enhance spinal cord repair by modifying the migration of reactive
astrocytes (Okada et al,, 2006) or enhancing axonal re-growth (Miao
et al., 2006), and IL-6's temporary inhibition may have little effect on
these functions, because astrocyte migration and axonal re-growth
are rather long-term processes. Although numerous studies have
shown that the recruitment of inflammatory cells aggravates
secondary injury after SCI (Ghirnikar et al., 2001; Hausmann, 2003;
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Saville et al., 2004), inflammation itself is important for spinal cord
repair (Donnelly and Popovich, 2008), and excessive suppression of
the inflammatory response can be detrimental. In the present study,
we showed that anti-IL-6-receptor antibody treatment at the acute
stage of injury switches the main subpopulation of inflammatory cells
from hematogenous macrophages to microglia, which does not
simply suppress inflammation: rather, it changes the characteristics
of the post-traumatic inflammation to promote spinal cord repair.
Given that a humanized antibody for the human IL-6 receptor (MRA,;
tocilizumab) is already in clinical use (Choy et al,, 2002; Nishimoto et al.,,
2000; Sato et al, 1993), the present data support the potential
application of the anti-IL-6-receptor antibody for the treatment of SCI.
However, in most clinical situations, it is not possible to administer an
antibody immediately after SCI Further investigation to determine the

therapeutic time window will be needed before this treatment can be
tried clinically. Nevertheless, these findings shed light on IL-6's role in
the pathology of SCI, and suggest a new approach for SCI treatment, in
which the characteristics of inflammation are adjusted to support spinal
cord repair, by modifying the cytokine-mediated cellular response.
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Various types of induced pluripotent stem (iPS) cells have been
established by different methods, and each type exhibits different
biological properties. Before iP$ cell-based dinical applications can be
initiated, detailed evaluations of the cells, induding their differenti-
ation potentials and tumorigenic activities in different contexts,
should be investigated to establish their safety and effectiveness
for cell transplantation therapies. Here we show the directed neural
differentiation of murine iPS cells and examine their therapeutic
potential in a mouse spinal cord injury (SCI} model. “Safe” iPS-derived
neurospheres, which had been pre-evaluated as nontumorigenic by
their transplantation into nonobese diabetic/severe combined im-
munodeficiency (NOD/SCD) mouse brain, produced electrophysio-
logically functional neurons, astrocytes, and oligodendrocytes in
vitro. Furthermore, when the safe iPS-derived neurospheres were
transplanted into the spinal cord 9 d after contusive injury, they dif-
ferentiated into all three neural lineages without forming teratomas
or other tumors. They also participated in remyelination and induced
the axonal regrowth of host SHT" serotonergic fibers, promoting
locomotor function recovery. However, the transplantation of iPS-
derived neurospheres pre-evaluated as “unsafe” showed robust ter-
atoma formation and sudden locomotor functional loss after func-
tional recovery in the 5Ci model. These findings suggest that pre-
evaluated safe iPS clone-derived neural stem/progenitor cells may
be a promising cell source for transplantation therapy for SCl.

neural stem/progenitor cell | cell transplantation | regenerative medicine |
remyelination | axonal regrowth ‘

G iven their ability to generate all types of neural cells, neural
stem/progenitor cells (NS/PCs) are a promising source for
cell replacement therapy for various intractable CNS disorders
(reviewed in refs. 1-6). Notably, ES cells have great developmental
plasticity and can be induced to become NS/PCs with specific
differentiation potentials (7-11), making them a major candidate
for cell replacement therapies for CNS disorders (12-16). The clin-
ical use of BS cells is complicated, however, by ethical and im-
munological concerns, both of which might be overcome by using
pluripotent stem cells derived directly from a patient’s own so-
matic cells (17).

We recently reported the establishment of induced pluripotent
stem (iPS) cells from mouse fibroblasts by the retroviral intro-
duction of four factors (Oct3/4, Sox2, Kif4, and c-Myc) with selec-
tion for Fhxol5 expression (18) and Nanog expression (19, 20).
Compared with Fbxol 5-selected iPS cells, Nanog-selected iPS cells
more closely resembled ES cells’ gene-expression paitern and
could contribute to germline-competent aduit chimeras (19-21).
More recently, we and others (22, 23) generated iPS cells without
using c-Myc retroviruses, albeit with lower efficiency. The success-
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ful establishment of these iPS cell lines, along with initial reports
showing efficacy in the therapeutic use of iPS cells in rodent
models of sickle cell anemia (24) and Parkinson disease (25), led
us to examine the use of iPS cells as a treatment for spinal cord
injury (SCI).

A number of important issues need to be addressed before
a clinical trial using iPS cells as a cell-therapy source for SCI is
initiated. First, a detailed evaluation of iPS cells’ potential to gen-
erate neural cells compared with ES cells is required. Second, iPS
cells are likely to carry a higher risk of tumorigenicity than ES cells,
due to the inappropriate reprogramming of these somatic cells,
the activation of exogenous transcription factors, or other reasons
(25-27). Thus, it is essential to confirm the safety of grafted iPS-
derived NS/PCs. Finally, the effectiveness of iPS-derived NS/PC
transplantation as a treatment for SCI must be evaluated.

In the previous study, we pre-evaluated iPS clones for safety
by transplanting iPS-derived neurospheres into the NOD/SCID
mouse brain (27). Here, we show that the transplantation of neu-
rospheres derived from safe iPS cell clones into the injured spinal
cord promoted functional recovery without any tumor formation.
In contrast, the transplantation of neurospheres derived from un-
safe iPS cells, showing robust teratoma formation in the NOD/
SCID mouse brain, also resulted in initial functional recovery, but
was later followed by teratoma formation and deterioration of lo-
comotor function. These data suggest that the evalnation of in vitro
differentiation and in vivo tumorigenicity are important for iden-
tifying safe iPS clones for cell therapy, and that the NS/PCs derived
from iPS clones deemed safe by such pre-evaluation are a promis-
ing source for cell therapy for SCI.

Results

Pre-Evaluated Safe MEF-iPS Cells Exhibit ES-Like Neural Differentiation
Potentials in Vitro. We previously reported the neural differenti-
ation of 36 independent murine iPS cell clones (27). The results
of this study led us to classify several iPS clones as safe or unsafe
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