
Adoptive transfer of Th1-conditioned lymphocytes
promotes axonal remodeling and functional recovery
after spinal cord injury
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The role of T lymphocytes in central nervous system (CNS) injuries is controversial, with inconsistent results reported
concerning the effects of T-lymphocyte transfer on spinal cord injury (SCI). Here, we demonstrate that a specific T-lymphocyte
subset enhances functional recovery after contusion SCI in mice. Intraperitoneal adoptive transfer of type 1 helper T
(Th1)-conditioned cells 4 days after SCI promoted recovery of locomotor activity and tactile sensation and concomitantly
induced regrowth of corticospinal tract and serotonergic fibers. However, neither type 2 helper T (Th2)- nor IL-17-producing
helper T (Th17)-conditioned cells had such effects. Activation of microglia and macrophages were observed in the spinal
cords of Th1-transfered mice after SCI. Specifically, M2 subtype of microglia/macrophages was upregulated after Th1 cell
transfer. Neutralization of interleukin 10 secreted by Th1-conditioned cells significantly attenuated the beneficial effects by
Th1-conditioned lymphocytes after SCI. We also found that Th1-conditioned lymphocytes secreted significantly higher levels
of neurotrophic factor, neurotrophin 3 (NT-3), than Th2- or Th17-conditioned cells. Thus, adoptive transfer of pro-inflammatory
Th1-conditioned cells has neuroprotective effects after SCI, with prospective implications in immunomodulatory treatment of
CNS injury.
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Immune reactions following central nervous system (CNS)
trauma such as spinal cord injury (SCI) or traumatic brain
injury have been considered harmful to axonal regeneration
and functional recovery.1–3 Immune cells secondarily attack
even spared neurons that escape primary damage.1,2,4

However, in the last decade, the improvement of motor
function by adoptive transfer or activation of autoimmune
T cells has also been reported after CNS injury.5–10

Surprisingly, autoimmune cells originally considered patho-
genic in autoimmune diseases (e.g. multiple sclerosis and
rheumatoid arthritis) were indicated to be neuroprotective
after CNS trauma. Furthermore, several studies have
suggested that T cells were beneficial to disease progres-
sion and survival after the onset of amyotrophic lateral
sclerosis.11,12 In contrast, others have reported that T
lymphocytes caused axonal damage after CNS injury3,13,14

and that transfer of autoimmune T lymphocytes exacerbated
functional recovery after SCI.15 These seemingly contra-
dictory findings may be explained by the distinct roles of
each T-lymphocyte subset; some are beneficial and others
are detrimental to functional recovery after CNS injuries.

For example, interleukin-17 (IL-17)-producing gdT cells were
reported to have a pivotal role in the pathogenesis of ischemic
brain injury.16 Thus, elucidation of the distinct role of T-cell
subsets may lead to new insights for therapeutic interventions
that regulate immune reaction following CNS injury.

Subsets of helper T cells have been suggested to have a
role in the etiology of CNS diseases. IFN-g-producing type 1
helper T (Th1) cells and IL-17-producing helper T (Th17) cells
are associated with the disease onset and progression
of experimental autoimmune encephalomyelitis (EAE), an
animal model of multiple sclerosis.17 Shift to IL-4-producing
type 2 helper T (Th2) cells was suggested to lead to enhanced
functional recovery after CNS injury.18 However, knowledge
of the role played by each T-lymphocyte subset is still
fragmental, and the effectiveness of transferring specific
T lymphocytes to treat CNS injury remains unknown. In the
present study, we hypothesized that conflicting results
concerning the role of T lymphocytes in recovery from
CNS injury may be attributed to differences in the role of
helper T-cell subsets, specifically that the transfer of pro-
inflammatory Th1 cells could facilitate functional recovery
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after CNS injury, as we previously identified that cocultured
Th1-conditioned lymphocytes promote neurite outgrowth
from cortical neurons.19 Here, we report that the transfer
of Th1-conditioned cells, but not Th2- or Th17-conditioned
cells, facilitated recovery of sensorimotor function after SCI.

Results

Adoptive transfer of Th1-conditioned cells improves
motor performance and tactile sensation after SCI. We
assessed whether transfer of Th1-, Th2-, or Th17-condi-
tioned lymphocytes ex vivo modulated disease progression
in a mouse model of SCI. We isolated cluster of differentia-
tion 4þ (CD4þ ) T cells from mice spleens and then cultured
them to induce differentiation into each subset of helper
T cells in vitro. Intracellular cytokine staining revealed
differentiation into Th1, Th2 (Figure 1a), and Th17 cells
(Figure 1b). As T cells in C57BL/6 J mice congenitally tend
to skew into Th1 cells,20 we observed comparatively
enriched Th1 cells in Th1-conditioned cells (Figure 1a, left).
The efficiencies we observed were similar to that reported
previously.20–22

Mouse spinal cords were contused at the level between
thoracic vertebrae 9 (Th.9) and Th.10 by an impactor with a
force of 60 kilodyne. All of the spinally injured mice became
completely paraplegic on the first day after the injury,
gradually displaying partial recovery of locomotor behavior.
We carried out adoptive transfer of 5.0� 106 Th1- or Th2-
conditioned cells, which were activated with anti-CD3 and
anti-CD28 antibodies for 3 h before the injection, at 4 days
after SCI, and observed recovery of motor function as
assessed by Basso Mouse Scale (BMS). The motor recovery

was transiently but significantly higher from 2 to 5 weeks
after SCI in mice in which Th1-conditioned cells, but not
Th2-conditioned cells, were transferred compared with
phosphate-buffered saline (PBS)-injected mice (Figure 2a).
We then increased the number of transferred T cells
to maintain the effect of the transferred cells in the
chronic phase. After the adoptive transfer of 1.0� 107

Th1-conditioned cells, the mice showed significantly better
motor performance after SCI than did PBS-injected SCI
mice during the observation period up to 10 weeks
(Figure 2b). Again, no difference was observed between
mice transferred with Th2 cells and control mice (Figure 2b).
Because cultured helper T cells are often restimulated
for longer than 24 h,23 we addressed whether longer
restimulation leads to enhanced recovery. Adoptive transfer
of Th1-conditioned cells that had been restimulated with
anti-CD3/anti-CD28 antibodies for 24 h, longer than 3 h,
into mice on day 5 after SCI also promoted the recovery
(Figure 2c). However, the recovery level was similar to
that shown in Figure 2b. The result suggests that cultured
Th1-conditioned cells that were restimulated for 3 h were
adequately activated.

We hypothesized that Th17 cells, which have been
implicated in the pathology of EAE,17 might exacerbate
functional recovery after SCI. More than 50% of Th17-
conditioned cells that were cultured in the presence of IL-2
differentiated into Th17 cells (Figure 1b, left). The hindlimb
locomotor performance of mice intraperitoneally (i.p.) injected
with Th17-conditioned cells did not show improvement
compared with that of control mice (Figure 2b). As IL-2 may
have negative effects on Th17 differentiation,24 we added
anti-IL-2 neutralizing antibody to the culture to promote Th17
differentiation (Figure 1b, right). When these Th17-condi-
tioned cells were transferred after SCI, motor recovery was
transiently exacerbated on day 7 after SCI (Figure 2d).

Consistent results were obtained when we performed the
inclined plane task, which is considered to correlate with
rubrospinal tract integrity, after SCI (Figure 2e). Thus, transfer
of Th1-conditioned cells effectively enhanced motor recovery
after SCI.

We next assessed tactile sensation by applying von Frey
monofilaments to the plantar surface of the hindpaws.
We tested hindpaw withdrawal thresholds in response to
a sequence of ascending mechanical stimuli of increasing
force. We observed significantly better improvement of
tactile sensation at day 70 after SCI in mice with transfer
of Th1 cells compared with control mice (Figure 2f). Thus,
adoptive transfer of Th1-conditioned cells enhanced amelio-
ration of sensory function after SCI.

Adoptive transfer of Th1-conditioned cells promotes
remodeling of the injured corticospinal tract and
raphespinal tract, and facilitates myelination after SCI.
We assumed that the treatment promoted restoration of the
neural network for motor function. We examined axonal
regrowth of the descending corticospinal tract (CST) by
injecting biotin-dextran amine (BDA) into sensorimotor
cortices. We observed axon arbors extending from the main
CST into the gray matter rostral to the lesion site in both mice
with Th1-conditioned cell transfer and control mice in the
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Figure 1 Intracellular staining of cytokines in cultured helper T-cell subsets.
(a) Cytokine profile of Th1- and Th2-conditioned cells differentiated in vitro.
(b) Cytokine profile of Th17-conditioned cells differentiated in vitro in the presence
of IL-2 (left) or anti-IL-2 neutralizing antibody (right). Representative data are
shown from two to three independent experiments
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transverse plane (Figure 3a). CST sprouting was quantita-
tively evaluated by the percentage of BDA-positive area
compared with 5 mm rostral from the injured site. We did not
detect BDA-positive fibers at or more than 1 mm caudal to
the injured site in either group of mice (Figure 3b); this finding
revealed that the lesion completely transected the axons in
the descending CST. On the basis of quantitative analysis of
the reconstructed spinal cord, we concluded that transfer of
Th1 cells significantly enhanced axon sprouting of the CST
rostral to the injured site after SCI.

As the serotonergic raphespinal tract contributes to motor
function,25 we assessed regrowth of descending serotonergic
raphespinal tract axons using anti-5-hydroxytryptamine (anti-
5-HT) immunostaining at 6 weeks after SCI (Figures 3c–f).
Regrowth of raphespinal tract fibers was evaluated by 5-HT-
positive area compared with 5 mm rostral from the injured site

and measuring the 5-HT-positive fibers at 1 mm intervals
rostral or caudal to the lesion epicenter. More 5-HT-positive
fibers were observed in the spinal cord caudal to the injured
site in Th1-treated mice than in PBS-injected mice, demon-
strating that transfer of Th1-conditioned cells enhanced the
growth of serotonergic nerve fibers after SCI (Figures 3c
and d). We observed no difference in the 5-HT-positive area
at 5 mm rostral to the injured site between the 2 groups
(Figures 3e and f). These results support our notion that
transfer of Th1-conditioned cells promotes remodeling of
injured axons, thus leading to enhanced locomotor recovery
after SCI.

To evaluate lesion size and tissue sparing, we carried
out immunohistochemistry for glial fibrillary acidic protein
(GFAP) at 6 weeks after SCI, and assessed the lesion
area that was delineated by reactive astrocytes that were
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Figure 2 Transfer of Th1-conditioned cells ameliorates functional recovery after spinal cord injury (SCI). (a) BMS scores are shown for SCI mice after the transfer of
5.0� 106 Th1- or Th2-conditioned cells (PBS, n¼ 3; Th1, n¼ 3; Th2, n¼ 3). (b) Time course of hindlimb locomotion scored by BMS with adoptive transfer of 1.0� 107 each
helper T-cell subsets. Transfer of Th1-conditioned cells improved BMS score after SCI (PBS, n¼ 8; Th1, n¼ 7; Th2, n¼ 5; Th17, n¼ 6). (c) Time course of BMS scores after
SCI followed by transfer of Th1-conditioned cells stimulated with anti-CD3/anti-CD28 antibodies for 24 h (PBS, n¼ 4; Th1, n¼ 5). (d) Time course of BMS scores for SCI mice
after the transfer of anti-IL-2 antibody-treated Th17-conditioned cells (PBS, n¼ 5, Th17þ anti-IL-2, n¼ 7). (e) Time course of the inclined plane task. Th1-conditioned cells
improved the angle of the inclined plane task (PBS, n¼ 9; Th1, n¼ 6; Th17, n¼ 6). (f) Tactile sensation scored using the von Frey threshold at day 70 after SCI.
Th1-conditioned cells improved tactile sensation after SCI. Sham SCI, n¼ 4; PBS, n¼ 5; Th1, n¼ 4; Th17, n¼ 3. Data are mean±S.E.M. *Po0.05, **Po0.01,
***Po0.001; N.S., not significant versus the PBS group (two-way ANOVA with repeated measures, Bonferroni post-test (analysis of motor function-score) or one-way
ANOVA with Dunnett post-test (analysis of sensory function-score))
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positive for GFAP. We observed no difference in the lesion
shape, the lesion size, or the size of the spared tissues
between PBS-injected mice and Th1 cell-transferred mice
(Figures 4a–c).

Spared myelination is a hallmark of protective effects on
injured neural networks. We performed myelin staining of
spinal cord transverse sections at 6 weeks after SCI using
FluoroMyelin (Figures 4d and e). We assessed the percen-
tage of FluoroMyelin-positive myelinated area relative to the

total area of white matter measured at 3 mm rostral to the
lesion site. In both PBS-injected and Th1-transfer groups, the
highest degree of demyelination occurred at the epicenter
(Figure 4e). However, quantification of the data demonstrated
that myelinated area was increased around the epicenter
in mice undergoing Th1-conditioned cell transfer compared
with control mice (Figures 4d and e). These results suggest
that the Th1-conditioned cell transfer attenuated secondary
damage and protected myelin after SCI.
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Figure 3 Transfer of Th1-conditioned cells promotes sprouting of the CST and raphespinal tract, and myelination after sSCI. The injured spinal cord is schematically
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the region 5mm rostral to the lesion epicenter. Transfer of Th1-conditioned cells increased the sprouting of CST after SCI. PBS, control (n¼ 4); Th1, transfer of Th1 (n¼ 6).
(c) Representative images of 5-HT-labeled fibers (red) in transverse sections 1 mm caudal to the lesion site; pictures on the right are higher magnification views of the boxed
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Transfer of Th1-conditioned cells promoted raphespinal tract growth after SCI. PBS, control (n¼ 5); Th1, transfer of Th1 (n¼ 7). Scale bar: 200mm. (e) Representative
images of 5-HT-labeled fibers 5mm rostral to the lesion site. (f) Quantification of the ratio of the 5-HT-positive area 5mm rostral to the lesion site in Th1-transferred mice to that
in PBS-treated mice (n¼ 4 pairs of PBS/Th1). N.S., not significant (Paired t test). *Po0.05 versus the control group (Mann–Whitney U test)
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Adoptive transfer of Th1-conditioned cells upregulates
M2 subtype of microglia and macrophages after SCI. To
elucidate the mechanistic basis of the effects induced by
Th1-conditioned cell transfer, we analyzed immune cell

accumulation in the injured spinal cord. We observed that
more than 3.0� 106 leukocytes infiltrated the injured spinal
cord at day 4 after SCI (Figure 5a). Because beneficial role
of microglia and macrophages in the CNS have been
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reported,26–28 we investigated the profile of microglia and
macrophages after SCI by evaluation of CD11b and CD45
immunoreactivity, with a fluorescence-activated cell sorter.
The dot plots revealed that microglia and macrophages
increased with Th1-conditioned cell transfer on day 10 after
SCI (Figures 5b and c). Microglia/macrophages can be
classified into two subtypes: pro-inflammatory M1 and anti-
inflammatory M2.28,29 The M1 subtype is considered to
express neurotoxic effects, whereas the M2 subtype is
considered to exhibit neuroprotective effects after a central
nervous system injury. We performed flow cytometry by
employing antibodies against markers for M1 (CD86 and
IL-6) and M2 (CD206 and Arginase 1 (Arg1)) subtypes.
Although the number of M1 marker-positive cells was not
changed after Th1 transfer (data not shown), the number of

CD206þ cells among the macrophages increased at 10 days
after SCI (Figures 6a and b). In addition to CD206þ cells, the
number of Arg1þ cells among the microglia increased after
Th1 transfer at 10 and 14 days after SCI (Figures 6c and d).
These flow cytometry analyses demonstrated that Th1 cell
transfer after SCI upregulated M2 subtype of microglia/
macrophages.

IL-10 produced by Th1-conditioned cells is necessary
for the recovery after SCI. As Th1 cells are reported to
express IL-10,30 which is known to be cerebroprotective29

and IL-10 expression in Th1-conditioned cells was observed
(Figure 7a, right), we addressed whether IL-10 was
required for the effects of Th1-conditioned cells on recovery
from SCI. Th1-conditioned cells were restimulated with
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anti-CD3/anti-CD28 antibodies, simultaneously treated with
anti-IL-10 neutralizing antibody, and then adoptively trans-
ferred with the antibody at day 4 after SCI, followed by
injection of anti-IL-10 antibody i.p. at days 5, 7 and 11. Anti-
IL-10 antibody treatment significantly attenuated the effect of
Th1-conditioned lymphocytes (Figure 7b). This result demon-
strates that IL-10 in Th1-conditioned lymphocytes is neces-
sary for the promotion of functional recovery from SCI.

Th1-conditioned lymphocytes secrete neurotrophic factors.
To find candidate molecules in Th1-conditoned cells respon-
sible for axonal sprouting after contusion SCI, we assessed
the expression of neurotrophic factors such as brain-
derived neurotrophic factor (BDNF), neurotrophin-3 (NT-3),
and glia-derived neurotrophic factor (GDNF) with enzyme-
linked immunosorbent assay (ELISA) because they were

reported to be expressed in activated T cell.6 The expres-
sion level of NT-3 was higher in Th1 cells than in Th2 or
Th17 cells (Figure 8a). However, BDNF expression was
under the detection level among any T cell subsets (data
not shown). Expression levels of GDNF in Th1- and Th2-
conditioned cells were higher than that of Th17-conditioned
cells (Figure 8b), but the absolute amount was around
30 pg/ml, which was much smaller than that of NT-3.

Discussion

The efficacy of T-lymphocyte transfer after CNS injury has
been controversial,18,31 and the detailed phenomena and
mechanisms underlying the intervention are poorly under-
stood. In the present study, we addressed our hypothesis that
the beneficial and harmful effects of transferred T cells could
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macrophages after SCI. (d) Quantification of Arg1þ microglia/macrophages at the indicated days after SCI. n¼ 3–4. All the data of the histograms were gated from the
populations of microglia or macrophages as shown in Figure 5b. *Po0.05, **Po0.01 versus control group (Student’s t test)
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be explained by the distinct roles of helper T-cell subsets.
Adoptive transfer of cultured Th1-conditioned cells into mice
improved functional recovery after SCI. Although Th2 cells
were suggested to be beneficial after CNS injury,18 this was
not the case in our experimental paradigm. Recovery of
hindlimb locomotion by Th1 transfer after SCI coincides with
improved neuronal network associated with motor function.
Activation of monocytes by Th1 cell transfer may have a role
in improved CST sprouting and myelination after SCI, as
monocyte-derived cells are required for remyelination after
toxin-induced demyelination32 or EAE.26

The reported detrimental effects of T cells after CNS
trauma14,15 may be due to the function of specific subsets of
T cells, such as Th17 cells and IL-17-producing gdT cells.
Indeed, we observed transfer of Th17-conditoned cells
transiently exacerbated motor function (Figure 2d).

Activation of monocytes by Th1 cell transfer may have a
role in enhanced CST sprouting and myelination after SCI,

as monocyte-derived cells are required for remyelination after
toxin-induced demyelination32 or EAE.26 It is also known that
activated microglia induce neuronal differentiation33 and
are neuroprotective.28 Specifically, M1 subtype of microglia/
macrophages is considered pro-inflammatory, whereas M2
subtype is considered phagocytic and tissue-protective.28

Indeed, we identified that microglia and macrophages were
activated by transfer of Th1-conditoned cells and that
M2 subtype of microglia/macrophages was upregulated
(Figures 5 and 6). It should be noted that transfer of
IFN-g-producing Th1 cells that had been considered pro-
inflammatory promoted upregulation of anti-inflammatory M2
subtype of microglia/macrophages after SCI.

The differentiating characteristic of our treatment from
others7,10,15 is that the transferred T cells in the present study
were not immunized by CNS proteins, such as myelin basic
protein or myelin oligodendrocyte glycoprotein. The fact that
we observed little infiltration of the transferred Th1-condi-
tioned cells into the injured spinal cord (data not shown)
suggests that these cells did not attack the CNS.

Importantly, IL-10 expressed by Th1-conditioned cells has
beneficial role in promoting functional recovery (Figure 7).
Although Th2 cells also express IL-10,30 Th2-conditioned
cells did not show beneficial effects on functional recovery
after SCI in our model (Figures 2a and b). Thus, expression of
IL-10 from Th1-conditoned cells may contribute to maintaining
the cells in an effective state in vivo rather than directly
modulating the lesion sites.

Taken together, our successful intervention with cultured
Th1-conditoned cells may shed light on a future immuno-
modulatory treatment for CNS injury.

Materials and Methods
Mice. C57BL/6 mice were purchased from Charles River Laboratories. All mice
used in this study were housed in specific pathogen-free conditions, and were
treated and cared for in accordance with the guidelines of the Osaka University
pertaining to the treatment of experimental animals.

Animal model of SCI. Adult (7–9 weeks old) female C57BL/6 mice were
anesthetized with sodium pentobarbital (50mg/kg; Kyoritsu Seiyaku, Tokyo, Japan).
Following dorsal laminectomy (Th.9–Th.10 level), the spinal cord was contused
with a force of 60 kilodyne using an Infinite Horizon Impactor (Precision Systems &
Instrumentation, Fairfax Station, VA, USA) as previously described.34 The muscle
and skin layers were then sutured. The bladder was expressed by manual abdominal
pressure every day until 10 days post-injury. Food and water were provided ad libitum.

Adoptive transfer of cultured T cells. Spleens and lymph nodes
(axillary and cervical) were collected from C57BL/6J female mice. The spleens
were mechanically disrupted, washed twice, and resuspended in cold PBS. The
lymph nodes were also mechanically disrupted and incubated on ice for 5 min
followed by collection of the supernatant and centrifugation at 1400 r.p.m. The
pellet was then suspended in cold PBS. These samples were filtrated with a
70-mm Cell Strainer (BD Biosciences, Franklin Lakes, NJ, USA) and suspended in
RPMI 1640 medium (Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal
bovine serum (FBS), 100 IU/ml penicillin, 100mg/ml streptomycin, 1 mM sodium
pyruvate, and 2.5mM b-mercaptoethanol (RPMI growth medium). CD4þ T cells
were isolated by magnet sorting with anti-CD4 magnet beads according to
the manufacturer’s instructions (Miltenyi Biotec GmbH, Bergisch Gladbach,
Germany). CD4þ T cells were stimulated with anti-CD3e/anti-CD28 antibodies
(BD Biosciences) coated on 24-well plates (Greiner Bio One, Kremsmünster, Austria)
at a concentration of 5mg/ml each. Th1-conditioned cells were differentiated by the
addition of recombinant IL-2 (25U/ml; R&D systems, Minneapolis, MN, USA), IL-12
(10 U/ml; R&D systems), and anti-IL-4 antibodies (25% culture supernatant of
hybridoma; clone HB-188; American Type Culture Collection, Manassas, VA, USA).
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Th2 polarization was initiated by the addition of recombinant IL-2 (25 U/ml;
R&D systems), IL-4 (100 U/ml; Peprotech, Rocky Hill, NJ, USA), and anti-IFN-g
antibodies (1% culture supernatant of hybridoma; clone HB-170; American Type
Culture Collection). Th17-conditioned cells were differentiated by the addition
of recombinant IL-6 (20 ng/ml; R&D systems), IL-23 (20 ng/ml; R&D systems),
TGF-b1 (3 ng/ml; R&D systems), anti-IL-4 antibodies (25% culture supernatant
of hybridoma; clone HB-188; American Type Culture Collection), and anti-IFN-g
antibodies (1% culture supernatant of hybridoma; clone CRL-1975; American Type
Culture Collection) in the presence of recombinant IL-2 (25 U/ml; R&D systems)
or anti-IL-2 antibody (10mg/ml; R&D systems). These CD4þ T cells were diluted
1 : 3 for passage on day 2, and cultured with IL-2 and IL-12 for Th1; IL-2 and IL-4
for Th2; and IL-6, IL-23, TGF-b1 with or without IL-2 for Th17 in the same
concentrations as above. On day 4, these helper T cells were harvested and
overlaid on Lympholyte M (Cedarlane Laboratories, Burlington, ON, Canada) and
centrifuged at 1000� g for 20min. The intermediate layer was collected, washed
with PBS, and resuspended in RPMI growth medium. The cells were restimulated
for 3 h with anti-CD3e and anti-CD28 antibodies (BD Biosciences) coated on
24-well plates. After restimulation with anti-CD3e and anti-CD28 antibodies,
cells were harvested and washed twice with PBS. Helper T cells (5.0� 106 or
1.0� 107) suspended in 500ml PBS were injected i.p. into mice at day 4 after SCI.
As a control, 500 ml PBS was injected into mice after SCI. For IL-10 neutralization,
Th1 cells were incubated with anti-IL-10 antibody (eBioscience; clone: JES5-16E3)
or rat IgG (eBioscience, San Diego, CA, USA) at the concentration of 10 mg/ml,
and were simultaneously restimulatd with anti-CD3e and anti-CD28 antibodies.
After transfer of Th1 cells, 100mg of anti-IL-10 antibody or rat IgG (eBioscience)
was injected i.p. into mice on SCI days 5, 7, and 11.

Behavioral analysis. Hindlimb motor function was evaluated using the BMS
open field locomotor test, in which scores range from 0 to 9.35 BMS scores were
recorded at days 1, 3, 7, 10, and 14 post-injury, and once weekly thereafter for a
total of 11 weeks. A subset of animals was analyzed using the inclined plane
task,36 which evaluates the animal’s ability to maintain body position on a board
raised incrementally to increasing angles. Performance on the inclined plane
correlates with the integrity of the rubrospinal tract (and other nonpyramidal
pathways) after SCI.37,38 Animals were tested at days 1, 3, 7, 10, and 14 post-
injury, and once weekly thereafter for a total of 12 weeks. Mice were tested in
each position, after which the angle was increased incrementally by 51. The
maximum angle at which the animal could maintain a stationary position on the
board for 10 s was recorded.

Analysis of tactile sensation. To measure the threshold of hindpaw
withdrawal to mechanical stimuli, we followed a reported procedure.39 Mice were
placed within an inverted glass beaker (10 cm diameter) positioned on the
framework used in the grid walk test. The framework consisted of grids
(1-cm2 grids) that allowed von Frey monofilaments (SAKAI Medical Co., Ltd,
Tokyo, Japan) to be applied to the plantar surface of the hindpaws. We evaluated
thresholds of hindpaw withdrawal using a sequence of mechanical stimuli of
increasing force. Mechanical testing was performed using 20 calibrated von
Frey monofilaments that delivered approximately logarithmic incremental forces
of 1.65–6.65 mg. For each group, every monofilament was applied to the
hindpaw for B1 s with at least a 10-s interval between stimulus presentations.
The lowest force von Frey monofilament was applied to the right, then to the
left hindpaw plantar surface, and then the next higher force von Frey was
administered in the same manner. A positive withdrawal response was recorded
when the animal produced more than two stimulus-related withdrawals of the
tested paw in three trials.

Anterograde labeling of the CST. More than 10 weeks after injury,
descending CST fibers were labeled with BDA (10% in saline, 3.2ml per cortex,
MW 10 000; Invitrogen) injected under anesthesia into the left motor cortex
(coordinates: 0.5–1.0mm posterior to bregma, 0.5–1.0mm lateral to bregma,
0.5mm depth). For each injection, 0.2ml BDA was delivered over a period of 30 s
via a 15–20-mm inner diameter glass capillary attached to a microliter syringe
(ITO). In total, we examined and compared the sprouting responses of four control
and six Th1 cell-transferred mice after SCI. At 14 days after BDA injection,
the animals were perfused with 4% paraformaldehyde (Wako Pure Chemical
Industries, Osaka, Japan). The spinal cord was removed from the vertebral column
and stored in 15% sucrose in 0.2 M phosphate buffer (PB) at 4 1C for 12 h.
The spinal cord was then placed in 30% sucrose in 0.2 M PB for 24 h at 4 1C.

The spinal cord was embedded in Tissue Tek OCT (Sakura Finetechnical Co. Ltd,
Tokyo, Japan) and immediately frozen on dry ice at � 80 1C. A series of 20-mm
transverse sections were cut on a cryostat and mounted on Matsunami Adhesive
Silan (MAS)-coated glass slides (Matsunami Glass, Osaka, Japan). The sections
were incubated in PBS with 0.3% Triton X-100 at room temperature for 5 h,
washed three times, then incubated for 2 h with Alexa Fluor 488-conjugated
streptavidin (1 : 400; Invitrogen) in PBS with 0.1% Triton X-100. The sections were
viewed under an inverted light microscope equipped with epifluorescence optics
and a dry condenser for phase-contrast microscopy (DP70, Olympus, Tokyo, Japan).
The area of positive fluorescence in the histological section was determined by using
Image J software (National Institutes of Health (NIH), Bethesda, MD, USA).

Tissue preparation and histochemistry. For histochemistry, the
animals were perfused with 4% paraformaldehyde, and preserved spinal cord
tissues were collected. The whole spine was dissected out and post-fixed in 4%
paraformaldehyde for 3 h at 4 1C. The spinal cord was removed from the vertebral
column and stored for 12 h in 15% sucrose in 0.2 M PB at 4 1C. The spinal cord
was then placed in 30% sucrose in 0.2 M PB for 24 h at 4 1C. The spinal cord was
embedded in Tissue Tek OCT and immediately frozen on dry ice at � 80 1C.
A series of 20-mm transverse sections were cut on a cryostat and mounted on
MAS-coated glass slides. After washing three times with PBS, all sections were
blocked in PBS containing 5% BSA and 0.3% Triton X-100 for 1 h at room
temperature. The sections were then incubated with primary antibodies overnight
at 4 1C, washed three times with PBS, and incubated with fluorescein-conjugated
secondary antibodies (1 : 500; Invitrogen) for 1 h at room temperature. Sections
were then rinsed three times in PBS and mounted. For primary antibodies, we
used monoclonal anti-serotonin (1 : 2000; ImmunoStar, Hudson, WI, USA) and
polyclonal anti-GFAP (1 : 400; Dako, Glostrup, Denmark).

Myelin staining of spinal cord cross-sections was performed using FluoroMyelin
(Invitrogen) to measure the area of myelinated nerve fibers in the white matter.
The area of positive fluorescence in histological sections was determined by using
Image J software (NIH). The ratios of the 5-HT-positive area 5mm rostral to the
lesion site in the Th1-transferred SCI mice to that in the PBS-treated SCI mice were
calculated using pairs of the sections (PBS-treated and Th1 cell-transferred) stained
on the same day to avoid decrease of the signal intensity over time.

The sections were viewed under an inverted light microscope equipped with
epifluorescence optics and a dry condenser for phase-contrast microscopy (DP70,
Olympus). For 5-HT immunohistochemistry of higher magnification views, samples
were examined under a confocal laser-scanning microscope (FV1000, Olympus).

Preparation of leukocytes from injured spinal cords. We performed
the extraction of leukocytes from the spinal cord according to a previously described
procedure.40 Firstly, mice were transcardially perfused with ice-cold PBS. The spinal
cord was then dissected and suspended in Hank’s Balanced Salt Solution (Invitrogen)
supplemented with 3% FBS, 100 IU/ml penicillin, and 100mg/ml streptomycin.
The spinal cords were digested with collagenase D (5.0mg/ml; Roche, Basel,
Switzerland) plus 2.5mM calcium chloride. After filtration with a 70-mm Cell Strainer
(BD Biosciences), the pellet isolated by 38% Percoll centrifugation at 1500� g for
20min was collected for flow cytometry.

Staining of cell-surface and intracellular antigens. Cultured lympho-
cytes were stimulated with 50 ng/ml phorbol 12-myristate 13-acetate (PMA, EMD
Millipore, Billerica, MA, USA) and 750 ng/ml ionomycin (EMD Millipore) for 4 h and
with 10mg/ml brefeldin A (Sigma-Aldrich, St. Louis, MO, USA) for the last 2 h.
Collected leukocytes from mice spinal cords were incubated with 10mg/ml brefeldin
A (Sigma-Aldrich) for 2 h. The cells were suspended in Fixation Buffer (eBioscience),
preincubated with Fc receptor block antibody (eBioscience) for 20m, and surface
stained with anti-CD4-PE (BD Biosciences), anti-CD45-Alexa647 (BioLegend,
San Diego, CA, USA), anti-CD45-PE/Cy7 (BioLegend), anti-CD11b-PE, anti-CD11b-
APC, anti-mouse CD86-APC, anti-mouse CD206-FITC (BioLegend). Intracellular
staining was performed according to the manufacturer’s protocol using anti-IL-10-PE
(BioLegend) and anti-IL-6-FITC (eBioscience) antibodies with permiabilization buffer
and staining buffer (eBioscience). For Arg1 staining, the permiabilized cells were
incubated with mouse anti-Arg1 antibody (1 : 200; BD Biosciences) for 1 h, washed
twice, and incubated with PE-conjugated anti-mouse IgG antibody (BioLegend).

Flow cytometric analysis. Flow cytometry was performed with the
FACSCalibur and FACSCanto II flow cytometers (BD Biosciences) and
analyzed using ProQuest and FACSDiva (BD Biosciences), and FlowJo software
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(version 9.3.1; TreeStar, Inc., Ashland, OR, USA). Specificity of the signals of
antibodies against specific antigens was determined by performing control
experiments using isotype-matched immunoglobulins (BioLegend).

Enzyme-linked immunosorbent assay. Th1, Th2, and Th17 (cultured with
anti-IL-2 antibody) cells were prepared as described above. Three hours after
restimulation with anti-CD3e/anti-CD28 antibodies, the cells were centrifuged and their
supernatants were collected and stored at � 80 1C until use. Concentrations of NT-3,
GDNF, BDNF in the supernatants of each cell were analyzed using the ELISA kits
according to the manufacturer’s protocol (Emax Immunoassay System (Promega,
Fitchburg, WI, USA) for NT-3, GDNF, and BDNF. Absorbance values were read at
450 nm on a plate reader (SpectraMax M2; Molecular Devices, Sunnyvale, CA, USA).

Statistical analysis. All values are expressed as mean±S.E.M. We analyzed
motor function scores using two-way ANOVA with repeated measures, Bonferroni post-
test for 2–4 groups. Quantified histological data were analyzed by the Mann–Whitney
U test. However, for Figure 3f, the result was analyzed by paired Student’s t test.
Student’s t test was used to analyze the quantified data with flow cytometry. For all
other data, we used one-way ANOVA with Dunnett post-test collection for comparison
of 3–4 groups. Values of Po0.05 were considered statistically significant.
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