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Introduction
Spinal cord injury (SCI) is one of the most serious public 
health problems worldwide and usually results in irreversible 
sensory, motor, and autonomic impairments (Rubiano et al., 
2015). The clinical treatment for SCI is limited to minimizing 
secondary complications and maximizing residual functions. 
Experimental strategies have been designed to identify effec-
tive approaches that can alleviate secondary damage, reacti-
vate spared circuitry, and rewire the spinal cord after injury 
(Ramer et al., 2014). Two defined phases are involved in SCI, 
namely the primary injury and a prolonged secondary injury. 
The primary injury mechanically damages local cells and the 
blood–spinal cord barrier (BSCB) and subsequently activates 
local neuroinflammation and immune responses, which are 
critically related to the secondary injury (Anwar et al., 2016).

After disruption of the BSCB by a mechanical force that 
directly destroys neural tissues and endothelial cell membranes, 
lymphocytes infiltrate the lesion site and drive inflammatory 
immune responses (Schnell et al., 1999). The inflammation 
alters the local microenvironment, promotes the release of ni-
tric oxide and reactive oxygen species, and increases BSCB 
permeability, which further facilitates the entry of peripheral 

immune cells and leads to the secondary injury at the lesion 
site, as well as in the adjacent tissue. Nevertheless, numerous 
studies have reported neuroprotective and neuroregenerative 
roles of inflammatory responses that can eliminate tissue de-
bris and induce the release of neurotrophic factors. Recent 
evidence supports the idea that inflammation has a dual role 
in SCI: deleterious in the acute injury phase and beneficial 
in the chronic recovery phase (Ankeny and Popovich, 2009).

IFN-γ is a pleiotropic cytokine that exhibits both 
pro- and antiinflammatory properties (Ottum et al., 2015; 
Becher et al., 2017). However, the roles of IFN-γ in SCI 
have been somewhat contradictory. It has been reported that 
IFN-γ has a protective effect by reducing the production 
of chondroitin sulfate proteoglycans and increasing the ex-
pression of neurotrophic factors (Fujiyoshi et al., 2010). Ad-
ditionally, type 1 T helper (Th1) cells are required for the 
recruitment of tissue-repairing macrophages by secreting 
IL-10, which is IFN-γ dependent (Ishii et al., 2013). Yet, it 
was noted that IFN-γ could activate M1 macrophages, which 
are harmful to central nervous system (CNS) repairs (Kigerl 
et al., 2009). As recently reviewed, the dual effect of IFN-γ in 
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neuroinflammation might depend on the administered dos-
age, disease phase, and its targets (Becher et al., 2017). Fur-
ther studies are needed to study the essential source and the 
effects of IFN-γ in SCI.

TNF-α originates mainly from microglia and infiltrated 
monocytes/macrophages and can also be released by T cells 
(Kleine et al., 2003; Olmos and Lladó, 2014). Macrophages 
adopt two functionally antagonistic phenotypes: iNOS+ M1 
and CD206+ M2 (Cusimano et al., 2012; Lech and Anders, 
2013). The M1 phenotype is characterized by the excessive 
release of nitric oxide, IL-1, IL-6, and TNF-α, which leads to 
toxicity. On the contrary, M2 cells produce immunosuppres-
sive cytokines (e.g., IL-10), stimulate the secretion of growth 
factors, and thus promote tissue remodeling and repair. Con-
trary to TNF-α, IFN-γ is mainly derived from T cells and 
facilitates the polarization of M1 macrophages (Gordon and 
Taylor, 2005; David and Kroner, 2011; Murray et al., 2014).

γδ T cells have several specific features and unique bio-
logical functions (Prinz et al., 2013; Wu et al., 2017) and can 
be divided into either IFN-γ or IL-17 producers (Jensen et 
al., 2008; Schmolka et al., 2015). We previously reported that 
γδ T cells predominantly produce IFN-γ, which is regulated 
by unique epigenetic and transcription programs (Chen et 
al., 2007). Peripheral γδ T cells are composed of two main 
subsets: Vγ1 and Vγ4 γδ T cells, which have divergent roles 
in different disease models (Heilig and Tonegawa, 1986; Ito 
et al., 1989; Pereira et al., 1995). Our group showed that 
Vγ4 γδ T cells, which produce IFN-γ, and Vγ1 γδ T cells, 
which suppress this function, play divergent roles in tumor 
immunity (He et al., 2010; Hao et al., 2011). Other groups 
similarly reported that γδ T cells could activate macrophages 
via IFN-γ (Holderness et al., 2013). In addition, γδ T cells 
were considered responsible for recruitment of monocytes/
macrophages that boosted innate responses (Bonneville et al., 
2010). Additionally, increasing evidence has indicated that γδ 
T cells play critical roles in regulating immune responses in 
the CNS (Shichita et al., 2009; Benakis et al., 2016; Malik et 
al., 2016). However, whether γδ T cells participate in immune 
responses after SCI is unknown.

In this paper, we show that γδ T cells, especially Vγ4 γδ 
T cells, play a detrimental role in a mouse model of SCI, prob-
ably by providing a critical source of IFN-γ, which induces 
macrophages to adopt the M1 phenotype with increased se-
cretion of proinflammatory cytokines, such as TNF-α. Block-
ing IFN-γ or inactivating Vγ4 γδ T cells with antibodies had 
a similar effect as that of anti–TNF-α treatment and improved 
the functional recovery after SCI, which may lead to a new 
therapeutic approach to SCI.

Results
γδ T cell depletion contributes to functional 
recovery in a mouse SCI model
Knockout of the TCRδ gene (TCRδ−/− mice) caused a com-
plete loss of γδ T cells, with no effect on the development of 
αβ T cells (Itohara et al., 1993), which, using flow cytometry, 

was confirmed by showing that few γδ T cells were detect-
able in the mutant spleen (Fig. S1 A). To study the role of γδ 
T cells in functional recovery after SCI, a moderate contu-
sion at the level of the 11th thoracic vertebrae (T11) was 
made in TCRδ−/− and age-matched WT B6 mice, and the 
spontaneous recovery of hind limb movement was monitored 
using the Basso mouse score (BMS; Ung et al., 2007). Both 
TCRδ−/− and WT animals exhibited complete hind limb pa-
ralysis with a BMS score of 0 at 1 d after injury. TCRδ−/− 
mice recovered gradually: from 5 d after injury, their BMS 
index increased progressively and peaked at 5 wk after injury 
(mean of 5.25 ± 1.22, n = 8; Fig. 1 A). In contrast, functional 
recovery in WT mice was significantly slower, with a small 
increase in the BMS index of ∼2.5 at 2 wk after injury and no 
further improvements up to 8 wk after injury (Fig. 1 A). This 
significant difference was also apparent in an increased regu-
larity index (improved walking steps) and enlarged hind max 
contact area in TCRδ−/− mice 8 wk after injury, compared 
with control animals (75.00 ± 10.60 vs. 47.00 ± 18.75 and 
0.161 ± 0.029 vs. 0.089 ± 0.037, respectively, n = 8; Fig. 1, B 
and C). To confirm this, we stimulated the dura mater at the 
T6 level as reported previously (Baskin and Simpson, 1987) 
and recorded electromyography of biceps flexor cruris at 8 wk 
after injury. We found that the amplitudes of motor-evoked 
potentials (MEPs) were significantly higher in TCRδ−/− than 
in control mice (1.6 ± 0.86 vs. 0.8 ± 0.44 mV; P < 0.05,  
n = 8 in each group; Fig. 1 D), indicating a better recovery of 
electrophysiological functions of injured hind limbs in mu-
tant mice than in control mice. To assess whether structures 
were preserved better in mutant mice after injury, we first 
measured the size of spinal cord lesions in serial horizontal 
sections at 8 wk after injury using anti–glial fibrillary acidic 
protein (GFAP) immunostaining and found that the lesion 
volume was significantly smaller in TCRδ−/− than in WT 
mice (0.33 ± 0.10 vs. 0.68 ± 0.11 mm3; P < 0.01, n = 6 an-
imals in each group; Fig. 1 E). We then counted the number 
of surviving spinal motor neurons using anti–choline acet-
yltransferase (ChAT) immunostaining at five different levels: 
the injury site, as well as 1.5 mm and 2.5 mm rostral and cau-
dal. There were no surviving motor neurons at the injury sites 
in both groups, but more motor neurons survived at the four 
distant sites in TCRδ−/− mice than in WT mice (Fig. 1 F). 
As SCI can induce an increase of nonphosphorylated forms 
of neurofilament H, detected by antibody SMI32 (Pitt et al., 
2000), we stained sections with SMI32 and found that the 
expression in neurons was significantly higher in WT than 
in TCRδ−/− samples (Fig. 1 G). These results indicated that 
depletion of γδ T cells contributed to motor neuron survival 
and thereby promoted functional recovery after SCI. To test 
this hypothesis further, γδ T cells from WT mice were isolated 
and adoptively transferred into TCRδ−/− mice. Using flow 
cytometry, transferred γδ T cells were detectable in mutant 
spleens 48 h after transplantation (Fig. S1 A). Compared with 
mice treated with PBS, mice with reconstituted γδ T cells 
exhibited less desirable functional recovery, with significantly 
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lower BMSs (Fig. 1 H), regularity index (Fig. 1 I), and hind 
max contact area (Fig. 1 J) after injury. These results suggested 
a detrimental role of γδ T cells in our mouse model of SCI.

γδ T cells are recruited to the injury site 
and produce IFN-γ in situ
To determine whether γδ T cells are recruited into the injury 
site after SCI, we used TCRα+/−;TCRδEGFP/+ mice for an 
SCI model in which γδ T cells were specifically labeled with 
enhanced GFP (Prinz et al., 2006). As predicted, γδ T cells 
appeared at the injury site 24 h after injury and were quan-
tified. Five slices per mouse and six mice per genotype were 
quantified. Sections matched in anatomy were serially chosen, 
and a 0.1-mm2 area per image was selected randomly (Fu et 
al., 2017). Most of the IFN-γ–positive cells were γδ T cells 
(77.4 ± 2.0%, n = 6; Fig. 2 A). Immunohistochemical staining 
with anti-Vγ1 and -Vγ4 antibodies showed that the majority 
of infiltrating γδ T cells (91.7 ± 2.3%, n = 6) were positive for 

Vγ4, but not for Vγ1 (Fig. 2 B). This suggested that Vγ4 γδ T 
cells might provide an early source of IFN-γ in SCI.

γδ T cell–derived IFN-γ hampers functional recovery
Based on the results reported (see previous paragraph), we 
hypothesized that γδ T cell–derived IFN-γ might be a detri-
mental mediator in functional recovery after SCI. To test this, 
TCRδ−/− mice were reconstituted with in vivo expanded γδ 
T cells derived from WT or IFN-γ−/− mice or injected with 
PBS 1 d before SCI. The transferred γδ T cells were detectable 
in the spleen of the recipient mice 24 h after transplantation 
(Fig. S1 A). We found that γδ T cells were well reconstituted 
(Fig. S1 B). TCRδ−/− mice that received γδ T cells from 
IFN-γ−/− mice had improved recovery compared with those 
that received γδ T cells from WT mice or those treated with 
PBS alone, as shown by measuring BMSs (Fig. 3 A), regularity 
indexes (Fig. 3 B), and greater max contact areas of hind limbs 
(Fig. 3 C). This was further supported by the observation of 

Figure 1.  γδ T cells play a detrimental role in traumatic SCI. (A) BMSs of WT and TCRδ−/− mice at different time points after spinal cord contusion  
(P < 0.0001, n = 8; repeated measures ANO​VA with Bonferroni’s post-hoc correction). (B and C) Locomotor functional recovery evaluated using the CatWalk 
XT automated quantitative gait analysis system. (B) Regularity index, P = 0.0024. (C) Hind max contact area, P = 0.0065. (D) Examples and comparison 
of amplitudes of MEP recordings 8 wk after surgery (P = 0.034). (B–D) n = 8; Student’s t test. (E) Representative injury sites in WT and TCRδ−/− animals 
8 wk after surgery, labeled with anti-GFAP antibodies, and comparison of lesion volumes in both groups (P = 0.0004). Bar, 500 µm. (F) Survival of motor 
neurons immunostained with anti-ChAT antibodies in the spinal cord ventral horn at the eighth week after SCI and comparison of ventral horn neurons in 
both groups at various distances from the injury epicenter (P = 0.032). Bars, 250 µm. CC, central canal; VH, ventral horn; arrows indicate neurons. (E and F)  
n = 6; Student’s t-test. (G) Anti-SMI32 immunostaining of horizontal spinal sections disclosed more immunoreactivity in the WT than in the mutant 8 wk 
after surgery (P = 0.0028, n = 5; Student's t test). Bar, 500 µm. (F and G) The right panels are magnified from the boxed regions on the left. (H–J) Functional 
recovery of TCRδ−/− mice after reconstitution with WT γδ T cells or injection of PBS (n = 6). (H) P = 0.0018 (repeated measures ANO​VA with Bonferroni’s 
post-hoc correction). (I) P = 0.0002 (Student's t test). (J) Hind max contact area, P = 0.0003 (Student's t test). Error bars represent mean ± SEM (where 
included). *, P < 0.05; **, P < 0.01; ***, P < 0.001. 
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smaller lesions and an increased number of surviving motor 
neurons in the group reconstituted with IFN-γ−/− γδ T cells 
versus the group with WT γδ T cells (Fig. S2). These results 
indicated that IFN-γ might be a critical mediator involved in 
the detrimental effects of γδ T cells in SCI.

To define which subset of γδ T cells was the main 
source of IFN-γ, Vγ4 γδ T cells or Vγ1 γδ T cells from WT 
or IFN-γ−/− mice or PBS as a control were transferred into 
TCRδ−/− mice 1 d before SCI. TCRδ−/− mice reconsti-
tuted with Vγ4 γδ T cells from IFN-γ−/− mice or injected 
with PBS displayed better functional recovery than those 
reconstituted with WT Vγ4 γδ T cells, as shown in BMSs 

and CatWalk tests (Fig. 3, D–F). Interestingly, this effect was 
not obtained with Vγ1 γδ T cells: TCRδ−/− mice reconsti-
tuted with WT Vγ1 γδ T cells, IFN-γ−/− Vγ1 γδ T cells, or 
PBS had similar functional recoveries (Fig.  3, G–I). These 
results strongly suggest that Vγ4 γδ T cells are the earliest 
source of IFN-γ after SCI.

IFN-γ signaling is critical for the 
functional impairment after SCI
To further evaluate whether IFN-γ acts as a key mediator 
in γδ T cell–induced impairment of recovery, experimental 
SCI was performed in IFN-γ−/− and IFN-γR−/− mice. As 

Figure 2.  γδ T cells are recruited to the injury site and express IFN-γ. Spinal cord transverse sections from WT mice 24 h after injury. (A) TCR δ-GFP 
mice were sacrificed at 24 h after SCI, and spinal cords were prepared for immunohistochemistry. Sections were stained and read by confocal microscopy. 
DAPI shows the nucleus. The percentage of γδ T cells and non-γδ T cells in total IFN-γ+ cells was calculated and is shown in the pie chart. White arrows 
point to IFN-γ–producing γδ T cells. Red arrows point to IFN-γ+ γδ TCR cells. CC, central canal; DH, dorsal horn. (B) Double immunofluorescence showed 
that most γδ T cells were Vγ4 positive (indicated by arrows), but not Vγ1 positive. Bars, 50 µm. n = 6 mice per group. One representative of at least two 
independent experiments is shown.
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expected, IFN-γ−/− and IFN-γR−/− mice recovered better 
than control mice, as indicated by higher BMSs, increased 
regularity indexes, and larger max contact areas of hind limbs 
(Fig. 4, A–C). These results were consistent with the previous 

findings that IFN-γ–stimulated M1 macrophages were detri-
mental to neurons in vitro (Kigerl et al., 2009).

To determine whether macrophages were critical IFN-γ 
responders in vivo, a bone marrow chimera assay and adoptive 

Figure 4.  IFN-γ signaling in macrophages is essential for impairing neurological recovery from SCI. (A–C) After SCI, behavioral tests were assessed 
in WT, IFN-γ−/−, and IFN-γR−/− mice. (A) Statistical analysis comparing IFN-γ−/− and WT mice (*, **) or IFN-γR−/− and WT (#, ##). (B and C) Regularity index 
and hind max contact area with CatWalk test (C). (D–F) Irradiated WT mice were reconstituted with bone marrow from WT or IFN-γR−/− mice and tested 
for recovery. (G) BMSs were measured in irradiated WT mice injected with peritoneal macrophages prepared from WT or IFN-γR−/− mice or PBS alone. Error 
bars represent mean ± SEM. (A, D, and G) Two-way repeated measures ANO​VA with Bonferroni’s post-hoc correction. (B, C, E, and F) One-way ANO​VA with 
Tukey’s multiple comparisons test. * or #, P < 0.05; ** or ##, P < 0.01; ***, P < 0.001. n = 8. MØ, macrophages.

Figure 3.  γδ T cell–derived IFN-γ is critical in 
impairing recovery after SCI. (A–C) TCRδ−/− SCI 
mice were reconstituted with γδ T cells from WT 
or IFN-γ−/− animals or PBS alone, and evaluation 
of recovery after SCI. (D–F) Functional recovery of 
TCRδ−/− SCI mice reconstituted with Vγ4 γδ T cells 
from WT or IFN-γ−/− mice or PBS only. (G–I) Re-
covery after SCI of TCRδ−/− SCI mice reconstituted 
with Vγ1 γδ T cells from WT or IFN-γ−/− mice or 
PBS only. Error bars represent mean ± SEM. (A, D, 
and G) Two-way repeated measures ANO​VA with 
Bonferroni’s post-hoc correction. (B, C, E, F, H, and 
I) One-way ANO​VA with Tukey’s multiple compar-
isons test. *, P < 0.05; **, P < 0.01; ***, P < 0.001; 
****, P < 0.0001. n.s., not significant. n = 8.
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transfer experiments were performed. For the chimera assay, 
bone marrow cells from WT or IFN-γR−/− mice were trans-
planted into irradiated WT mice, and chimeric mice were 
found to have ∼85% chimeric cells (Fig. S1 D), indicating 
a successful reconstitution. The chimeric mice that received 
IFN-γR−/− bone marrow cells exhibited better functional 
recovery than those that received WT bone marrow cells, as 
shown in BMSs and CatWalk tests (Fig.  4, D–F). This in-
dicated that bone marrow–derived cells were the IFN-γ 
responders after SCI. For adoptive transfer experiments, peri-
toneal macrophages were collected from WT or IFN-γR−/− 
mice and transferred into WT mice by intravenous injections 
(Wang et al., 2015). Compared with mice that received WT 
macrophages, those that received IFN-γR−/− macrophages 
recovered better in terms of BMSs (Fig. 4 G) and CatWalk 
tests (Fig. S3). Thus, bone marrow–derived macrophages 
(BMDMs) are likely the main responders to IFN-γ signaling 
and impair recovery after SCI.

γδ T cell–derived IFN-γ regulates the production of 
proinflammatory cytokines
We then asked whether the depletion of γδ T cells or in-
activation of IFN-γ functions influences the production of 
proinflammatory cytokines. Spinal cord tissues from the in-
jury sites were collected 24 h after injury, and the levels of 
different cytokines were measured using a multiplex Luminex 
kit. In samples from TCRδ−/− mice, the levels of M1-related 
proinflammatory cytokines, including IL-1α, IL-6, TNF-α, 
IFN-γ, and MIP-1α, were significantly decreased when com-
pared with samples from WT mice or from TCRδ−/− mice 
reconstituted with WT γδ T cells (Fig. 5 A and Fig. S4). These 
proinflammatory cytokines were also significantly reduced in 
lesioned spinal cord tissue from IFN-γ−/− and IFN-γR−/− 
mice (Fig. 5 B and Fig. S4). To test whether inactivation of 
IFN-γ signaling affects macrophage phenotypes, 24  h after 
SCI, tissue sections were immunostained with anti-F4/80, a 
generic macrophage marker, and with anti–nitric oxide syn-
thase (iNOS), a marker of the M1 phenotype. The ratio of 
iNOS- to F4/80-positive cells was used to estimate the pro-
portion of M1-activated macrophages. As shown in Fig. 5 C, 
most infiltrating macrophages in WT mice were iNOS posi-
tive, showing an M1 phenotype (Prieur et al., 2011). In con-
trast, the proportion of iNOS-positive cells was reduced in 
IFN-γR−/− mice (Fig. 5 C). Additionally, some Arg1-positive 
cells, presumably M2 macrophages, were present in spinal sec-
tions from IFN-γR−/− mice (Fig. S5). These results further 
supported the fact that γδ T cells produced early IFN-γ–stim-
ulated proinflammatory M1 macrophages and induced det-
rimental effects in SCI.

Transcription factor NF-κB is critical in regulating the 
expression of numerous proinflammatory cytokines such as 
TNF-α and IL-6, and its phosphorylation induces the pro-
duction of these detrimental cytokines after SCI (Mattson 
and Camandola, 2001). To test whether the changes of cy-
tokine levels observed upon IFN-γ inactivation were re-

lated to NF-κB signaling, we isolated macrophages from 
WT and IFN-γR−/− mice and stimulated them with li-
popolysaccharide. Western blot analysis showed that the 
phosphorylation of NF-κB p65 (Ser 468) and Stat1 was sig-
nificantly less in IFN-γR−/− mice when compared with WT 
control mice (Fig. 5 D).

Anti-Vγ4 treatment improves functional recovery after SCI
Having determined that Vγ4 γδ T cells are the main source of 
IFN-γ at the SCI injury site and that IFN-γ favors the pro-
duction of proinflammatory cytokines that hinder recovery, 
we hypothesized that Vγ4 γδ T cells might serve as a potential 
target for therapy after SCI. To test this, WT mice with SCI 
were treated with anti-Vγ4 antibodies, and their neurologi-
cal functional recoveries were monitored as described in the 
previous paragraph. Using flow cytometry analysis of spleen 
samples, we detected 21.5% Vγ4-positive cells and 49.5% 
Vγ1-positive cells among all γδ T cells from control anti-
body–treated mice; however, the percentages were reduced to 
1.19% in anti-Vγ4 antibody–treated mice and 7.26% in an-
ti-Vγ1–treated mice, respectively (Fig. S1 C), indicating that 
antibodies effectively inactivated Vγ4- or Vγ1-positive cells. 
Anti–TNF-α treatment, previously known to be beneficial in 
SCI, was used as a positive control. Treatment with anti-Vγ4, 
anti–IFN-γ, or anti–TNF-α antibodies had similar effects and 
resulted in significantly better recoveries when compared 
with treatment with control antibody or anti-Vγ1 antibodies, 
which yielded comparable results, as estimated in the BMS 
and CatWalk tests (Fig. 6, A–C).

Traumatic SCI in human subjects induces the 
infiltration of γδ T cells
To investigate whether lesion infiltration with γδ T cells also 
occurs in patients with SCI, cerebrospinal fluid (CSF) sam-
ples were collected from 22 patients with thoracic or cer-
vical segment injuries (Fig.  7 B and Table  1) and from 20 
control donors without SCI. Using flow cytometry analysis, 
γδ T cells were detected in the CSF or the peripheral blood 
from patients (n = 15; Fig. 7 A), but not in controls (n = 3; 
Fig. S1 D). Interestingly, we found detectable levels of IFN-γ, 
but not IL-17, in the CSF and blood from SCI patients 
(Fig.  7 A and Fig. S1 D). Furthermore, the level of IFN-γ 
from CSF-derived γδ T cells was significantly higher than 
that from blood-derived γδ T cells (Fig. 7, B and C; n = 15 
patients). Levels of proinflammatory cytokines IFN-γ, IL-6, 
TNF-α, MIP-1β, and MCP-1 were significantly increased in 
the CSF of SCI patients (n = 22) compared with controls  
(n = 20; Fig. 7 D). Our results from human samples thus con-
firm the conclusion from our animal studies that γδ T cells 
were the source of IFN-γ in SCI.

Discussion
Neurological impairment after SCI is a severe health prob-
lem that is aggravated by the infiltration of immune cells and 
the resulting inflammation at and around the injury site. Our 
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Figure 5.  γδ T cells and IFN-γ influence the production of proinflammatory cytokines at the SCI site. Proinflammatory cytokines were analyzed in 
spinal samples at 1 d after SCI. (A) The levels of MIP-1α, TNF-α, IFN-γ, IL-1α, and IL-6 were significantly decreased in the TCRδ−/− group compared with the 
WT or TCRδ−/− plus γδ T cell reconstitution groups. IL-4 expression was comparable in the three groups (one-way ANO​VA with Tukey’s multiple comparisons 
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research shows that γδ T cells, especially Vγ4 γδ T cells, are 
recruited at the injury site during the early phase after SCI, 
which impairs functional recovery. IFN-γ secreted by Vγ4 
γδ T cells acts on BMDMs, triggering their production of 
TNF-α and other cytokines. Inactivation of Vγ4 γδ T cells 
or blocking of IFN-γ functions results in functional improve-
ment comparable to that obtained with anti–TNF-α treat-
ment, further confirming a detrimental role of Vγ4 γδ T cells 
in SCI. Detection of IFN-γ–producing γδ T cells in the CSF 
and peripheral blood of SCI patients lends further support to 
our hypothesis. Therefore, our studies demonstrate a previ-
ously unknown, physiopathological mechanism of neurologi-
cal impairment after SCI and identify Vγ4 γδ T cells as novel 
potential therapeutic targets.

γδ T cells are a unique subset of T cells that play dif-
ferent roles in different disease models. For example, γδ T 
cells prevented the overproduction of inflammatory cyto-
kines in the Listeria monocytogenes–infected mouse model 
(Skeen et al., 2001), whereas they provided a major source 
of inflammatory cytokines detrimental to the injury in an 
ischemic model (Shichita et al., 2009). They also harbored 
different roles in different tumor models (Gao et al., 2003; 
Daley et al., 2016). A striking observation in our study was 
that complete depletion of γδ T cells resulted in improved 
neurological recovery from experimental SCI in mice and 
that recovery in TCRδ−/− mice was very similar to that in 
IFN-γ−/− mice (Fig. 1 and Fig. 3), indicating that γδ T cells 
may provide the main source of IFN-γ in SCI. Indeed, γδ T 
cells, especially IFN-γ–positive Vγ4 γδ T cells, are recruited 
at the injury site (Fig. 2), and the reconstitution of TCRδ−/− 
mice with Vγ4 γδ T cells isolated from IFN-γ−/− mice, but 

not from WT mice (Fig. 3), enhanced neurological recoveries. 
This is in agreement with the idea that Vγ4 γδ T cells provide 
an early source of IFN-γ in SCI and play a detrimental role 
in neurological recoveries. However, we cannot exclude the 
possibility that γδ T cells might also contribute to the im-
munopathology upon injury. It also remains unclear which 
factors trigger the recruitment of Vγ4 γδ T cells at the injury 
sites, whether the IFN-γ–producing γδ T cells are selectively 
recruited, and how they are triggered to produce IFN-γ. SCI 
broke the BSCB, and this may have caused the release of dif-
ferent cytokines and chemokines. Further studies are needed 
to better identify the factors responsible for the recruitment 
and activation of γδ T cells in SCI.

The effect of IFN-γ on CNS inflammation and repair 
is still controversial. Using genetic animal models, we provide 
convincing evidence that the early production of IFN-γ by γδ 
T cells is detrimental for recovery after SCI and that BMDMs 
are key responders to IFN-γ. In addition, we found an early 
filtration of γδ T cells with the elevated level of IFN-γ in the 
CSF from SCI patients, further supporting our hypothesis that 
IFN-γ influences the outcome of neuronal injury. Further-
more, other studies using IFN-γ−/− mice also demonstrated 
a neurotoxic effect of IFN-γ after peripheral nerve injuries 
(Victório et al., 2012). A detrimental role of IFN-γ produced 
by Th1 cells has also been suggested in other CNS diseases 
(Smith et al., 2009; Silver et al., 2015). We are aware that our 
data appear contradictory to observations that administra-
tion of IFN-γ has a protective role after SCI (Fujiyoshi et al., 
2010; Ishii et al., 2013). This apparent discrepancy might be 
caused by the different techniques used to produce and ana-
lyze SCI in mice. In this, it is worth noting that the putative 

test). (B) In the IFN-γ−/− and IFN-γR−/− group, the levels of MIP-1α, TNF-α, IFN-γ, IL-1α, and IL-6 were significantly decreased compared with the WT group, 
but there were no significant differences between the IFN-γ−/− and IFN-γR−/− groups (one-way ANO​VA with Tukey’s multiple comparisons test). (C) Spinal 
sections from WT mice 1 wk after SCI immunostained with anti-F4/80 (a generic marker for macrophages) and anti-iNOS (a maker for M1 macrophages). The 
ratio of iNOS-positive to F4/80-positive cells was significantly decreased in the IFN-γR−/− group compared with the WT (P = 0.0113). (D) Protein expression 
was analyzed by Western blot using BMDMs from WT and IFN-γR−/− mice followed with lipopolysaccharide stimulation. The phosphorylation of Stat1 and 
p65 was significantly decreased in the IFN-γR−/− group compared with the WT (Student's t test). *, P < 0.05; **, P < 0.01; ***, P < 0.001. Results (C) represent 
one of at least two repeated experiments; mean ± SEM; n = 4. n.s., not significant.

Figure 6.  Anti-Vγ4 or anti–IFN-γ treat-
ment contributes to functional recovery 
after SCI. WT SCI animals were treated with 
anti–IFN-γ, anti–TNF-α, anti-Vγ4, and anti-Vγ1 
antibodies or isotype antibodies as control and 
underwent behavioral tests. (A–C) BMSs (A) 
were estimated at different time points after 
injury (P < 0.0001; two-way repeated measures 
ANO​VA with Bonferroni’s post-hoc correction), 
and regularity index (B) and max contact area 
(C; one-way ANO​VA with Tukey’s multiple com-
parisons test) were measured with CatWalk at 
the eighth week after injury. n = 8 mice per 
group; mean ± SEM; **, P < 0.01; ***, P < 0.001, 
all compared with the control antibody group.
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protective role of IFN-γ in these experiments was not tested 
directly in IFN-γ−/− or IFN-γR−/− mice. The differences in 
the approaches and time points of interfering IFN-γ signaling 
might also have contributed to the discrepancies.

Macrophages are key regulators of balanced pro- and 
antiinflammatory responses. According to the microenvi-
ronment, macrophages can adopt two phenotypes: classically 
(M1) or alternatively (M2) activated macrophages (Murray 
et al., 2014). Macrophages adopt the M1 phenotype upon 
stimulation with IFN-γ, plus bacterial products such as lipo-
polysaccharide. IFN-γ induces secretion by M1 macrophages 
of inflammatory cytokines including TNF-α, IL-1, and IL-6 
(David and Kroner, 2011). M2 macrophages, induced by Th2 
cytokines such as IL-4 and IL-13, as well as by immune com-
plexes, produce antiinflammatory cytokines, inhibit the in-
flammation response, and promote tissue repair (Gordon and 
Taylor, 2005). One important finding of our studies was that 
BMDMs are the responders to Vγ4-derived IFN-γ and are a 
main source of proinflammatory cytokines. This is supported 
by two sets of observations. First, IFN-γR−/− mice, chimeras 
with IFN-γR−/− bone marrow, as well as mice receiving adop-
tively transferred IFN-γR−/− peritoneal macrophages show 
similar functional recoveries after SCI (Fig. 4). However, we 
cannot exclude the possibility that the adoptively transferred 
macrophages might possess different abilities to traffic to the 
lesion sites. Second, levels of proinflammatory cytokines and 
numbers of M1 macrophages are reduced in IFN-γR−/− mice 
compared with WT mice (Fig. 5 A). We present consistent 
results that inflammatory cytokines in TCRδ−/−, IFN-γ−/−, 
and IFN-γR−/− mice are more significantly reduced than WT 
mice in the SCI model (Fig. 5, A and B), further supporting 
our notion that γδ T cells provide the earliest source of IFN-γ 
that triggers the production of inflammatory cytokines by 
macrophages in an IFN-γ–IFN-γR–dependent manner. By 
regulating the production of proinflammatory cytokines, the 
NF-κB pathway plays a central role in controlling inflam-
mation (Libermann and Baltimore, 1990; Beg et al., 1993; 
Beg and Baltimore, 1996; Sumitomo et al., 1999; Luan et 
al., 2014; Yu et al., 2015), and we show reduced NF-κB p65 
phosphorylation in IFN-γR−/− macrophages (Fig.  5 D). In 
the presence of IFN-γ, cytokines released from damaged spi-
nal cords may trigger NF-κB activation and production of 
proinflammatory cytokines. This could result in a positive 
loop, accounting for the “secondary hit” of SCI. In contrast, 
a decrease in IFN-γ signaling may down-regulate the NF-κB 
pathway, interrupting that positive loop and thus showing im-
proved neurological recovery.

Based on the fact that Vγ4 γδ T cells are the key source 
of IFN-γ, which then triggers detrimental inflammatory cy-
tokine production by macrophages and increases neurological 
injury, it is certainly possible that Vγ4 γδ T cells are the poten-
tial target for in vivo intervention. Indeed, we used a Vγ4 γδ 
TCR–specific antibody (clone UC3) in vivo and showed that 
injection of neutralizing anti-Vγ4 antibodies has a beneficial 
effect of neurological recovery upon SCI (Fig. 6). Although 

there is evidence showing that anti-pan γδ TCR antibody 
(clone UC7) induces TCR internalization rather than de-
pleting the cells (Koenecke et al., 2009), it remains unclear 
whether anti-Vγ1 (clone 2.11) or anti-Vγ4 antibodies de-
plete the corresponding subset of γδ T cells or just inactivate 
them. However, these two antibodies have been widely used 
in vivo to inactivate these two subsets of γδ T cells in many 
disease models (Huber et al., 2000; Hahn et al., 2004; Huang 

Figure 7.  Infiltration of γδ T cells and elevated levels of inflamma-
tory cytokines in the CSF of SCI patients. (A) Using flow cytometry 
analysis, γδ T cells were enriched in the CSF and peripheral blood from 
SCI patients, and most of CSF-derived γδ T cells were positive for IFN-γ. 
(B) MRI image showing the injury site in a patient with SCI (arrow). (C) 
Statistical analysis showed a significantly higher ratio of IFN-γ+ γδ T cells 
in CSF than peripheral blood samples (P < 0.0001; n = 15). (D) The levels 
of IFN-γ, IL-6, TNF-α, MIP-1β, and MCP-1, but not IL-4, were significantly 
increased in the CSF from SCI patients compared with the control group 
(n = 20–22). Numbers represent frequencies (percentage) of cells in cor-
responding gates. Results (A and B) represent one of at least two repeated 
experiments. ***, P < 0.01. Mean ± SEM; Student's t test; ns, not significant.
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et al., 2009; Hao et al., 2011). Our results further emphasize 
that antibodies against Vγ4 γδ T cells inactivate the function 
of this subset of γδ T cells.

The inflammatory cytokine TNF-α is considered a 
therapeutic target in autoimmune diseases, and anti–TNF-α 
antibodies have been used successfully in Crohn’s disease, 
ulcerative colitis, psoriasis, psoriatic arthritis, ankylosing 
spondylitis, and rheumatoid arthritis (Prescott et al., 2007; 
Kemény-Beke et al., 2010; Papoutsaki and Costanzo, 2013; 
Mozaffari et al., 2014; Ceccarelli et al., 2017; Rayen et al., 
2017). It was also shown that treatment with anti–TNF-α 
is beneficial in animal SCI models (Genovese et al., 2006, 
2007; Marchand et al., 2009; Bayrakli et al., 2012). In our 
model, the improved recovery observed in the absence of 
γδ T cells, especially Vγ4 γδ T cells and their production of 
IFN-γ, is very similar to the effect of anti–TNF-α treatment 
(Fig. 6), and this suggests that Vγ4 γδ T cells are a potential 
therapeutic target in SCI. This is further supported by our 
demonstration that human samples from SCI patients are en-
riched in IFN-γ–positive γδ T cells and inflammatory cyto-
kines (Fig. 7). Further studies are needed to understand future 
links between γδ T cell–derived IFN-γ, the consequential 
production of inflammatory cytokines, and the mechanisms 
of functional recovery.

In summary, as revealed in our mouse model, γδ T cells, 
especially Vγ4 γδ T cells, play a detrimental role in the acute 
phase of SCI by providing IFN-γ that acts on BMDMs and 
directs them toward M1 phenotypes; these phenotypes in 
turn produced proinflammatory cytokines. Treatment with 

neutralizing Vγ4 antibodies shows a beneficial effect similar 
to that of anti–TNF-α. Therefore, Vγ4 γδ T cells should be 
considered as a novel therapeutic target for SCI.

Materials and methods
Mice
C57BL/6J, TCRδ−/−, IFN-γ−/−, IFN-γR−/−, and TCRα+/−; 
TCRδEGFP/+ mice were purchased from the Jackson Labora-
tory. All mice were females, aged 7–8 wk old, and weighed 
17–22  g at the time of surgery. Animals were maintained 
under pathogen-free conditions in the animal facility at Jinan 
University. All procedures were approved by and performed 
in accordance with the Jinan University’s Institutional Labo-
ratory Animal Care and Use Committee.

Reagents
PerCP-conjugated anti–mouse CD11c (clone N418) was 
purchased from BioLegend. PE-conjugated anti–mouse 
F4/80 (clone BM8), APC-conjugated anti–mouse CD86 
(clone GL1), and FITC anti–mouse TNF-α (clone XT3.11) 
were purchased from Tianjin Sungene. GolgiPlugs were pur-
chased from BD Biosciences. Anti–mouse CD3e mAb (clone 
145-2C11), anti–mouse CD28 mAb (clone 37.51), and 
purified hamster IgG anti–mouse TCR Vγ1 (clone 2.11)/
Vγ4 (clone UC3)/ TCR-γ/δ (clone GL3) mAb were from 
Tianjin Sungene. The recombinant human TNF-α recep-
tor IgG Fc fusion protein (rhTNFR:Fc) was obtained from 
Shanghai CP Guojian Pharmaceutical Co., Ltd. Antibodies 
used for γδ T cell flow cytometric analysis such as FITC 

Table 1.  Patient demographics and baseline neurological status

ID Mechanism of injury Spinal injury Age Sex ASIA grade Level

yr
1 MVA T9/T10 fracture-dislocation 45 M A Thoracic
2 Fall from standing height T4 burst fracture 21 M A Thoracic
3 Diving C6/7 fracture-dislocation 36 M B Cervical
4 MVA C4/5 fracture-dislocation 28 F A Cervical
5 Fall from standing height C5/6 flexion-distraction 39 M B Cervical
6 Fall from standing height T9 and T10 burst fractures 41 F B Thoracic
7 MVA T10 burst fracture 32 M A Thoracic
8 MVA T1 burst fracture 25 M A Thoracic
9 MVA T6 burst fracture 33 M A Thoracic
10 MVA T12 burst fracture 50 M A Thoracic
11 Fall from standing height T8 burst fracture 46 M B Thoracic
12 MVA C6/7 fracture-dislocation 33 M A Cervical
13 MVA T11/T11 fracture-dislocation 26 F A Thoracic
14 MVA T6 and T7 burst fractures 36 M A Thoracic
15 MVA T8 and T9 burst fractures 42 M A Thoracic
16 Fall from standing height T8 and T9 burst fractures 31 M A Thoracic
17 Fall from standing height C5/6 flexion-distraction 30 F B Cervical
18 Fall from standing height C3/4 flexion-distraction 37 M A Cervical
19 MVA C5/6 flexion-distraction 36 M A Cervical
20 MVA T1 burst fracture 35 M B Thoracic
21 MVA T10 burst fracture 22 F A Thoracic
22 MVA T7 burst fracture 28 M A Thoracic
Totals 34.18 ± 7.69 17 M, 5 F 16 A, 6 B 7 cervical,15 

thoracic

MVA, motor vehicle accident; M, male; F, female.
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anti–mouse TCR Vγ1 (clone 2.11), PE anti–mouse TCR 
Vγ4 (clone UC3-10A6), APC anti–mouse TCR-γ/δ (clone 
GL3), PerCP/Cy5.5 anti–human TCR-γ/δ (clone GL3), 
and FITC anti–human IFN-γ (clone B27) were purchased 
from Tianjin Sungene. PerCP/Cy5.5 anti–human TCR-γ/δ 
(clone B1), V500 anti–human CD3 (clone SP34-2), and V450 
anti–mouse CD3 (clone 500A2) were from BD Biosciences, 
and PE anti–human IL-17A (clone BL168) was from Bio-
Legend. The standard culture medium was RPMI 1640 (Eu-
roclone) or DMEM (Hyclone; Thermo) containing 10% FCS 
(Euroclone), 2  mM l-glutamine, 100 U/ml penicillin, and 
100 mg/ml streptomycin.

Contusive SCI model
Contusive SCI was performed using a New York University 
impactor as described previously (Ma et al., 2015). In brief, 
mice were anesthetized with pentobarbital (50 mg/kg intra-
peritoneally) and underwent a laminectomy at the T11 and 
T12 level. After clamping the transverse processes of T11 and 
T12 to stabilize the spine, the exposed dorsal surface of the 
cord was subjected to a weight drop injury using a 10-g rod 
dropped from a height of 6.25 mm. After injury, the muscles 
and skin were closed in layers, and mice were placed in a tem-
perature- and humidity-controlled chamber. Manual bladder 
emptying was performed three times daily until reflex bladder 
emptying was established.

Bone marrow chimeras
Bone marrow chimeras were prepared as described previ-
ously (Gao et al., 2003). In brief, recipients were irradiated 
twice at 450 rad with a 2-h interval (total of 900 rad). Donor 
bone marrow cells were injected intravenously into recipients 
(107 cells per mouse). Antibiotics were added to the drinking 
water for the first 4 wk after reconstitution. At 8 wk after 
reconstitution, the mice were used for SCI.

Tissue processing
To harvest spinal cords, mice were deeply anesthetized with 
1.25% tribromoethanol, and the blood was drawn off through 
cardiac puncture. A 10-mm segment of cord centered on T11 
was removed and quickly frozen in an ethanol–dry ice bath. 
Samples were stored at −80°C. The tissue samples were later 
homogenized in 200 µl of ice-cold cell lysis buffer (Beyotime) 
containing enzyme inhibitors and centrifuged at 10,000 g for 
10 min at 4°C, and then the supernatants were frozen at −80°C. 
Protein levels were determined with the bicinchoninic acid 
protein assay as described by the manufacturer (Beyotime).

Immunohistochemistry
For immunofluorescence staining, spinal cord tissues were re-
sected from mice 8 wk after surgery. Mice were deeply anes-
thetized with 1.25% tribromoethanol after thoracotomy, and 
10 ml of normal saline was rapidly perfused through the left 
ventricle. This was followed by perfusion of 30 ml of 4% para-
formaldehyde for fixation. A spinal cord segment measuring 5 

mm in length was resected from the level of T11 and soaked 
in 4% paraformaldehyde for 24  h before being transferred 
into 30% sucrose solution until the tissue sank. After freezing, 
the tissues were cut into ∼15–20-µm sections (Leica). Slices 
were incubated with the following mouse-specific primary 
antibodies: 1:1,000 anti-GFAP (ab7260; Abcam), 1:200 anti- 
ChAT (AB144P; Millipore), 1:500 anti-SMI32 (NE1023; 
Merck), and 1:200 anti-iNOS (BD610328; Abcam). For vi-
sualization, 1:1,000 fluorescent Alexa Fluor 488 or 546 sec-
ondary antibodies (Invitrogen Vector) were used for both or 
single staining at room temperature for 2 h. After washing, the 
tissue slices were fixed with Vectashield containing DAPI and 
used for visualization. An inverted fluorescence microscope 
(Axio Observer A1; Carl Zeiss) was used to capture images 
and conduct further analysis. To determine the total number 
of neurons, the number of motor neurons in both spinal cord 
anterior horns was estimated.

Image analysis
The densities of γδ+ cells and IFN-γ+ cells were quantified 
and expressed as the numbers of marker+ cells divided by 
the area of outlined regions. A 0.1-mm2 area per image was 
selected randomly for quantification. Five slices per mouse 
and six mice per genotype were quantified. γδ+ cells and 
Vγ1 γδ+ or Vγ4 γδ+ cells were quantified and expressed as 
the numbers of marker+ cells divided by a 0.1-mm2 area 
per image. Five slices per mouse and six mice per genotype 
were quantified. Sections matched in anatomy were serially 
chosen (Fu et al., 2017).

For quantitative analysis of cavity volume, serial spinal 
cord sections stained with GFAP were three-dimensionally 
reconstructed. A total of five serial transverse spinal cord 
sections equally spaced 200 µm apart were used to create a 
three-dimensional image corresponding to a 1-cm-long spi-
nal cord segment. The lesion cavity and the spinal cord were 
three-dimensionally reconstructed with a microscope at-
tached to a Neurolucida system (MBF Bioscience). The Neu-
rolucida software calculated the volumes of the cystic cavities 
automatically (Gu et al., 2010).

BMS
The BMS primary scoring system is based on a scale that 
ranges from 0 (complete paralysis) to 9 points (completely 
normal). The mice were placed on a flat surface and observed 
for 5 min. Hind limb motor functions were scored by the 
single-blind method using two independent blind observers. 
The mean score of both observers for two hind limbs was 
used as the BMS of the sample.

EthoVision-assisted open-field test
Mice were placed under illumination (500 lx) in one corner 
of a 50 × 50 × 35–cm box. The trajectories of mice were re-
corded for 15 min. Five mice from each group were continu-
ously monitored. A video-tracking system (XT 7.0 EthoVision; 
Noldus) was used to analyze trajectories and total movements.
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CatWalk-assisted gait analysis
Gait analysis of mice from each group was conducted using 
an automated quantitative gait analysis system (CatWalk XT; 
Noldus). Each mouse was subjected to at least three assess-
ments, each of which required continuous walking on a glass 
plate, along a path that was 50 cm in length. The entire ex-
periment was conducted in a dark, quiet environment. The 
CatWalk system automatically identified and tagged each 
paw print and then generated a series of parameters, includ-
ing paw statistics, general parameters (mean speed and ca-
dence), step sequence parameters, and bases of support. The 
walking coordination was assessed using the regularity index 
as described previously (Koopmans et al., 2005), calculated 
as the number of normal step sequence patterns multiplied 
by four and divided by the total amount of paw placements; 
that value is ∼100% in normal animals. The max contact area 
was indicated by the maximal area of contact between the 
paw and the walking floor.

Sample collection from patients
Patients sustaining acute SCI were recruited at The First Af-
filiated Hospital of Jinan University by neurosurgeons from 
May 2013 to June 2017. Inclusion criteria for the trial in-
cluded American Spinal Injury Association (ASIA) grade A 
or B SCI upon presentation, spinal injury between C4 and 
T10 inclusive, within 48  h after injury and the ability to 
provide a valid, reliable neurological examination. Patients 
were excluded if they had concomitant head injuries, con-
comitant major trauma to the chest, pelvis, or extremities 
that required invasive intervention (e.g., chest tube, internal 
or external fixation), or if they were too sedated or intoxi-
cated to undergo a valid neurological examination. The CSF 
from SCI patients was obtained via myelotomy. To obtain 
the control samples from non-SCI patients, we enrolled in-
dividuals with hip osteoarthritis who were undergoing hip 
replacements under spinal anesthesia. The anesthesiologist 
punctured the dura with a spinal needle, and a 1.5–2.0-ml 
sample of CSF was collected, after which the anesthetic 
agent was injected (Kwon et al., 2010). The clinical trial 
protocol was approved by the Human Ethics Committee 
at Jinan University, and the sample collection was approved 
by individual patients.

Cytokine analysis
The human CSF was analyzed on a Bio-Plex system 
(BioRad) using a 17-plex human cytokine kit that included 
IL-1β, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-10, IL-12p40, 
IL-13, IL-17, MCP-1 (MCAF), IFN-γ, GM-CSF, G-CSF, 
MIP-1β, and TNF-α (catalog no. M5000031YV). The mice 
spinal cords were analyzed with the Bio-Plex system using 
a 23-plex cytokine array kit that included Eotaxin, G-CSF, 
GM-CSF, IFN-γ, IL-1α, IL-1β, IL-2, IL-3, IL-4, IL-5, IL-6, 
IL-9, IL-10, IL-12 (p40), IL-12 (p70), IL-13, IL-17A, KC, 
MCP-1 (MCAF), MIP-1α, MIP-1β, RAN​TES, and TNF-α 
(catalog no. M60009RDPD).

Bone marrow isolation, differentiation, and polarization
Mouse bone marrow cells were flushed from the femur of 
WT or IFN-γR1−/− mice (females, 8 wk old) and differen-
tiated into BMDMs in DMEM with 10% FBS and 20 ng/
ml M-CSF in a 6-well cell culture plate (106 cells/ml) for  
6 d (Zhang et al., 2008). BMDMs were also washed and resus-
pended in fresh media and incubated for a further 1 h in the 
presence of 100 ng/ml Escherichia coli 0111:B4 LPS (Sigma- 
Aldrich) and then were washed and proceeded to the cell lysis 
and protein extraction for Western blot testing.

Western blot
BMDM lysates were obtained with radioimmunoprecipitation 
assay lysis buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 1% Triton 
X-100, 1% sodium deoxycholate, 0.1% SDS, sodium orthova-
nadate, sodium fluoride, and EDTA; Beyotime), 2 mg/ml apro-
tinin, and 1 mM PMSF. Then they were subjected to 10,000 g 
centrifugation at 4°C for 20 min. The protein concentration was 
measured by a bicinchoninic acid protein assay kit. The immu-
noblotting was performed as described previously (Zhu et al., 
2014; Zhao et al., 2017), and the following primary antibodies 
were used: anti-p65, p-p65 (Ser 468), p-p65 (Ser 536), STAT-1, 
p-STAT-1, and GAP​DH, all from Cell Signaling Technology.

γδ T cell proliferation and transplantation
For expansion of Vγ1, Vγ4, and γδ T cells from WT or IFN-γ−/− 
mice in vitro, splenic γδ T cells were sorted and expanded 
with anti-Vγ1 anti-Vγ4 or anti-γδ antibodies as described 
previously (Hao et al., 2011). For polarization of T cells, the 
cells were cultured with 10 μg/ml of plate-coated anti-CD3, 1 
μg/ml of soluble anti-CD28, and 2 ng/ml IL-2 in the neutral 
culture medium as described previously (He et al., 2010; Zhao 
et al., 2011). In cell transfer experiments, PBS, Vγ1, Vγ4, or γδ 
T cells (106 cells per mouse) from WT or IFN-γ−/− mice were 
transplanted into the TCRδ−/− mice (10 mice per group) with 
intravenous injection. 1 d after the transplantation, all mice 
received contusive SCI, and ethology evaluation followed.

Flow cytometry
Macrophages were put in a new well and treated with 1:1,000 
GolgiPlug and 1 ng/ml ionomycin for 6  h and then were 
permeabilized with 0.5% (wt/vol) saponin for 30 min (37°C, 
5% of CO2). The intracellular and cell surface staining were 
performed as the protocol described in the fixation/permea-
bilization kit (554714; BD). For cytokine staining, cells were 
collected and incubated with FITC anti–mouse TNF-α for 
30 min at 4°C, washed with PBS, labeled with cell surface–
staining marker PE-anti–mouse F4/80, APC-anti–mouse 
CD86, and PerCP-anti–mouse CD11c for 20 min at 4°C, 
and detected by FACS verse flow cytometry (BD). Data were 
analyzed using FlowJo (TreeStar).

MEP recording
The MEPs were assayed by electromyography on the mice 8 
wk after surgery as described previously (Ding et al., 2014), 
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with minor modifications. A stimulation electrode was applied 
to the rostral extremity of the surgically exposed spinal cord 
region, and the recording electrode was placed in the biceps 
flexor cruris. A single square wave stimulus of 0.5 mA, 0.5 ms in 
duration, 2-ms time delay, and 1 Hz was used. The latency pe-
riod was measured as the length of time from the stimulus to the 
onset of the first response wave. The amplitude was measured 
from the initiation point of the first response wave to its highest 
point. The peak-to-peak amplitude (P-P value) was calculated 
to estimate the nerve conduction function in the hind limb.

Statistical analysis
The SPSS 19.0 statistical software (IBM) was used to process 
and analyze the data and images. Data were presented as the 
mean ± SEM. For analyzing the differences in BMSs between 
the groups over time, a two-way repeated measures ANO​VA 
with Bonferroni’s post-hoc correction was performed. Other 
data were analyzed using Student’s t test or one-way ANO​
VA with Tukey’s multiple comparison test. All tests were two 
sided, and the level of significance was set at 0.05.

Online supplemental material
Fig. S1 contains data showing the validation of γδ T cell 
transfer, of γδ T cell depletion after antibody treatment, of 
TCR-δ−/− mice, and of chimeric experiments and the infil-
tration of γδ T cells after SCI. Fig. S2 shows morphological 
changes in spinal cords of TCRδ−/− mice reconstituted after 
SCI with γδ T cells from WT or IFN-γ−/− mice. Fig. S3 in-
cludes the results of CatWalk tests in WT mice reconstituted 
after SCI with different macrophages. Fig. S4 shows the levels 
of inflammatory cytokines in different mice 24 h after SCI, 
analyzed using the Bio-Plex system. Fig. S5 shows M2 macro-
phages present in the lesion site in IFN-γR−/− mouse after SCI.
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