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α-Galactosylceramide (α-GC) is widely known to activate invariant natural killer T (iNKT) cells to suppress my-
elin antigen-specific Th1 responses, protecting susceptible mice against experimental autoimmune encephalomyelitis 
(EAE). Here, we demonstrate an unexpected finding that high doses of α-GC exacerbated, rather than ameliorated, 
EAE. Similar results were observed when MOG35-55-specific T cells treated with high-dose α-GC were transferred into 
naïve syngeneic recipient mice. Further study showed that high doses of α-GC directly enhance the Th17 and Th1 re-
sponse by activation of CD4+CD44+ memory T cells through phosphorylation of STAT3 and activation of NF-κB. Un-
like the activation of iNKT cells by low doses of α-GC, high doses of α-GC directly interacted with CD1d expressed 
on T cells and activated Th17 and Th1 cells. Furthermore, antigen-presenting cells (APCs) predominantly express 
CD1d1, whereas the majority of CD4+ T cells express CD1d2. Knockdown of CD1d1 or CD1d2 gene expression by 
RNAi interfered with the activation of iNKT or Th17/Th1 cells, respectively. Therefore, α-GC treatment could im-
prove or worsen EAE by engaging either APCs or Th17/Th1 cells depending on the dose used.
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Introduction

Experimental autoimmune encephalomyelitis (EAE) 
is considered to be a valuable model for the human de-
myelinating disease multiple sclerosis (MS) because they 
share many common pathological features and immune 
dysfunctions [1]. Th1 cells are considered to be almost 
exclusively responsible for the autoimmune tissue dam-

age. However, recent studies have uncovered a vital role 
for Th17 in the induction of EAE. Th17 cells were shown 
to be more potent than Th1 cells in transferring EAE to 
naïve wild-type animals [2]. Many additional studies 
have supported the notion that Th17, rather than Th1 
cells, are primarily responsible for the inflammatory pa-
thology observed in EAE [2-5]. IL-17-deficient animals 
develop EAE with delayed onset and diminished sever-
ity [6]. In addition, administration of an IL-17-blocking 
antibody (Ab) in mice immunized with a myelin antigen 
prevents chemokine expression in the brain and the sub-
sequent development of EAE [2, 7].

The CD1 genes encode a family of glycoproteins that 
are related to major histocompatibility complex (MHC) 
molecules [8]. CD1 molecules can be divided into two 
groups according to sequence homology and tissue distri-
bution [9]. The human CD1a, b and c genes are members 
of group I, whereas CD1d is a member of group II. Mice 
have only two CD1 genes, CD1d1 and CD1d2, which 
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are 95% homologous and belong to group II [10]. Mouse 
and human CD1 molecules present non-peptidic antigens 
to T cells. CD1a, b and c molecules present lipids or 
glycolipids to T cells. Human CD1d and mouse CD1d1 
present α-galactosylceramide (α-GC) to invariant natural 
killer T (iNKT) cells [11], which are a unique and rela-
tively small subset of T cells originally shown to share 
properties of both conventional T and NK cells. CD1d-
restricted T cells are characterized by the expression of 
an invariant TCRα-chain (Vα14 in mice and Vα24 in 
humans) and markers of natural killer (NK) cells and are, 
thus, referred to as iNKT cells [12-15]. iNKT cells show 
a remarkable functional diversity, and elicit varying and 
opposing immune functions. On the one hand, they ac-
tively induce T-cell tolerance and are crucial for the pre-
vention of autoimmune diseases in pre-clinical models 
of MS [16, 17], type 1 diabetes [18, 19], systemic lupus 
erythematosus [20], myasthenia gravis [21] and rheu-
matoid arthritis [22, 23]. On the other hand, iNKT cells 
participate in the innate immune response to promote 
antimicrobial [24-26] and antitumor [27-30] immunity.

It has been reported that α-GC can protect susceptible 
mice against EAE by activating iNKT to suppress myelin 
antigen-specific Th1 and/or Th2 responses. Unexpect-
edly, in our studies, we found that high doses of α-GC 
exacerbated, rather than ameliorated, EAE. We found 

Figure 1 High dose of α-GC potentiates, but low dose of α-GC 
ameliorates, EAE. (A) Mice were administered intraperitone-
ally with α-GC or vehicle at the day of EAE induction. Data are 
expressed as mean clinical score ± SEM. (B) Spinal cord sec-
tions were obtained from EAE mice treated with α-GC or vehicle 
at day 17 post immunization and analyzed for inflammation by 
H&E staining and demyelination by Luxol fast blue staining. Spi-
nal cord samples derived from naïve mice were set as healthy 
control. Original magnification, × 100. Data are representative of 
three independent experiments. 

Figure 2 Adoptive transfer of high dose of α-GC-treated 
MOG35-55-specific cells induces more severe EAE. (A) Spleno-
cytes were isolated from EAE mice at day 13 post immunization 
and stimulated with MOG35-55 peptide (20 μg/ml) in the presence 
of various concentrations of α-GC or vehicle for 3 days. The 
resulting cells were adoptively transferred into naïve recipients. 
Data are expressed as mean clinical score ± SEM. (B) Spinal 
cord sections were obtained from EAE mice at day 13 post 
adoptive transfer and analyzed for inflammation by H&E stain-
ing and demyelination by Luxol fast blue staining. Spinal cord 
samples derived from naïve mice were set as healthy control. 
Original magnification, × 100. Data presented are representative 
of two independent experiments.
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that high doses of α-GC directly facilitated the differen-
tiation and survival of Th17 and activation of Th17 and 
Th1. Depending on the dose used, α-GC treatment could 
improve or worsen EAE. Therefore, our findings caution 
against using α-GC as a treatment option for autoimmune 
diseases.

Results

High doses of α-GC potentiate whereas low doses ame-
liorate EAE

It has been reported that α-GC can protect susceptible 
mice against EAE [17, 31]. However, treatment of mice 
with high dose of α-GC worsened EAE, whereas low 
doses reduced EAE severity (Figure 1A). These findings 
were consistent with histopathological analysis of the af-
fected spinal cord (Figure 1B). When compared with the 
transfer of vehicle-treated (or low dose of α-GC-treated) 
MOG35-55-specific T cells, the transfer of high dose of 
α-GC-treated cells led to a more aggressive clinical 
course in terms of both disease onset and severity, which 
was confirmed by histopathological analysis (Figures 
2A and 2B). When challenged with the eliciting MOG 
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peptide, T cells derived from high dose of α-GC-treated 
EAE mice displayed a markedly enhanced prolifera-
tive response, which was accompanied by significantly 
increased levels of IL-17 and IFN-γ (Figures 3A and 
3B). As shown in Figure 3C, flow cytometric analysis of 
Th17 and Th1 cells revealed that the high dose of α-GC 
markedly enhanced the development of Th17 and Th1 
cells in the spleens and the spinal cords of EAE mice. 
The underlying molecular events involved in Th1 and 
Th17 cell differentiation were further analyzed in CD4+ 

T cells derived from α-GC-treated or control EAE mice 
by immunoblot. As shown in Figure 3D, high dose of 
α-GC specifically enhanced the levels of STAT3 phos-
phorylation. These findings are consistent with the role 
of STAT3 in Th17 differentiation [32, 33]. Although the 
expression and phosphorylation of STAT4 were only 
mildly increased, the upregulation of the Th1-specific 
transcription factor T-bet was greater in the high dose of 

α-GC-treated group than in the vehicle or low dose of 
α-GC treatment groups (Figure 3D). At the same time, 
we also investigated the expression of other transcription 
factors implicated in the generation of Th17 cells, such 
as RORα, RORγt and Ahr in different groups (vehicle, 
0.5 μg and 5 μg), and found that α-GC treatment at high 
or low doses did not affect their expression (data not 
shown). Taken together, these data indicate that high-
dose α-GC treatment on EAE was associated with en-
hanced Th17 and Th1 cell development.

High doses of α-GC enhance Th17 differentiation and 
activation directly

We considered the possibility that high doses of α-GC 
can activate Th17 and Th1 cells rather than iNKT cells. 
As αGC-CD1d-Dimer is a reliable marker for iNKT cells 
[34], we sorted iNKT-depleted cells by excluding αGC-
CD1d-Dimer+ population and stimulated these cells with 

Figure 3 T-cell responses in EAE mice treated with α-GC or vehicle. Splenocytes and CNS-infiltrating mononuclear cells 
(MNCs) were isolated from mice treated with α-GC or vehicle at day 17 post immunization. (A) Splenocytes were examined 
for proliferation in the presence or absence of the MOG35-55 peptide. Data are expressed as mean c.p.m. ± SD. (B) Cell cul-
ture supernatants were analyzed for indicated cytokines by ELISA. Data are expressed as mean concentration ± SD. Aster-
isks represent statistical differences between groups; *P < 0.05. (C) Percentages of Th1 and Th17 cells in CD4 subsets were 
analyzed in mononuclear cells by intracellular staining of IFN-γ and IL-17, respectively. (D) Splenocytes were restimulated 
with MOG35-55 peptide for 24 h. CD4+ T-cell blasts were analyzed for the expression and phosphorylation levels of indicated 
proteins by immunoblotting. Data are representative of three independent experiments.
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Figure 4 In vitro activation of Th17 and Th1 cells by α-GC. (A) Total splenocytes, purified αGC-CD1d-Dimer– splenocytes or 
αGC-CD1d-Dimer–CD4+ T cells were isolated from naïve mice and cultured in the absence or presence of various concen-
trations of α-GC for 72 h. Cell proliferation was determined by [3H]-thymidine incorporation. Data are expressed as mean 
c.p.m. ± SD. (B) Purified αGC-CD1d-Dimer–CD4+ T cells were stimulated with vehicle or α-GC at 10 ng/ml or 400 ng/ml for 
60 h. Supernatants were then collected for determination of indicated cytokines by ELISA. Data are expressed as mean con-
centration ± SD. Asterisks represent statistical differences between groups; *P < 0.05, **P < 0.01. (C) Purified αGC-CD1d-
Dimer–CD4+ T cells derived from naïve mice were cultured with various concentrations of α-GC in the absence or presence 
of anti-IL6 mAb (10 μg/ml) for 72 h. Cells were then collected for analysis of intracellular IL-17 and IFN-γ. (D) Purified αGC-
CD1d-Dimer–CD4+ T cells from naïve mice were activated with plate-bound anti-CD3 and soluble anti-CD28 in the presence 
of various concentrations of α-GC for 4 days under Th17 polarizing conditions. Intracellular staining of IL-17 and IFN-γ were 
analyzed in CD4+ T cells. (E and F) Purified αGC-CD1d-Dimer–CD4+ T cells derived from naïve mice were cultured with ve-
hicle (medium) or α-GC at indicated concentrations for 24 h. Cells were then collected for immunoblotting. (G and H) FACS-
sorted CD4+CD44+ and CD4+CD44–T cells were cultured in the absence or presence of α-GC for 72 h; cell proliferation and 
the concentration of IL-17 and IFN-γ were determined as mentioned above. Data are representative of three independent 
experiments.
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Figure 5 Activation of αGC-CD1d-Dimer–CD4+ T cells and iNKT cells by different doses of α-GC. Sorted αGC-CD1d-Dimer–

CD4+ T cells (A) and iNKT cells (α-GC-CD1d-Dimer+) (B) were stimulated with α-GC at the indicated concentrations or with 
α-GC-pulsed APCs for proliferation and cytokine production. Data represent mean c.p.m. ± SD or mean concentration (pg/ml 
± SD) of triplicates, and are representative of three individual experiments. CD1d-blocking Ab 1B1 or matching isotype con-
trol was added at 10 μg/ml, 30 min before the addition of α-GC. Proliferation was measured by [3H]thymidine uptake after a 
72-h culture. Supernatants from the same culture were measured for the concentration of IL-4, IFN-γ and IL-17 using ELISA. 
Values represent mean concentration (pg/ml ± SD) of three mice from one of the three individual experiments with similar re-
sults.
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Figure 6 In vivo migration of high-dose α-GC-treated MOG35-55-specific cells. α-GC-treated MOG35-55-specific cells (400 ng/ml) 
from GFP-Tg mice were transferred in naïve B6 mice. GFP+ cells in the spleen, lymph nodes and the CNS were determined 
by FACS on 4, 9, 13 and 35 days post injection. Number of total GFP+ cells (upper) and CD4+ and CD8+ subsets (lower) per 
105 cells were enumerated.
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α-GC. As described in Figure 4A, αGC-CD1d-Dimer– 
splenocytes and αGC-CD1d-Dimer–CD4+ T cells were 
highly reactive to high doses of α-GC. Moreover, the 
production of IL-17, IL-6 and IFN-γ was greatly en-
hanced in response to high dose, but not to low dose, of 
α-GC in αGC-CD1d-Dimer–CD4+ T cells, which was 
consistent with the results of IL-17 and IFN-γ intracellu-
lar staining (Figures 4B and 4C). When IL-6 neutralizing 
Ab was added into high dose of α-GC-induced Th17 cell 
culture, the level of Th17 cells was not affected by IL-6 
antagonism (Figure 4C). Furthermore, high dose of α-GC 
promoted the differentiation of Th17 cells in vitro, which 
correlated with an increased phosphorylation of STAT3 
(Figures 4D and 4E). Meanwhile, high dose of α-GC also 
activated Th17 and Th1 cells through activation of NF-
κB by enhancing phosphorylation of p65 (Figure 4F). 
To further elucidate whether the α-GC-enhanced Th17 
cell response was due to Th17 cell differentiation from 
naïve T cells or activation of differentiated memory cells, 
we stimulated sorted CD4+CD44– cells and CD4+CD44+ 
cells with high dose of α-GC, respectively. As shown 
in Figures 4G and 4H, in contrast to CD4+CD44– cells, 
only CD4+CD44+ cells produced IL-17 and IFN-γ when 
stimulated with high dose of α-GC. Thus, these data 
suggest that high doses of α-GC could directly activate 
CD4+CD44+ cells and enhance Th17 and Th1 cell re-
sponse through STAT3 and NF-κB pathways.

To determine whether CD1d was involved in the Th17 
and Th1 responses to high doses of α-GC, we examined 
the α-GC-induced proliferation and cytokine production 
in the presence of CD1d-blocking Ab. The data showed 

that CD1d monoclonal Ab, and not its isotype-matched 
control mAb, could abrogate the proliferation of and 
IL-17/IFN-γ production by αGC-CD1d-Dimer–CD4+ 
T cells (Figure 5A). Both high- and low-dose α-GC-
pulsed antigen-presenting cells (APCs) failed to stimu-
late αGC-CD1d-Dimer–CD4+ T cells to proliferate and 
produce IL-17 and IFN-γ (Figure 5A). In contrast, sorted 
iNKT (αGC-CD1d-Dimer+) cells only proliferated and 
produced IFN-γ and IL-4 in response to α-GC loaded 
onto APCs (Figure 5B). Collectively, these data sug-
gest that high doses of α-GC directly interact with CD1d 
expressed on CD4+ T cells and enhance Th1 and Th17 
responses through activation of memory cells.

Pathogenic cells are significantly increased in transfer 
EAE in response to MOG-specific T cells treated with 
high doses of α-GC

To correlate EAE disease onset with the migration 
of transferred pathogenic cells, we evaluated the time 
course of disease onset using GFP+ MOG-specific T cells 
as a tracer. Cytofluorometric analysis of total MOG-T 
cell, CD4+ or CD8+ cell trafficking in immune organs 
and in the spinal cord on days 4, 8, 13 and 35 revealed 
that the number of α-GC-treated GFP+ cells was signifi-
cantly increased as compared to the vehicle-treated cells, 
particularly in the central nervous system (CNS), which 
correlated with the disease course (Figure 6). These data 
further confirmed that high doses of α-GC-enhanced 
pathogenic cells, namely, Th17 and Th1 cells, in transfer 
EAE.
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Figure 7 The role of CD1d1 and CD1d2 on the activation of iNKT and αGC-CD1d-Dimer–CD4+ T cells. (A) Relative expres-
sion of CD1d1 and CD1d2 by APCs, αGC-CD1d-Dimer–CD4+ T cells and iNKT cells from splenocytes of naïve mice was 
determined by real-time PCR. (B) Purified APCs, sorted αGC-CD1d-Dimer–CD4+ T cells and iNKT were incubated with the 
blocking mAb anti-CD1d 1B1 for 30 min and then washed for transfection. The resulting cells cultured for 4 days were ana-
lyzed by FACS for CD1d expression after CD1d1 and CD1d2 knockdown by RNAi. (C) Supernatants from the iNKT cells 
cultured with α-GC-pulsed APCs were assessed for the concentration of IFN-γ and supernatants from sorted αGC-CD1d-
Dimer–CD4+ T cells cultured with α-GC were analyzed for the concentration of IL-17 using ELISA after CD1d1 and CD1d2 
knockdown by RNAi. Asterisks represent statistical differences between groups; **P < 0.01.

CD1d1
CD1d2

Vehicle
CD1d1 RNAi
CD1d2 RNAi
Negative RNAi

APC       αGC-CD1d-   iNKT
               Dimer–CD4+ 

            IL-17
αGC-CD1d-Dimer–CD4+

  IFN-γ
  iNKT

1.00

0.75

0.50

0.25

0.00S
pe

ci
fic

 c
op

ie
s/

β 
ac

tin
 

   
   

 c
op

ie
s 

(×
10

3 ) 

C
on

ce
nt

ra
tio

n 
(p

g/
m

l)  4000

 3000

 2000
   500
   400
   300
   200
   100
       0

Isotype        CD1d1 RNAi     CD1d2 RNAi   Negative RNAi

0.8                           25.1                          39.0                          44.8

APC

αGC-CD1d-Dimer–CD4+

iNKT

M
H

C
 II

 
C

D
4

αG
C

-C
D

1d
-D

im
er

1.4                           28.1                          19.9                          30.5

0.8                          2.0                            3.4                               3.6

100   101     102     103    104    100     101    102     103    104     100     101   102     103     104    100     101   102     103     104

100   101     102     103    104    100     101    102     103    104     100     101   102     103     104    100     101   102     103     104

100   101     102     103    104    100     101    102     103    104     100     101   102     103     104    100     101   102     103     104

10
0 
10

1 
10

2 
10

3 10
4

10
0 
10

1 
10

2 
10

3 10
4

10
0 
10

1 
10

2 
10

3 10
4

10
0 
10

1 
10

2 
10

3 10
4

10
0 
10

1 
10

2 
10

3 10
4

10
0 
10

1 
10

2 
10

3 10
4

10
0 
10

1 
10

2 
10

3 10
4

10
0 
10

1 
10

2 
10

3 10
4

10
0 
10

1 
10

2 
10

3 10
4

10
0 
10

1 
10

2 
10

3 10
4

10
0 
10

1 
10

2 
10

3 10
4

10
0 
10

1 
10

2 
10

3 10
4

**

**

A

B

C

CD1d

CD1d

CD1d

Activation of iNKT requires CD1d1, whereas activation 
of Th17 and Th1 requires CD1d2

The iNKT is activated by low doses of α-GC, whereas 
Th17 and Th1 cells are activated by high doses of α-GC. 
It is conceivable that the activation of iNKT and Th17/
Th1 cells by different doses of α-GC may be due to 
the different CD1d isoforms (for example, CD1d1 or 
CD1d2) expressed on APCs, iNKT and αGC-CD1d-
Dimer–CD4+ T cells. Interestingly, αGC-CD1d-Dimer–

CD4+ T cells mainly express CD1d2 mRNA, whereas 
APCs mainly express CD1d1 mRNA, but both of the 
molecules are expressed at very low levels in iNKT cells 
(Figure 7A). We further confirmed by FACS that CD1d 
expression on APCs is predominantly CD1d1, while that 
on αGC-CD1d-Dimer–CD4+ T cells is predominantly 
CD1d2 (Figure 7B). The activation of iNKT cells by 
α-GC-pulsed APCs, as measured by IFN-γ production, 

was greatly inhibited by RNAi-mediated knockdown 
of CD1d1 in APCs, but not CD1d2 (Figure 7C). Mean-
while, activation of Th17 cells by α-GC was significantly 
reduced by knockdown of CD1d2, but not CD1d1, in T 
cells as measured by reduced IL-17 production (Figure 
7C). These results collectively support the fact that the 
activation of iNKT and Th17 by different concentrations 
of α-GC is associated with the CD1d isoforms expressed 
on indicated cells (Figure 8).

Discussion

In this study, we provide compelling evidence that, in 
addition to its activation of iNKT, high doses of α-GC 
directly enhance Th1 and Th17 responses through acti-
vating memory cells, which are critically involved in au-
toimmune pathologies such as MS and its animal model, 
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Figure 8 The schematic of activation of iNKT and αGC-CD1d-Dimer–CD4+ T cells by α-GC. In the presence of low doses or 
high doses of α-GC, CD1d1 on APCs binds α-GC for presentation to iNKT by means of TCR recognition and activates IFN-γ 
and IL-4 release. Th17 and Th1 cells can be activated only in high doses of α-GC through its binding with CD1d2 on Th17 
and Th1 directly and release IL-17 and IFN-γ.

EAE. It has been reported that α-GC can protect suscep-
tible mice against EAE through activation of iNKT to 
suppress myelin antigen-specific Th1 responses and/or to 
promote myelin antigen-specific Th2 responses in vivo. 
Meanwhile, here we demonstrate that, when adminis-
tered at high doses, α-GC activates Th17 and Th1 cells, 
leading to a more severe autoimmune disease. These 
findings have important implications in our understand-
ing of the doses used in α-GC treatment of autoimmune 
diseases. Our study reveals the underlying mechanism 
of the exacerbation of EAE by high-dose α-GC. First, 
we found that high doses of α-GC could upregulate 
STAT3 phosphorylation and activate the NF-κB pathway 
in CD4+ encephalitogenic T cells, leading to enhanced 
Th17 cell development and earlier onset of EAE. On the 
other hand, it is clear that Th1 cells are also involved in 
the development of autoimmune responses. The T-box 
transcription factor T-bet is a key inducer of IFN-γ and 
Th1 cell differentiation, and STAT4 is essential for the 
stabilization of IFN-γ production and the development of 
terminally differentiated Th1 cells. Although high doses 
of α-GC only mildly influenced expression and phospho-
rylation of STAT4, the expression of T-bet was greatly 
upregulated by high doses of α-GC. Second, high doses 
of α-GC also activated Th17 and Th1 cells through ac-
tivation of the NF-κB pathway. In particular, α-GC was 
capable of promoting Th1 and Th17 response mainly 
through activating CD4+CD44+ memory cells, which 
were critically involved in the systemic and CNS inflam-
mation in EAE. We also investigated the effect of α-GC 
on Treg cell development, both in vivo and in vitro, and 
found that the levels of Treg cells were not affected by 

high or low doses of α-GC (data not shown).
Furthermore, we explored the mechanisms underlying 

the activation of iNKT and Th17/Th1 cells in response to 
different doses of α-GC. There are two main differences 
in the activation of iNKT and Th17/Th1 in response to 
α-GC. First, although both iNKT cells and αGC-CD1d-
Dimer–CD4+ T cells function in a CD1d-dependent man-
ner, Th17 and Th1 cells, unlike iNKT, do not require 
exogenous CD1d-expressing cells to respond to α-GC. 
iNKT cells recognize α-GC presented by the MHC class 
I-related glycoprotein CD1d, whereas Th17/Th1 cells 
are activated directly by high doses of α-GC. Second, the 
α-GC concentration required for the activation of iNKT 
is very low, whereas that required for the activation 
of Th17 and Th1 cells is much higher. In mouse, CD1 
molecules are constitutively expressed by nearly all he-
matopoietic cells, including B and T lymphocytes, mac-
rophages and dendritic cells [35-37]. However, the phys-
iological role of CD1d expression on peripheral murine 
T cells is currently unknown. In this study, our data sug-
gest that interaction with CD1d by α-GC at high doses 
may directly activate T cells. The mouse CD1 system is 
formed by two closely related genes, CD1d1 and CD1d2 
[9, 38]. CD1d1 encodes a molecule that presents anti-
gens to iNKT cells. However, the function of the CD1d2 
gene has not been elucidated. Our results reveal that 
αGC-CD1d-Dimer–CD4+ T cells predominantly express 
CD1d2, whereas APCs predominantly express CD1d1, 
and both CD1d1 and CD1d2 are expressed at very low 
levels in iNKT cells. Furthermore, we demonstrated that 
CD1d1 on APCs could present α-GC to iNKT and acti-
vate iNKT cells to produce IFN-γ and IL-4, while high 

α-GC (high dose) α-GC (low dose or high dose)

Activation
IL-17: proinfammatory activity 
     (autoimmune disease)

IFN-γ: proimfammatory activity

CD1d2
CD4+T cells
Th1 Th17

(C
H

2 )24 C
H

3

(C
H

2 )13 C
H

3

H
O

O
H

O
H

O
H

O
H O

H
H

N O

O

O
R

2

R
4

R

2’
4’

6’

3’
1’

3
1

4
2

C
D

1d
1

C
D

1d
1

APC

IL-4: immunomodulatory 
      activity

INF-γ: proinflammatory activity 
(anti-viral, anti-cancer activity)

α-Galactosylceramide
     

Natural
  killer
  T cell

 Antigen 
presenting
    cell TCR

Activation

iNKT cell

OH

OH

OHOH
R2

R4

RR3

R1

TCR

NH

O
OH

O
O

HO
4’

3’
2’ 1’

6’

1 2
3

4

(CH2)24CH3

(CH2)13CH3



High doses of α-GC directly enhance Th17 response
488

npg

 Cell Research | Vol 20 No 4 | April 2010

doses of α-GC directly interact with CD1d2 on T cells 
and promote Th1/Th17 response. Several recent reports 
have demonstrated the existence of a functionally com-
petent subpopulation of iNKT cells, which preferentially 
produce IL-17 [39-43]. In our study, however, the pro-
duction of IL-17 and IFN-γ was confined to αGC-CD1d-
Dimer–CD4+ T cells, since we employed the method of 
FACS sorting to remove iNKT and APCs, which may 
confound interpretation of the data.

Taken together, our study has revealed a novel func-
tion of α-GC: high dose α-GC directly enhances Th1 
and Th17 development, altering the clinical outcome of 
autoimmune disease. In this context, our results caution 
against the use of high doses of α-GC, as the risk of acti-
vating the Th17 and Th1 response could lead to a poten-
tial worsening of the disease.

Materials and Methods

Mice
Male C57BL/6 (B6) mice aged 6-12 weeks were purchased 

from the Shanghai Laboratory Animal Center, Chinese Academy 
of Sciences. GFP-Tg mice of the same C57BL/6 background were 
a kind gift from Dr XF Zhou (Shanghai Institutes of Biological 
Sciences, Chinese Academy of Sciences). Mice were maintained 
under pathogen-free conditions.

Reagents
α-GC was purchased from Alexis Biochemicals and was re-

constituted in phosphate-buffered saline (PBS) containing 0.5% 
polysorbate-20 (Sigma-Aldrich). Purified rat anti-mouse CD1d Ab 
1B1 and its isotype-matched mAb (IgG2b,κ), FITC-conjugated 
anti-TCRβ mAb, mouse CD1d dimer, PE-conjugated anti-IgG1, 
FITC-conjugated anti-IgG1, purified mouse IgG1 isotype control 
mAb, anti-CD16/32, anti-IL6 mAb, PE-conjugated anti-IL-17 
mAb, APC-conjugated anti-IFN-γ mAb and the Cytofix/Cytoperm 
Plus fixation/permeabilization kit with GolgiPlug were purchased 
from BD Pharmingen. APC-conjugated anti-CD4 mAb and FITC-
conjugated anti-CD4 mAb were purchased from eBioScience. 
Stat3 and Phospho-Stat3 (Tyr705) Abs were purchased from Cell 
Signaling Technology. T-bet, Stat4 and Phospho-Stat4 Abs were 
purchased from Santa Cruz Technology. Mouse CD4+ T-cell isola-
tion kit and MicroBead-conjugated anti-PE Ab were purchased 
from Miltenyi Biotec. RNeasy Mini Kit, Sensiscript RT kit and 
RNase-free DNase were purchased from Qiagen. SYBR Green 
PCR master mix was purchased from ABI. The mouse T-cell Nu-
cleofector kit was purchased from Amaxa.

Induction of EAE by active immunization or by passive 
transfer

The encephalitogenic peptide MOG used to induce EAE cor-
responds to residues 35-55 (Met-Glu-Val-Gly-Trp-Tyr-Arg-Ser-
Pro-Phe-Ser-Arg-Val-Val-His-Leu-Tyr-Arg-Asn-Gly-Lys). The 
peptide was purchased from BioAsia Biotechnology and had 95% 
purity. Active EAE was induced by subcutaneous immunization 
with 300 μg of the MOG35-55 peptide in CFA containing 5 mg/
ml of heat-killed H37Ra strain of Mycobacterium tuberculosis 

(Difco Laboratories) in the back region. Pertussis toxin (200 ng 
per mouse; List Biological Laboratories Inc) dissolved in PBS was 
administered intravenously on the day of immunization and 48 h 
later. For the treatment of mice with α-GC, the indicated dose of 
α-GC dissolved in 200 μl PBS was given intraperitoneally at the 
time of EAE induction. To induce EAE by passive transfer, mono-
nuclear cells (MNC) were isolated from draining lymph nodes and 
spleens of MOG-immunized B6 mice and were cultured in vitro 
with MOG35-55 (20 μg/ml) for 84 h. The cells were pulsed with 
either the indicated doses of α-GC or vehicle during the last 12 h 
of culture prior to harvest. The resulting cells were separated on a 
Ficoll gradient and injected intraperitoneally into naïve B6 recipi-
ents (1 × 107 cells per mouse). Pertussis toxin (200 ng per mouse) 
dissolved in PBS was administered intravenously on the day of 
adoptive transfer and 48 h later. The mice were weighed and ex-
amined daily for disease symptoms. They were scored for disease 
severity using the EAE scoring scale: 0, no clinical signs; 1, limp 
tail; 2, paraparesis (weakness, incomplete paralysis of one or two 
hind limbs); 3, paraplegia (complete paralysis of two hind limbs); 4, 
paraplegia with fore limb weakness or paralysis; 5, moribund state 
or death. The animal protocols were approved by the institutional 
review board of the Shanghai Institutes of Biological Sciences, 
Chinese Academy of Sciences.

Histology
Spinal cords were removed from the mice 17 days after active 

immunization or 13 days after adoptive transfer and were imme-
diately fixed in 4% paraformaldehyde. Paraffin-embedded 5- to 
10-μm sections were stained with Luxol fast blue or hematoxylin/
eosin and then examined by light microscopy.

Preparation of splenic APCs, αGC-CD1d-Dimer–CD4+ T 
cells and iNKT cells and isolation of MNCs from mouse 
CNS tissue

APCs were positively selected from mouse splenocytes using 
anti-MHC class II MicroBeads. iNKT (αGC-CD1d-Dimer+) cells 
were sorted by the binding of CD1d dimer loaded with αGC and 
TCRβ by BD FACSAria cell sorter. αGC-CD1d-Dimer–CD4+ T 
cells were further sorted from the Dimer– population based on 
CD4 expression. iNKT and αGC-CD1d-Dimer–CD4+ T cells were 
enriched by MACS before sorting. Final purity was 95%~99%. 
For preparation of CNS-infiltrating MNCs, mice were perfused 
with 30 ml of PBS via the heart to eliminate peripheral blood. The 
brain and spinal cord tissues were harvested and dissociated by 
passing through a wire mesh. The CNS cell suspension was centri-
fuged in a Percoll gradient. MNCs at the interface between the two 
gradients (37% and 70% Percoll) were collected and washed by 
centrifugation in RPMI 1640 medium.

Proliferative responses and cytokine secretion
For MOG35-55-induced proliferation assays, spleens were re-

moved from EAE mice on day 17 after active immunization 
and were prepared for single-cell suspensions. Splenocytes (2 × 105 
per well) were cultured in triplicate in complete RPMI 1640 
(RPMI 1640 with 10% fetal calf serum, 10 mM HEPES, 50 μM 
β-mercaptoethanol, 2 mM L-glutamine, 1 mM sodium pyruvate, 0.1 
mM non-essential amino acids, 100 U/ml penicillin and 100 μg/
ml streptomycin, GIBCO) in 96-well round-bottomed plates. The 
cells were cultured in the presence or absence of the MOG peptide 
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(20 μg/ml) at 37 ºC in 5% CO2 for 72 h. For α-GC-induced pro-
liferation assays, splenic APCs, sorted αGC-CD1d-Dimer–CD4+ 
T cells and iNKT cells (2 × 105) were cultured with the indicated 
doses of α-GC or with α-GC-pulsed APCs (1 × 105, the splenic 
APCs had been pre-treated with 10 ng/ml of α-GC for 3 h, irradi-
ated and washed extensively) for 72 h. The cells were pulsed with 
1 μCi [3H]-thymidine during the last 16-18 h of culture prior to 
harvest. [3H]-thymidine incorporation was measured as c.p.m. us-
ing a Betaplate counter. For cytokine secretion assays, the indicat-
ed cells (1 × 106 per well) were cultured in complete RPMI 1640 
in 96-well flat-bottomed plates. Supernatants were collected from 
the cell cultures at 60 h and diluted for the measurement of IFN-γ, 
TNF-α, IL-17, IL-2, IL-4 and IL-10 by ELISA (R&D Systems), 
according to the manufacturer’s instructions. A standard curve was 
prepared for each plate and used to calculate the absolute concen-
trations of the indicated cytokines. Cytokine levels are expressed as 
mean ± SD of triplicate cell cultures.

Flow cytometry
Cells were resuspended in PBS containing 1% BSA (Sigma-

Aldrich) for cell surface staining. After preincubation with anti-
mouse CD16/32 mAb for 10 min, the cells were stained at 4 ºC for 
20 min with fluorescence-labeled mAb. For intracellular staining, 
the cells were restimulated with 500 ng/ml ionomycin and 50 ng/ml 
of PMA (Sigma-Aldrich) in the presence of GolgiPlug for 5 h. The 
cells were then washed, blocked with anti-mouse CD16/32 mAb 
and stained for surface markers. After three washes, the cells were 
fixed and permeabilized using Cytofix/Cytoperm Plus fixation/per-
meabilization kit with GolgiPlug in accordance with the manufac-
turers instructions. The cells were then stained with PE-anti-mouse 
IL-17 and APC-anti-mouse IFN-γ. The stained cells were analyzed 
on a FACSCalibur (Becton Dickinson) using CellQuest software 
(BD Biosciences).

Immunoblot analysis
Protein extracts were loaded onto 10% or 12% SDS-poly-

acrylamide gels and subjected to electrophoresis. Immunoblot 
analysis was performed by initial transfer of the proteins onto ni-
trocellulose filters using Mini Trans-Blot (Bio-Rad) followed by a 
blocking step using Tris-buffered saline supplemented with 0.1% 
Tween-20 and 5% nonfat dried milk for 1 h at room temperature. 
After blocking, the membranes were incubated overnight at 4 ºC 
with the specific primary Abs. After washing and subsequent incu-
bation with a goat anti-rabbit (Sigma-Aldrich) or anti-mouse (Cell 
Signaling Technology) Ab conjugated with HRP for 1 h at room 
temperature and extensive washing, the signals were visualized 
with ECL substrate (Pierce). β-Actin was used as an endogenous 
control to normalize for differences in the amount of total protein 
in each sample.

In vitro stimulation with α-GC and Ab-blocking studies
Total splenocytes, sorted αGC-CD1d-Dimer– splenocytes and 

αGC-CD1d-Dimer–CD4+ T cells isolated from naïve mice were 
cultured with a titrated dose of α-GC or with vehicle control 
(0.0025% polysorbate) in complete RPMI 1640 medium for 72 h. 
In the CD1d-blocking experiments, anti-CD1d mAb 1B1 or its 
isotype-matched control mAb was added at 10 μg/ml 30 min be-
fore the addition of α-GC. In the IL-6 neutralizing experiments, 
anti-IL-6 mAb was added at 10 μg/ml with 400 ng/ml α-GC.

Th17 differentiation in vitro
For Th17 differentiation, sorted αGC-CD1d-Dimer–CD4+ T 

cells were activated with plate-bound anti-CD3 and soluble anti-
CD28 under Th17-polarizing conditions (IL-6, 20 ng/ml; TGF-β, 2 
ng/ml; anti-IL-4, 10 μg/ml; anti-IFN-γ, 10 μg/ml) in the presence 
or absence (control) of different concentrations of α-GC (10 or 400 
ng/ml). After 4 days of culture, cells were restimulated with 50 ng/ml 
PMA and 500 ng/ml ionomycin in the presence of GolgiPlug for 5 h; 
IL-17 and IFN-γ producing cells were analyzed using intracellular 
staining techniques, as described above.

Analysis of CD1d1 and CD1d2 mRNA expression
Total RNA was isolated from cell pellets using an RNeasy mini 

kit. Genomic DNA was removed from total RNA by DNase diges-
tion during RNA purification and the resulting RNA was stored 
at –80 ºC . First-strand cDNA synthesis was performed using a 
Sensiscript RT kit with random hexamers (Qiagen). The mRNA 
expression of mouse CD1d1 and CD1d2 was determined by real-
time PCR using SYBR Green Master Mix (Applied Biosystems). 
The thermocycler conditions included an initial holding at 50 ºC 
for 2 min and then at 95 ºC  for 10 min, which was followed by a 
two-step PCR program: 95 ºC  for 15 s and 60 ºC  for 60 s for 40 
cycles. Data were collected and quantitatively analyzed on an ABI 
PRISM 7900 sequence detection system (Applied Biosystems). 
The PCR primer pairs were as follows: β-actin, forward 5′-GTG 
AAG GTC GGA GTC AAC G-3′ and reverse 5′-TGA GGT CAA 
TGA AGG GGT C-3′; CD1d1, forward 5′-GGC CTG ATC GTC 
TTC ATA GTA CTG-3′ and reverse 5′-AAC TAT GGA AAC TGA 
CGA AAC AAC TC-3′; CD1d2 forward 5′-CGG GGA ACA TCT 
TGG CAG AGG-3′ and reverse 5′-CCT CTA GGA GAC CAC 
GGG CAA ACT-3′.

CD1d1 and CD1d2 knockdown by small interfering RNA 
(RNAi)

Purified APCs, sorted αGC-CD1d-Dimer–CD4+ T cells and 
iNKT were incubated with the blocking mAb anti-CD1d 1B1 for 
30 min and then washed for transfection. Annealed siRNA con-
structs were obtained from Shanghai GenePharma. The sense se-
quences were as follows: CD1d1, 5′-CAC UGA ACU AGA AAG 
CAU ATT-3′, CD1d2, 5′-UCU UGG CAG AGG GUC CUA GTT-3′; 
5′-UUC UCC GAA CGU GUC ACG UTT-3′ was used as a nega-
tive control. Each RNAi at 300 nM was mixed with 100 μl of 
Nucleofector solution (Amaxa) and transfected into 5 × 106 cells 
using the Nucleofector electroporator device. The cells were then 
transferred into 0.5 ml of culture medium containing 20% FBS 
and cultured for 4 days at 37 ºC and 5% CO2 before performing 
the assays.

Statistics
Student’s t-test was used to analyze for differences between 

groups. One-way ANOVA was initially performed to determine 
whether an overall statistically significant change existed before 
using the two-tailed paired or unpaired Student’s t-test. A P < 0.05 
was considered statistically significant.
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