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Summary

The nature of pathogenic mechanisms associated with the development of
multiple sclerosis (MS) have long been debated. However, limited research
was conducted to define the interplay between infiltrating lymphocytes
and resident cells of the central nervous system (CNS). Data presented in
this report describe a novel role for astrocyte-mediated alterations to myelin
oligodendrocyte glycoprotein (MOG)35–55-specific lymphocyte responses,
elicited during the development of experimental autoimmune encephalito-
myelitis (EAE). In-vitro studies demonstrated that astrocytes inhibited
the proliferation and interferon (IFN)-g, interleukin (IL)-4, IL-17 and
transforming growth factor (TGF)-b secretion levels of MOG35–55-specific
lymphocytes, an effect that could be ameliorated by astrocyte IL-27 neutrali-
zation. However, when astrocytes were pretreated with IFN-g, they could
promote the proliferation and secretion levels of MOG35–55-specific lym-
phocytes, coinciding with apparent expression of major histocompatibility
complex (MHC)-II on astrocytes themselves. Quantitative polymerase chain
reaction (qPCR) demonstrated that production of IL-27 in the spinal cord
was at its highest during the initial phases. Conversely, production of IFN-g
in the spinal cord was highest during the peak phase. Quantitative analysis of
MHC-II expression in the spinal cord showed that there was a positive corre-
lation between MHC-II expression and IFN-g production. In addition, astro-
cyte MHC-II expression levels correlated positively with IFN-g production in
the spinal cord. These findings suggested that astrocytes might function as
both inhibitors and promoters of EAE. Astrocytes prevented MOG35–55-
specific lymphocyte function by secreting IL-27 during the initial phases of
EAE. Then, in the presence of higher IFN-g levels in the spinal cord, astro-
cytes were converted into antigen-presenting cells. This conversion might
promote the progression of pathological damage and result in a peak of EAE
severity.
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Introduction

Experimental autoimmune encephalitomyelitis (EAE) is a
well-described multiple sclerosis animal model, and affects
animals presenting with signs similar to multiple sclerosis
(MS), including demyelization, axonal damage and paralysis
[1–3]. Although still delusory, CD4+ T cells are believed to
be the major contributors to autoimmune disease patho-
genesis [4], specifically in the context of diseases associated

with T helper type 1 (Th1), Th2, Th17 and regulatory T
(Treg) cells imbalances mediated by their respective primary
signature cytokines interferon (IFN)-g, interleukin (IL)-4,
IL-17 and transforming growth factor (TGF)-b [5–10].

Astrocytes represent the primary cell population in the
central nervous system (CNS) and are essential for main-
taining CNS homeostasis [11–14]. However, evidence sug-
gests that astrocytes play an important role in CNS
inflammatory diseases such as MS [15–19]. Even more
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poorly defined is the role played by astrocytes in autoim-
mune diseases; that is, it is suggested by some that astro-
cytes modulate CNS immune responses in several different
ways. Specifically, Meinl et al. have demonstrated that astro-
cytes inhibit the proliferation of human peripheral blood-
derived mononuclear cells by secreting prostaglandins [20],
and others have demonstrated that astrocytes inhibit the
production of IL-12 by CNS microglia in a model of EAE
[21,22]. In addition, astrocytes have been shown to secrete
IL-27 [23,24] (a newly heterodimeric cytokine which is
composed of two subunits, p28 and EBI3 [25]). IL-27 is
associated with suppressors of cytokine signalling (SOCS)
with the potential of suppressing IL-2 responses and affect-
ing CD4+ T cell survival [26]. It has been shown that IL-27
could suppress Th17 cells in both active and adoptive trans-
fer models of EAE [27–29].

Conversely, astrocytes have also been shown to hold the
potential of promoting the pathogenesis of EAE. Inhibition
of glial cell activation ameliorates the severity of experi-
mental autoimmune encephalitomyelitis [30]. Astrocytes
hold the potential of secreting IL-12/IL-23 that facilitates
the differentiation and survival of Th1 and Th17 cells
[31,32]. For example, astrocyte-restricted ablation of IL-17-
induced act1-mediated signalling ameliorates autoimmune
encephalitomyelitis [33]. These data highlight the fact that
MS is not strictly immune cell-mediated, but is also affected
significantly by CNS-related factors. Astrocytes are the most
abundant cells in the CNS, and their position is closed with
the blood–brain barrier (BBB). However, the exact role
played by astrocytes during the development of EAE is still
debated.

In the present study, we demonstrate that astrocytes
are capable of inducing and suppressing lymphocyte
functions during different phases of EAE. During the
initial phases, astrocytes probably inhibit the activity of
myelin oligodendrocyte glycoprotein (MOG)35–55-specific
lymphocytes in part by secreting IL-27, which contributes
to inhibition of proliferation and lymphocyte secretion.
During EAE progression, lymphocyte-derived IFN-g might
induce the up-regulation of major histocompatibility
complex (MHC)-II on astrocytes, thereby promoting lym-
phocyte proliferation and activation and resulting in disease
progression. These findings indicate that the changing
physiological role of astrocytes is important to EAE devel-
opment. The study contributes to a clearer understanding
of EAE and adds new insights into the field of EAE research.

Materials and methods

Animals

Female C57BL/6 mice (6–8 weeks of age) were purchased
from the Beijing Vital River Laboratory Animal Ltd
(Beijing, China). All mice were bred and housed in a spe-
cific pathogen-free animal facility at the Harbin Medical

University. Neonatal C57BL/6 mice aged 1–3 days were used
for the isolation of astrocytes. All animal experiments were
performed in compliance with the principles and proce-
dures outlined in the Care and Use of Laboratory Animals
guidelines, which is published by the China National Insti-
tute of Health and approved by the Institutional Animal
Care and Use Committee.

Induction and assessment of EAE

C57BL/6 mice were immunized subcutaneously in the
axillary fossa with the MOG35–55 (MEVGWYRSPFSRV
VHLYRNGK) peptide (200 mg) emulsified in complete Fre-
und’s adjuvant (CFA) at a final volume of 100 ml. Mice were
then injected intravenously (i.v.) with 200 ng pertussis toxin
(PT) on days 0 and 2. The behavioural performance was
assessed by a 0–5-point scale as follows: 0, no clinical signs;
1, floppy tail; 2, hind limb weakness; 3, full hind limb
paralysis; 4, quadriplegia; and 5, death as described [34].

Isolation of astrocytes

Astrocytes were isolated from newborn mice as described
previously [35,36]. Briefly, following removal of the menin-
ges, brains were minced with a Pasteur pipette and passed
through a 150 mm nylon filter to remove debris. Cells were
then seeded onto 10 mg/ml poly-D-lysine precoated flasks
and cultures were incubated at 37°C in 5% CO2. After 72 h,
non-adherent cells were removed by changing the media
every 3–4 days. When cultures were 70–80% confluent,
mixed glia were agitated rigorously for 2 h in an orbital
incubator shaker at 0.23 g at 37°C to detach microglia. Cells
were then shaken again at 0.23 g at 37°C overnight to
ablate oligodendrocytes. Suspended cells were trypsinized
[0·25% trypsin and 0·02% ethylenediamine tetraacetic acid
(EDTA)] and replated onto flasks. Subcultured astrocytes
were 92% positive for glial fibrillary acidic protein (GFAP)
by immunofluorescence staining.

Preparation of mononuclear cells from lymph nodes

Mononuclear cells (MNCs) were obtained from the axillary
and inguinal lymph nodes of 7 days post-immunization
(dpi) CFA and EAE mice. Cells were washed once with
Hanks’s balanced salt solution and cultured in Dulbecco’s
modified Eagle’s medium (DMEM) (Hyclone, Logan, UT,
USA) supplemented with 5% fetal calf serum (Gibco,
Paisley, UK), 1% L-glutamine (Sigma, St Louis, MO,
USA), 1% non-essential amino acids (Sigma), 2 ¥ 10-5 M
2-mercaptoethanol (Amresco, Solon, OH, USA), 100 U/ml
penicillin and 100 mg/ml streptomycin (Gibco). All cells
were adjusted to 2 ¥ 106 cells/ml.

Lymphocyte proliferation assays

MNC suspensions (4 ¥ 105) obtained above were seeded in
triplicate in 96-well, round-bottomed microtitre plates at
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different lymphocyte : astrocyte ratios (10:1, 1:1 and 1:5).
Cells were stimulated with 25 mg/ml MOG35–55 peptide
for 72 h. For anti-CD3/CD28-induced cell proliferation,
96-well culture plates were coated with purified anti-CD3
and anti-CD28 monoclonal antibodies (mAbs) (5 mg/ml
each; eBioscience, Ltd, Ireland, UK). ConA (Sigma, St Louis,
MO, USA) was used at 5 mg/ml. Proliferation was measured
by [3H]-thymidine (specific activity, 60 mCi/mmol; Institute
of Atomic Energy, China; 0·5 mCi/well) incorporation after
72 h in complete DMEM medium.

IL-27 neutralization

Astrocytes were cultured at a concentration of 1 ¥ 106 cells/
well in 12-well plates, then incubated with 2 mg/ml goat
anti-mouse-IL-27 antibody (R&D Systems, Minneapolis,
MN, USA) [37] or isotype control immunoglobulin
(Ig)G2a in 2 ml medium for 12 h to neutralize IL-27. Astro-
cytes were co-cultured with MNCs (1 ¥ 107) harvested from
the lymph nodes of EAE mice in 2 ml lymphocyte culture
medium. The cells were incubated at 37°C, 5% CO2 for
72 h. Supernatants were collected for measurement of the
levels of soluble cytokines.

Measurement of cytokine secretion

Astrocytes (1 ¥ 106) were co-cultured with lymph node
lymphocytes (1 ¥ 107) harvested from 7 dpi mice in 2 ml
lymphocyte culture medium. Where indicated, lymphocytes
were also seeded in Transwell™ insert (24-well plates, 3 mm
pore size; Corning, NY, USA). Twenty-five mg/ml MOG35–55

peptide was incubated as antigen and the supernatants were
collected 72 h later. Measurement of cytokine levels in
cell culture supernatants was performed by enzyme-linked
immunosorbent assay (ELISA) using commercially avail-
able ELISA kits, in accordance with the manufacturer’s
instructions. IFN-g, IL-17 and IL-4 ELISA kits were
purchased from Peprotech (Rocky Hill, NJ, USA). The
TGF-b ELISA kit was obtained from Boster, China. Results
are expressed as pg/ml.

RNA extraction and PCR analysis

Total RNA was prepared from spinal cords or lymph node
MNCs using TRIzol reagent (Invitrogen). cDNA was syn-
thesized using a reverse transcription–polymerase chain
reaction (RT–PCR) kit from TaKaRa (Kyoto, Japan).
RT–PCR was used to detect MHC-II genes using the follow-
ing forward 5′-GATCGGATCCAACCCTGCTGAGGATTCA
-3′ and reverse 5′-GATCGGATCCTGTCCTCGGCTGGGAA
GA-3′ primers. The glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH) gene was amplified as a reference gene using
the following forward 5′-CGGCCGCATCTTCTTGTGCA-
3′ and reverse 5′-GCCGTGAGTGAGTCATACT-3′ primers.
PCR products were separated on a 1·5% agarose gel and

analysed by Image Pro-Plus software (Media Cybernetics,
Silver Springs, MD, USA). Real-time PCR was performed by
an ABI STEPONE real-time PCR system using the SYBR
Green real-time PCR kit (Roche Ltd, Basel, Switzerland).
The primers used to amplify IFN-g [38] (5′-GATGCATT
CATGAGTATTGCCAAGT-3′, 5′-GTGGACCACGCGGATG
AGCTC-3′), IL-27 p28 [39] (5′-TTCCCAATGTTTCCCT
GACTTT-3′, 5′-AAGTGTGGTAGCGAGGAAGCA-3′), IL-
27 EBI3 [39] (5′-TGAAACAGCTCTCGTGGCTCTA-3′,
5′-GCCACGGGATACCGAGAA-3′) and MHC-II [40] (5′-
GCGACGTGGGCGAGTACC-3′, 5′-CATTCCGGAACCAG
CGCA-3′) were used to detect the expression of respective
genes. The data were normalized against GAPDH (5′-
CGGCCGCATCTTCTTGTGCA-3′, 5′-GCCGTGAGTGAGT
CATACT-3′) levels. The amplification of real-time PCR was
performed with an initial denaturation of 95°C for 10 min,
followed by 40 cycles of 95°C for 15 s and 60°C for 1 min.
Relative gene expression levels were quantified using the
comparative DCT method. This method normalized CT

values of the detected gene to the average of that of the
GAPDH and calculated the relative expression values as fold
changes of the control, which was set at 1. Melting curve
analyses and electrophoresis were performed to verify the
specificity of the PCR products.

Immunofluorescence

Frozen spinal cord sections were dually stained with
goat anti-mouse GFAP (Santa Cruz Laboratories,
Santa Cruz, CA, USA) and rat anti-mouse MHC-II
(Santa Cruz Laboratories), followed by incubation with
fluorescein isothiocyanate (FITC)-labelled anti-rat and
tetramethylrhodamine-5-(and 6)-isothiocyanate (TRITC)-
labelled anti-goat secondary antibodies (ZSGB-Bio, Beijing,
China). Stained sections were examined and photographed
using fluorescence microscopy (Carl Zeiss, Germany) and
scanning confocal laser microscopy (Leica, China).

Western blot analysis

Astrocytes were treated with or without 100 U/ml IFN-g
and then co-cultured with lymphocytes obtained from
lymph node at a lymphocyte : astrocyte ratio of 10:1 for
72 h. Twenty-five mg/ml MOG35–55 peptide was incubated in
the culture as antigen. Astrocytes were lysed in lysis buffer
containing protease inhibitors, and cell lysates were sepa-
rated by 10% sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE) under reducing conditions and
transferred onto a polyvinylidene difluoride (PVDF) mem-
brane via semidry transfer. Membranes were blocked with
5% non-fat milk for 1 h at room temperature and IL-27
(Santa Cruz, CA, USA) expression was detected. All anti-
bodies were diluted with Tris-buffered saline with 0·1%
Tween 20 (TBST).
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GAPDH was used as reference genes. The optical density
of bands was evaluated using Scion Image Beta version 4·02
(Scion Corporation, Frederick, MD, USA) and statistical
comparison was performed with GraphPad Prism version
5 software.

Statistical analysis

Data are expressed as means � standard error of the mean
(s.e.m.). Statistical analyses were performed with one-way
analysis of variance (anova) followed by the Bonferroni
correction for multiple group comparisons. Clinical scores
were analysed using the non-parametric Mann–Whitney
U-test. The level of significance was set at P < 0·05.

Results

EAE induction

EAE was induced in C57BL/6 mice by immunization
with the MOG35–55 peptide in CFA followed by i.v. injec-
tion of PT. EAE mice exhibited three disease phases: pre-
clinical, peak and remission phases. Clinical signs (partial
limp tail) presented at 7 dpi. Disease then progressed to
limp tail, waddling gait and paralysis during the peak
phases (at 16 dpi). Finally, mice recovered but still pre-
sented with clinical signs during the remission phases
(at 28 dpi). CFA mice showed no clinical signs at all
(Fig. 1a).
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Fig. 1. (a) Clinical experimental autoimmune

encephalitomyelitis (EAE) scores. EAE was

induced in C57BL/6 mice (n = 8 mice/group)

following immunization with the myelin

oligodendrocyte glycoprotein (MOG)35–55

peptide (200 mg/mouse) emulsified in complete

Freund’s adjuvant (CFA) followed by pertussis

toxin (PT) injection (400 ng/mouse). Control

animals were immunized with CFA only.

Clinical scores were evaluated every other

day. Data are expressed as the mean clinical

score � standard error of the mean (s.e.m.).

(b) Proliferation of MOG35–55-specific

lymphocytes co-cultured with astrocytes at

various lymphocyte : astrocyte ratios.

Lymphocytes were isolated from the lymph

nodes of 7 days post-immunization (dpi) CFA

and EAE mice, and co-cultured with astrocytes

at lymphocyte : astrocyte ratios of 10:1, 1:1

or 1:5. Proliferation of MOG35–55 -specific

lymphocytes was analysed after 72 h. Values

are expressed as mean counts per minute

(cpm) � s.e.m. of three independent

experiments. **P < 0·01; ***P < 0·001. (c, d)

Cytokine levels resulting from the co-culture

of astrocyte and lymphocyte. Lymphocytes were

isolated from 7 dpi CFA and EAE mice and

co-cultured with or without direct contact with

astrocytes at a lymphocyte : astrocyte ratio of

10:1 for 72 h, in the presence of 25 mg/ml

MOG35–55 peptide. Supernatants were collected

and interferon (IFN)-g, interleukin (IL)-17, IL-4

and transforming growth factor (TGF)-b
concentrations were assessed by enzyme-linked

immunosorbent assay (ELISA). Astrocytes

cultured alone were used as controls. Data are

expressed as mean � s.e.m. of three

experiments. ***P < 0·001.
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Astrocytes affected MOG35–55-specific lymphocyte
proliferation and cytokine production

Lymph node MNCs were isolated from 7 dpi EAE and CFA
mice and then co-cultured with astrocytes at lym-
phocyte : astrocyte ratios of 10:1, 1:1, and 1:5. At the lym-
phocyte : astrocyte ratios tested there were no differences in
proliferation among cells isolated from the CFA group, with
the exception of CD3/CD28 and concanavalin A (ConA)-
stimulated cells (Fig. 1b). Conversely, lymphocytes isolated
from EAE mice proliferated significantly in response to
stimulation with MOG35–55 peptide (P < 0·001). In the EAE
lymphocyte : astrocyte co-cultured group, lymphocyte pro-
liferation was inhibited by half at a ratio of 10:1 (P < 0·01)
and inhibited completely at ratios of 1:1 and 1:5 (P < 0·001)
compared to proliferation observed for MOG35–55 peptide-
stimulated EAE lymphocytes alone. These data indicate
that the inhibitory effect of astrocytes on MOG35–55-specific
lymphocytes is correlated with lymphocyte : astrocyte
ratios.

Lymphocytes were then co-cultured with astrocytes at a
lymphocyte : astrocyte ratio of 10 : 1. Supernatants were
obtained 72 h later and cytokine levels were detected by
ELISA. In the supernatants collected from EAE lym-
phocyte : astrocyte cultures, IFN-g (P < 0·001) and IL-17
(P < 0·001) levels were decreased significantly; IL-4 and
TGF-b levels were also decreased compared to levels
observed for EAE lymphocytes. There were no significant
differences in cytokine production by cells harvested from
mice in the CFA groups. Levels of the above cytokines were
lower in the supernatants of astrocytes cultured alone
(Fig. 1c).

The suppressing effect of astrocyte on MOG35–55-specific
lymphocytes might be mediated by soluble factors as well as
cell contact. We cultured astrocyte and MOG35–55-specific
lymphocytes without contact between both cells using
Transwell plates. Supernatants were taken out to test
cytokine levels after 72 h. Results are shown in Fig. 1d.
Significant reductions of IFN-g (P < 0·001) and IL-17
(P < 0·001) levels were also observed at the co-culture group
without contact between both cells. These results suggest
that cell contact is not required in astrocyte-mediated sup-
pression of lymphocyte secreting, and might be mediated
by soluble factors.

Astrocytes secrete significant levels of IL-27 after
co-culture with MOG35–55-specific lymphocytes

Astrocytes were incubated in the presence or absence of
IFN-g and then co-cultured with lymphocytes for 72 h. Pro-
teins of astrocytes were obtained to evaluate IL-27 produc-
tion by Western blot. IL-27 levels in astrocytes co-cultured
with EAE lymphocytes were increased significantly com-
pared to levels produced following culture with lym-
phocytes isolated from CFA-treated mice or by astrocytes

cultured alone (P < 0·05). IFN-g treated astrocytes showed
no significant differences in IL-27 secretion regardless of
whether they were cultured alone or in the presence of
other cells (Fig. 2a,b).

Astrocyte-mediated inhibition of lymphocyte
cytokine production was ameliorated following
IL-27 neutralization

Production of IFN-g, IL-17, IL-4 and TGF-b were detected
in the supernatants of astrocyte and lymphocyte co-cultures
by ELISA (Fig. 1c,d). High levels of astrocyte-derived IL-27
were observed when co-cultured with EAE lymphocytes
(Fig. 2a,b). Therefore, we examined what effect of neutrali-
zation of IL-27 would have on lymphocyte cytokine pro-
duction by administration of anti-IL-27 neutralizing
antibodies to astrocytes. Lymphocytes from EAE mice were
restimulated with astrocytes for 72 h in the absence
(astrocytes + anti-IL-27) or presence (astrocytes + goat IgG)
of IL-27. Lymphocytes restimulated with astrocytes in the
presence of IL-27 neutralizing antibodies expressed signifi-
cantly elevated IFN-g (P < 0·001), IL-4 (P < 0·01) and
TGF-b (P < 0·001) expression levels compared to lym-
phocytes restimulated with astrocytes plus control antibody
(Fig. 2c).

Assessment of IL-27 and IFN-g mRNA expression
during EAE development

Mice were killed during the course of the different EAE
development phases. Spinal cords and draining lymph node
MNCs were harvested and the production of IL-27 and
IFN-g were evaluated by real-time PCR. Production of
IL-27 p28 and IL-27 EBI3 were increased significantly in
spinal cords at 7 dpi compared to levels observed in spinal
cords at 16 and 28 dpi (P < 0·001). IL-27 p28 and IL-27
EBI3 levels in lymph nodes were almost undetectable
(Fig. 3a,b).

IFN-g production in spinal cords peaked at 16 dpi rela-
tive to other time-points examined (P < 0·001). In the
lymph nodes, IFN-g production peaked at the beginning of
disease (P < 0·001), decreased during the peak phase of EAE
and was increased slightly during the remission phase
(Fig. 3c).

MHC-II expression on astrocytes was affected by IFN-g
in a dose-dependent manner

Astrocytes in culture were exposed to different concentra-
tions of IFN-g (ranging from 0 to 200 U/ml) for 24 h. Total
RNA was extracted and MHC-II mRNA expression was
detected by RT–PCR and real-time PCR. MHC-II expres-
sion levels were elevated after stimulation with 100 U/ml
IFN-g, compared to levels observed following culture with
either 0 or 50 U/ml IFN-g (P < 0·001). However, culture in
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the presence of 200 U/ml IFN-g down-regulated MHC-II
expression levels slightly compared to levels observed fol-
lowing culture with 100 U/ml IFN-g (Fig. 3d,e).

MHC-II expression in spinal cords during
EAE development

The local microenvironment played a critical role in the
development of immune responses [16]. CNS antigen pres-
entation is also necessary for pathogenic lymphocytes reac-
tivation and disease progression [41], so we characterized
MHC-II expression levels in the spinal cord. mRNA levels
were measured by RT–PCR and real-time PCR (Fig. 4).
Immunoreactivity to MHC-II expressed on astrocytes was
detected by double-labelled immunofluorescence (Fig. 5).

RT–PCR analysis showed significantly elevated MHC-II
expression levels in the spinal cords at 16 dpi EAE mice
compared to CFA mice (P < 0·05). In the spinal cords of
EAE mice, MHC-II expression peaked at 16 dpi compared
to levels observed at 7 dpi (P < 0·01) and 28 dpi (P < 0·05)
(Fig. 4a,b).

In order to strengthen the observations in RT–PCR, real-
time PCR was employed to determine MHC-II mRNA
levels in the spinal cord. The data shown were normalized
to GAPDH expression, and the expression levels in the CFA
group were set to 1. As shown in Fig. 4c, MHC-II mRNA
level was promoted significantly in the spinal cords at

16 dpi EAE mice compared to either 7 dpi (P < 0·001) or
28 dpi (P < 0·01). MHC-II expression levels were correlated
positively with disease progression and IFN-g production
levels in the spinal cord.

Double-labelled immunofluorescence staining was
employed to localize MHC-II expression on astrocytes.
Spinal cords harvested from EAE mice presented with
undetectable MHC-II expression levels on astrocytes at
7 dpi, peaked at 16 dpi and then expression was down-
regulated at 28 dpi (Fig. 5). MHC-II expression could not
be detected on astrocytes harvested from mice in the CFA
group (data not shown).

IFN-g treated astrocytes promoted proliferation and
cytokine production of MOG35–55-specific lymphocytes

For proliferation assay, astrocytes were treated with differ-
ent concentrations of IFN-g ranged from 0 to 200 U/ml for
24 h. They were then co-cultured with lymph node lym-
phocytes at a lymphocyte : astrocyte ratio of 10:1. Prolifera-
tion of lymphocyte was promoted when co-cultured with
IFN-g-treated astrocytes (P < 0·001). These data indicate
that IFN-g-treated astrocytes could promote the prolifera-
tion of MOG35–55-specific lymphocytes (Fig. 6a).

For cytokine production assay, astrocytes were treated
with 100 U/ml IFN-g for 24 h. They were then co-cultured
with lymph node lymphocytes at a lymphocyte : astrocyte
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ratio of 10:1. Supernatants were harvested 72 h later and
cytokine levels were determined by ELISA. IFN-g levels in
the supernatants of EAE lymphocytes and IFN-g-treated
astrocytes in the co-culture group were elevated signifi-
cantly (P < 0·001). Levels of IL-4, IL-17 and TGF-b were
also elevated compared to levels observed in supernatants
from EAE lymphocytes cultured alone. There were no sig-
nificant differences in cytokine production levels by cells
harvested from mice in the CFA group. Levels of the
cytokines described above were low in the supernatants of
astrocytes cultured (without lymphocytes) in the presence
of IFN-g (Fig. 6b).

IFN-g treated astrocytes up-regulated MHC-II
expression levels after co-culture in the presence of
MOG35–55-specific lymphocytes

Astrocytes were treated in the presence or absence of
100 U/ml IFN-g for 24 h and then co-cultured with lym-
phocytes at a lymphocyte : astrocyte ratio of 10:1 for 72 h.

Total astrocyte RNA was extracted and MHC-II mRNA
levels were detected by real-time RT–PCR. IFN-g-treated
astrocytes presented with significantly elevated MHC-II
expression levels following co-culture with EAE lym-
phocytes, compared to levels observed in astrocytes cul-
tured in the presence of CFA lymphocytes (P < 0·01) or
astrocytes cultured alone (P < 0·05). Among groups of non-
IFN-g-treated astrocytes, MHC-II expression levels were
similar in astrocytes cultured alone or in co-culture
(Fig. 6c). The data shown were normalized to GAPDH
expression. These indicate that IFN-g-treated astrocytes
might function as antigen-presenting cells by expressing
MHC-II.

Discussion

Data presented in this report show that astrocytes hold the
potential of either inhibiting or activating MOG35–55-specific
lymphocytes during EAE development. We have demon-
strated that astrocytes affect both the proliferation and
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cytokine production of MOG35–55-specific lymphocytes,
most probably by secreting IL-27 during the initial phases.
Increasing spinal cord levels of IFN-g contribute to the con-
version of astrocytes into antigen-presenting cells, based
on their significantly elevated MHC-II expression levels.
These alterations may be associated with the reactivation
of pathogenic lymphocytes, thus resulting in disease
progression. These findings identify two aspects of disease

progression that need to be addressed. First, to determine
how astrocytes inhibit MOG35–55-specific lymphocytes, and
secondly, to define how activated astrocytes promote
MOG35–55-specific lymphocytes.

There is a great deal of evidence indicating that astrocytes
have the potential of mediating suppressive functions.
Gimsa et al. have concluded that astrocytes contribute
to the establishment of the immune privileged status of
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the CNS by suppressing the Th1 and Th2 cell activation,
proliferation and effector functions which are mediated
mainly by the cytotoxic T lymphocyte antigen (CTLA-4)
[42]. Others have shown that astrocytes are capable of
inducing T cell unresponsiveness and triggering suppressor
activity in T cell in both rat and human lymphocytes [43].
Our research also demonstrates that astrocytes inhibit
the proliferative ability of lymphocytes depending on
the lymphocyte : astrocyte ratio (Fig. 1b). Further analysis
of the lymphocyte cytokine secretion profiles identified that
IFN-g, IL-17, IL-4 and TGF-b are down-regulated when

co-cultured with astrocytes, and this effect was mediated
probably by soluble factors (Fig. 1c,d). It has been reported
that astrocytes could secrete several regulatory cytokines
such as IL-27 and IL-10 in a model of experimental auto-
immune uveitis (EAU) [44]. IL-27 has also been found to
inhibit immune responses, including inhibition of T cell
proliferation and differentiation, suppression of proinflam-
matory cytokine production and attenuation of EAE
[45–47]. We therefore determined the amount of IL-27 pro-
duced by astrocytes (Fig. 2a). This analysis demonstrated
that astrocytes secrete a significantly high dose of IL-27
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when treated with EAE lymphocytes. Furthermore, the
suppressive effect of astrocytes (on lymphocytes) is amelio-
rated following incubation with neutralizing anti-IL-27
antibodies (Fig. 2c). These data indicate that astrocytes can
inhibit MOG35–55-specific lymphocytes, in part, by secreting
IL-27.

The in-vivo studies described in this report demonstrate
that spinal cord IL-27 levels are elevated during the initial
phases of EAE, but are almost undetectable in the lymph
nodes during the disease phases (Fig. 3a,b). These findings
suggest that there might be local secretion of IL-27 by resi-
dent spinal cord cells (potentially astrocytes) during the
early phases. These observations are supported by previous
studies which demonstrate that CNS glial cells produce
several IL-12 family cytokines (including IL-27) during EAE
development [23,24]. Combined with the in-vitro studies
described in this report, our data suggest that during the
initial phases of EAE, astrocytes might inhibit the prolifera-
tion and secretion of invading lymphocytes most probably
by secreting IL-27. However, the in-vivo environment is
probably more complex and further work will need to be
carried out to confirm that astrocytes are the main source of
IL-27.

IFN-g is a classic inflammatory cytokine associated with
autoimmune diseases [48]. Many pathogenic immune cells
such as Th1, Tc1 and natural killer (NK) cells are character-
ized by IFN-g production [49]. IFN-g can induce MHC-II
expression on antigen-presenting cells [50–52]. Microglial
cells are well-described CNS antigen-presenting cells [53];
conversely, astrocytes (the most abundant cells in the CNS)
have rarely been examined in the context of antigen presen-
tation. Our study demonstrates a dose-dependent relation-
ship between IFN-g concentrations and MHC-II expression
on astrocytes (Fig. 3d,e). When astrocytes are pretreated
with IFN-g, they can promote the proliferation and secre-
tion of IFN-g, IL-17, IL-4 and TGF-b by MOG35–55-specific
lymphocytes (Fig. 6a,b) and astrocytes, in turn, express
elevated levels of MHC-II (Fig. 6c). Unfortunately, astro-
cytes still secrete few IL-27 (Fig. 2a). Due to the fact that
IL-27 mediates a strong limitation on IL-17-producing cells
[29,46,47,54], the promotion of IL-17 levels is not as signifi-
cant as IFN-g. These indicate that IFN-g-treated astrocytes
might turn into antigen-presenting cells with lymphocyte
activating potential.

In vivo, we have demonstrated that IFN-g production in
the spinal cord and lymph nodes could also be detected,
supporting previously published observations [55]. The
highest levels of IFN-g production are observed in the
spinal cord during the peak phases of EAE (Fig. 3c). Under
these conditions, resident CNS cells are activated and con-
verted into antigen-presenting cells [51]. Quantitative
analysis of MHC-II expression in the spinal cord shows a
positive correlation with IFN-g production (Fig. 4). Because
the observed up-regulation in MHC-II expression may be
due to activation of macrophages and/or microglia [56], as

well as astrocytes, we focused on determining the level of
MHC-II expression on astrocytes. The results show that
astrocyte MHC-II expression is similar to expression levels
of MHC-II observed in spinal cords (Fig. 5). Taken together,
these data suggest that astrocytes might be able to develop
into antigen-presenting cells during the late phase of EAE,
thereby contributing to lymphocyte-mediated disease
pathogenesis and resulting in severe presentation of disease.

CNS factors have been shown to contribute equally (with
immune cells) to MS disease progression [4]. Data pre-
sented in this report demonstrate that astrocytes act both
as suppressors and promoters of MOG35–55-specific lym-
phocyte responses; these are associated closely with the
disease stage and the local microenvironment. Therefore,
targeting of astrocytes during the optimal time-points in
the course of disease progression may be used to develop
novel EAE therapeutic strategies.
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