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IFN-β, a type I IFN, is widely used for the treatment of MS. However, the mechanisms behind its therapeutic 
efficacy are not well understood. Using a murine model of MS, EAE, we demonstrate that the Th17-mediated 
development of autoimmune disease is constrained by Toll–IL-1 receptor domain–containing adaptor induc-
ing IFN-β–dependent (TRIF-dependent) type I IFN production and its downstream signaling pathway. Mice 
with defects in TRIF or type I IFN receptor (IFNAR) developed more severe EAE. Notably, these mice exhib-
ited marked CNS inflammation, as manifested by increased IL-17 production. In addition, IFNAR-dependent 
signaling events were essential for negatively regulating Th17 development. Finally, IFN-β–mediated IL-27 
production by innate immune cells was critical for the immunoregulatory role of IFN-β in the CNS autoim-
mune disease. Together, our findings not only may provide a molecular mechanism for the clinical benefits 
of IFN-β in MS but also demonstrate a regulatory role for type I IFN induction and its downstream signaling 
pathways in limiting Th17 development and autoimmune inflammation.

Introduction
MS is a chronic autoimmune demyelinating disease characterized 
by the infiltration of inflammatory cells, including macrophages 
and T cells, into the CNS that results in the destruction of myelin 
sheath (1, 2). As is the case for most autoimmune diseases, the eti-
ology of MS is not known. The interplay between inflammation 
and neuronal degeneration most likely contributes to the initia-
tion and progression of CNS tissue damage. To date, there are no 
curative treatments for MS. However, type I IFN, specifically IFN-β,  
has proven to be beneficial for the treatment of MS, as demon-
strated by decreased inflammatory lesion formation in the CNS, 
prolonged remission, and lower relapse rate (3–5). In contrast, 
IFN-γ, a type II IFN, appears to exacerbate MS (6). Although clini-
cal data clearly demonstrate that IFN-β is effective for treating 
MS, the underlying mechanism responsible for its therapeutic 
effects remains elusive, and the physiological role of endogenous 
type I IFNs in inhibiting the development of autoimmune disease 
is also poorly understood.

MS and EAE, an animal model of MS, were previously thought 
to be mediated by Th1 cells. However, a number of recent studies 
provide strong evidence that IL-17–producing T cells play a domi-
nant role in the pathogenesis of EAE (7–14). After activation by 
professional antigen-presenting cells, naive CD4+ T cells differen-
tiate into distinct effector subsets characterized by the cytokines 
they produce. Traditionally, CD4+ effector T cells have been clas-
sified into 2 subsets: Th1 and Th2 lineages. Th1 cells are induced 
by IL-12 and produce large quantities of IFN-γ, whereas Th2 cells 
secrete IL-4, IL-5, and IL-13. While Th1 cells orchestrate cellular 

immunity, Th2 cells regulate humoral immunity and allergic 
response. In addition, Tregs have been identified for their ability 
to control effector T cell responses. Recently, a new Th subset that 
produces IL-17 (Th17) was identified. Th17 cells are distinct from 
Th1 and Th2 cells in phenotype, function, and developmental 
pathways. Th17 cells have been shown to play a critical role in the 
pathogenesis of inflammatory diseases, such as adjuvant-induced 
arthritis and EAE (7, 10, 14–20).

The development of Th17 cells is regulated by a complex network 
of cytokines. A number of studies demonstrate that the differentia-
tion of Th17 cells depends on TGF-β and IL-6, which induce naive 
T cells to secrete IL-21. IL-21 in turn functions in a positive auto-
crine loop to upregulate Th17 lineage–specific transcription fac-
tor RORγt and expression of IL-17, whereas IL-23 maintains and 
expands the Th17 cell populations (10, 12, 21–29). Interestingly, 
TGF-β is also essential for the generation of Foxp3+ Tregs. Recipro-
cal development pathways for the generation of pathogenic Th17 
cells and Foxp3+ Tregs have therefore been proposed. While TGF-β 
alone promotes the generation of Tregs that are well known for their 
ability to suppress autoimmunity and inflammation, in the pres-
ence of IL-6 produced by the innate immune system during infec-
tion, TGF-β induces the differentiation of proinflammatory Th17 
cells. In addition to IL-6 and TGF-β, other cytokines, including IL-1, 
IL-13, IL-18, IL-22, and TNF, have been shown to promote Th17 dif-
ferentiation or expansion in combination with IL-6/TGF-β or IL-23  
(16, 18, 30–32). Studies also demonstrate that certain cytokines 
can interfere with the development of Th17 cells. IL-4, IFN-γ, and 
IFN-α are found to inhibit IL-23–driven expansion of Th17 cells. 
IL-2, a cytokine important for T cell survival and generation of 
Foxp3+ Tregs, inhibits the differentiation and/or expansion of Th17 
cells (33). Furthermore, IL-27, an IL-12/IL-23 family member, is a 
potent negative regulator of Th17 cell differentiation (34–36). IL-27  
is a heterodimeric molecule composed of p28 and Epstein-Barr 
virus–induced gene 3 (Ebi3) subunits, which have homologies to  
IL-12p35 and p40 respectively. The IL-27 receptor complex consists 
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of the unique subunit IL-27R and the gp130 chain of IL-6R. IL-27 
is produced by innate immune cells and has various effects on T cell 
immunity. Recent data show that IL-27, via STAT1 signaling, can 
inhibit the differentiation of Th17 cells triggered by IL-6 plus TGF-β  
(34, 35, 37–39). Loss of IL-27 expression leads to increased Th17 
differentiation, enhanced infiltration of IL-17–producing T cells in 
inflamed tissues, and exacerbated neuroinflammation.

Clinical studies demonstrate that MS is a T cell–mediated 
autoimmune disease of the CNS, which indicates that tolerance 
to the self antigen myelin is broken down, leading to the activa-
tion of autoreactive T cells. However, the existence of autoreactive  
T cells is not the only factor in the initiation and development of 
MS. Although myelin-reactive T cells are also present in healthy 
individuals, normal individuals have multiple layers of protective 
mechanisms to suppress the activation of autoreactive T cells. In 
EAE, the disease is induced peripherally by injection of self anti-
gen in association with a strong adjuvant containing killed whole 
mycobacteria. Thus, TLRs play an important role by inducing 
inflammatory cytokine milieu, which may promote Th17 develop-
ment and contribute to the pathogenesis of autoimmune disease. 
TLR signaling is mediated by a family of MyD88 adaptor proteins, 
primarily MyD88 and Toll–IL-1 receptor domain–containing adap-
tor inducing IFN-β (TRIF) (40, 41). We and others have identified 
2 major types of TLR signaling pathways: the MyD88-dependent 
activation of NF-κB, which results in the induction of inflamma-
tory genes such as TNF, IL-6, and IL-1β; and TRIF-dependent path-
ways involving the induction of type I IFNs and secondary response 
genes activated by IFN-β in an autocrine/paracrine manner (40, 42, 
43). The type I IFN family consists of IFN-β and multiple IFN-α 
subtypes. These cytokines bind to a common receptor, the type I 
IFN receptor (IFNAR), leading to the activation of the JAK/STAT 
signaling pathway. In addition to their well-known function as the 
first line of defense against viral infection, type I IFNs have a variety 

of immunomodulatory effects on DCs, macrophages, T cells, and 
B cells. Recently, we found that the production of and signaling by 
type I IFN is required for LPS-induced IL-10 upregulation, suggest-
ing that the type I IFN pathway may serve a novel antiinflamma-
tory role in TLR-mediated signaling in macrophages (44).

Since the identification of IL-17–producing cells, extensive stud-
ies have been performed to investigate the development and func-
tion of Th17 cells. There are also multiple studies that examine 
the association of these cells with autoimmune diseases, includ-
ing EAE. However, the contribution of innate immunity to the 
development of the Th17 lineage has not been well characterized. 
Furthermore, the functional role of type I IFN induction pathways 
in modulating inflammatory response in EAE is not fully under-
stood. In this study, we used EAE as a model to investigate the 
role of the TRIF-dependent IFN induction pathway of the innate 
immunity system in the regulation of autoimmune inflamma-
tion. Our results demonstrate that the TRIF pathway negatively 
regulates Th17-mediated autoimmune inflammation via type I 
IFN–induced IL-27 production in macrophages.

Results
TRIF-deficient mice develop severe EAE. To investigate the involve-
ment of the TRIF pathway in CNS autoimmune diseases, we exam-
ined the development of EAE in TRIF mutant mice (TRIFLps2/Lps2), 
which carry a loss-of-function mutation in the TRIF gene. We here-
after refer to these mice as TRIF–/– mice. WT and TRIF–/– mice were 
immunized with myelin oligodendrocyte glycoprotein (MOG) 
peptide emulsified in CFA. The disease progression was moni-
tored by physical examination and assigned a disease score of 0 
to 5 based on the severity of EAE. Although both groups of mice 
eventually developed autoimmune disease, TRIF–/– mice exhibited 
significantly more severe EAE than WT control mice. We observed 
that TRIF–/– mice experienced earlier onset of EAE and exhibited 
higher disease incidence during the acute phase (Figure 1, A and B). 
For example, at day 10 after immunization, a significant propor-
tion of TRIF–/– mice developed neurological symptoms, whereas 
WT mice did not exhibit any signs of EAE until later in the disease 
course. Moreover, after initial symptom onset, WT mice gradually 
recovered, while TRIF–/– mice developed progressive disease with 
higher EAE scores. To examine infiltration of inflammatory cells, 
histological analysis was performed on spinal cord sections from 
these 2 groups. As shown by H&E staining (Figure 2), TRIF–/– mice 
developed more severe inflammatory lesions associated with an 
increased number of inflammatory foci and cell infiltration com-
pared with the immunized WT mice.

Infiltration of Th17 cells in the CNS of TRIF-deficient mice. Recent 
studies have demonstrated that Th17 cells are critical for the 
development of autoimmune diseases, including EAE (10, 16, 
21, 23). To investigate whether increased inflammation was 
associated with infiltration of Th17 cells in CNS, we performed 
immunohistochemical analysis of spinal cord from WT and TRIF–/–  
mice. Anti-CD4 and anti–IL-17 staining revealed few CD4+ or  
IL-17–positive cells in the CNS from WT mice 10 days after immu-
nization. In contrast, multiple inflammatory foci filled with CD4+ 
and IL-17–positive cells were observed in the spinal cord sections 
of TRIF–/– mice (Figure 2). To further confirm the infiltration of 
IL-17–producing CD4+ cells in CNS, we isolated mononuclear cells 
from CNS tissues of WT and TRIF–/– mice. Consistent with our 
immunohistochemical analysis, intracellular cytokine staining 
revealed a significant increase in the percentage of IL-17–positive 

Figure 1
TRIF-deficient mice develop severe EAE. (A) Mean EAE score and (B) 
disease incidence in WT mice (n = 12) and TRIFLps2/Lps2 mice (n = 12)  
at each time point. WT and TRIF-deficient mice were immunized with 
MOG peptide (MOG35–55) emulsified in CFA. Mice were assigned a 
disease score of 0 to 5 based on the severity of EAE.
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cells among the infiltrating CD4+ T cells from immunized TRIF–/– 
mice as compared with WT mice (Figure 3A).

Enhanced generation of antigen-specific Th17 cells in TRIF-deficient 
mice. The increased inflammation and infiltration of Th17 cells 
in CNS suggest that the TRIF pathway in the innate immune sys-
tem is involved in the regulation of Th17 development during EAE 
induction. To test this, total splenocytes were isolated from mice 
at day 7 after immunization and restimulated with MOG peptide 
ex vivo. As shown in Figure 3B, splenocytes from TRIF–/– mice pro-
duced significant amounts of IL-17. In contrast, splenocytes from 
WT mice produced very low levels of IL-17 at this early stage of 
EAE induction. At day 21 after immunization, even though sple-
nocytes from WT and TRIF–/– mice produced significant amounts 
of IL-17 when restimulated with antigen, TRIF–/– splenocytes still 
produced much higher levels of IL-17 (Figure 3C). We noticed that 
IFN-γ production was also relatively high in the TRIF-deficient 
cells (Figure 3D). In addition, increased serum levels of IL-17 were 
observed in TRIF-deficient mice after MOG/CFA immunization 
(data not shown).

While TRIF is highly expressed in innate immune cells, includ-
ing macrophages and DCs, there are no reports about its expres-
sion in T cells. To determine whether T cells express TRIF, highly 
purified CD4+ T cells were obtained through magnetic bead sepa-
ration followed by FACS sorting. RT-PCR and Western blot analy-
sis revealed that doubled-sorted CD4+ T cells expressed TRIF at 
both the mRNA and protein levels, albeit the expression level was 
lower than that in total splenocytes and BM-derived macrophages 

(BMMs) (Supplemental Figure 1, A and B; supplemental material 
available online with this article; doi:10.1172/JCI33342DS1). To 
distinguish the role of TRIF in T cells and in APCs, we performed 
adoptive transfer experiments using encephalitogenic T cells from 
WT or TRIF-deficient mice. MOG-specific lymphocytes were iso-
lated from WT and TRIF-deficient mice immunized with MOG 
peptide plus CFA. Encephalitogenic lymphocytes were restimu-
lated in vitro with the antigen and transferred into WT or TRIF-
deficient mice. As shown in Figure 4A, when encephalitogenic  
T cells from WT mice were used, TRIF-deficient recipient mice 
developed EAE with a more severe phenotype than that in WT 
recipient mice. On the other hand, when encephalitogenic TRIF–/– 
T cells were used as donor cells, WT recipient mice had less severe 
EAE compared with TRIF–/– recipient mice (Figure 4B). Accordingly,  
lymphocytes isolated from TRIF-deficient recipient mice pro-
duced more IL-17 proteins when restimulated with MOG peptide 
(data not shown). These results suggest that TRIF-mediated IFN 
pathways in non–T cell compartments, most likely macrophages 
and DCs, may play a significant role in inhibiting autoimmunity 
during the effector phase of EAE.

TRIF limits Th17 development through induction of antiinflammatory 
cytokine IL-27. These results indicate that activation of the TRIF 
pathway in innate immune cells may limit the development of 
proinflammatory Th17 cells. To test this hypothesis, naive T cells 
from WT mice were cocultured with BMMs or BM-derived DCs 
(BMDCs). As shown by intracellular staining in Figure 4C, while 
both LPS-stimulated WT and mutant macrophages could pro-

Figure 2
Increased CNS inflammation in TRIF-deficient mice during EAE. Representative sections of lumbar spinal cord from WT and TRIF-deficient 
mice at day 12 after MOG/CFA immunization were stained with H&E to determine inflammation or immunostained with anti-CD4 or anti–IL-17 
for infiltration of CD4+ and Th17 cells. Data are representative of 3 experiments with similar results.
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mote Th17 differentiation, TRIF–/– and IFNAR–/– macrophages 
activated by LPS induced more IL-17-positive CD4+ T cells in 
coculture experiments. Furthermore, IL-17 production by T cells 
was significantly higher when cocultured with LPS-simulated 
TRIF–/– macrophages. In addition to TRIF–/– macrophages, LPS-
stimulated IFNAR–/– macrophages could significantly enhance 
IL-17 production (Figure 4D). In the parallel experiments, we 
found that LPS-stimulated DCs could promote Th17 develop-
ment, and TRIF- and IFNAR-deficient DCs could induce slightly 
higher IL-17 production. However, the amount of IL-17 induced 
by WT and mutant DCs was much lower than that induced by 
macrophages (Supplemental Figure 2, A and B). Therefore, in our 
system, it seems that macrophages promoted robust IL-17 produc-
tion from T cells. In this study, we also examined IL-17 produc-
tion from purified TRIF-deficient T cells in the coculture system. 
We found that IL-17 production from TRIF–/– cells was slightly 
higher, but the response pattern was similar. Like WT T cells, 
TRIF–/– T cells produced more IL-17 protein when cocultured with 
TRIF–/– or IFNAR–/– macrophages stimulated with LPS (Figure 
4E). Thus, our data indicate that the type I IFN pathway was still 
able to antagonize Th17 development in T cells lacking the TRIF 
molecule. Together, our results suggest that type I IFN induction 
and signaling events in macrophages are important for negatively 
regulating Th17 development.

Next, we investigated whether the TRIF signaling pathway in 
macrophages could limit Th17 development through production 
of negative regulators. To test this hypothesis, we analyzed a number 
of cytokines produced by WT versus TRIF-deficient macrophages in 
response to LPS stimulation (Figure 5A and Supplemental Figure 3).  
The defect in the TRIF molecule led to upregulation of proinflam-
matory cytokines in macrophages. However, the most striking obser-
vation was that TRIF-deficient macrophages produced much less 
IL-27 protein than WT cells. In addition, IL-27 production was also 
significantly reduced in TRIF-deficient DCs (Figure 5B). This result 
is consistent with a recent study showing that TLR4-induced IL-27 
production in DCs critically depends on TRIF signals (45). IL-27,  

a cytokine produced by innate cells, has previously been shown to 
inhibit the differentiation of Th17 cells and inflammatory autoim-
mune diseases (34, 35, 46). Consistent with previous reports, we 
found that IL-27 was a potent inhibitor of Th17 differentiation 
induced by TGF-β and IL-6 (Figure 5C). IL-27 also inhibited IL-17 
production from antigen-specific T cells restimulated in vitro (Fig-
ure 5D). These data raise the possibility that TRIF signaling path-
way may negatively regulate Th17 development through induction 
of antiinflammatory cytokines such as IL-27.

IFN-β can upregulate IL-27 expression in macrophages in an IFNAR-
dependent manner. Since TRIF is vital for LPS-induced type I IFN 
production, we then addressed whether type I IFN was involved in 
LPS-induced IL-27 production. Remarkably, IL-27 production was 
significantly reduced in IFNAR-deficient macrophages after LPS 
stimulation (Figure 5E). We also found that IFNAR-deficient DCs 
produced decreased levels of IL-27 (Figure 5F). IL-27 induction by 
the TRIF pathway may occur via a feedback loop involving IFN-α/β.  
In addition to IL-27, IFN-α/β may affect expression of other 
cytokines involved in inflammation. For example, previous stud-
ies have shown that type I IFNs downregulate IL-12 (47). There-
fore, we analyzed effects of type I IFN on the production of several 
cytokines, including IL-1β, IL-6, IL-10, IL-12, IL-23, and TNF-α, 
some of which have been shown to affect Th17 differentiation and 
expansion. Macrophages and DCs from WT or IFNAR mice were 
stimulated with LPS, and cytokines released into culture super-
natants were measured by ELISA. Among the cytokines tested, as 
with our previous studies, defects in type I IFN signaling pathways 
resulted in reduced IL-10 production. Moreover, IFNAR-deficient 
cells had increased production of LPS-induced proinflammatory 
cytokines such as IL-1, IL-12, and TNF-α. On the other hand, IL-6 
levels were almost not affected by IFN-α/β, and IL-23 production 
only increased slightly in IFNAR-deficient cells (Supplemental 
Figure 4). Since DCs are also major innate immune cells that pro-
vide cytokines and costimulatory molecules to T cells, we further 
analyzed cytokine production by DCs. Although the amount of 
each cytokine produced by these 2 different cell types varied, the 

Figure 3
Th17 development in TRIF-deficient mice. (A) Flow 
cytometry analysis of CNS mononuclear cells from 
WT and TRIF-deficient mice at day 21 after immu-
nization. CNS mononuclear cells isolated from WT 
and TRIF–/– mice were stained for intracellular IL-17.  
Plots were gated on CD4+ T cells. Numbers indicate 
percentage of IL-17+CD4+ cells of total CD4+ cells. 
(B) T cells from TRIF-deficient mice immunized 
with antigen were hyperresponsive ex vivo. Total 
splenocytes were isolated from WT and TRIF-defi-
cient mice 7 days after immunization and restimu-
lated with MOG peptide ex vivo for 3 days. IL-17 
production was measured by ELISA. (C and D) Ex 
vivo response of splenocytes from WT and TRIF-
deficient mice 21 days after immunization. IL-17  
or IFN-γ production was measured by ELISA. 
Results are reported as mean ± SD of duplicate 
samples from 1 representative experiment of 3 
independent experiments.
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overall pattern was similar. The most significant difference is that 
macrophages usually produced a significantly higher level of IL-27 
in response to LPS stimulation. Even though IL-27 plays a criti-
cal role in limiting Th17 development and autoimmune response, 
it does not exclude the possibility that other cytokines may par-
ticipate in generating the phenotype of IFNAR-deficient mice. 
It is most likely that the inflammatory cytokine milieu with the 
reduced IL-27 level in IFNAR-deficient mice may lead to increased 
production of IL-17 and development of autoimmune disease.

Lack of IFNAR signaling in macrophages leads to increased Th17 devel-
opment. Thus far, our data suggest that type I IFN–induced IL-27 
production may represent an important mechanism for the immu-
noregulatory role of the TRIF pathway.

Next, we tried to determine whether supernatant, termed condi-
tional medium (CM), from macrophages stimulated with IFN-β 
has an inhibitory effect. As shown in Figure 6A, the addition of 
CM from IFN-β–treated WT and TRIF-deficient macrophages, 
which express IFNAR, inhibits IL-17 production from Th17 cul-
ture. In contrast, CM from IFN-β–treated IFNAR-deficient macro-
phages failed to do so. To further confirm that type I IFNs directly 
mediate IL-27 expression, we determined whether IFN-β per se can 
stimulate IL-27 production in macrophages. We were surprised to 
find that WT macrophages treated with IFN-β produced IL-27 in a 
dose-dependent manner, whereas IFNAR–/– macrophages failed to 
do so (Figure 6B). The defect in IL-27 induction in both TRIF- and 
IFNAR-deficient macrophages uncovers a potential link between 
the innate cytokine IL-27 and type I IFNs. The ability of exoge-
nous type I IFN to inhibit IL-23–induced IL-17 production has 
been demonstrated previously (7). In our study, we also found that 

both exogenous IFN-α and IFN-β can suppress IL-17 production 
from T cells stimulated with IL-6 and TGF-β (data not shown). 
Then, the question is whether IFNAR-mediated signaling events in 
macrophages are required for negatively regulating Th17 develop-
ment. Interestingly, as shown in Figure 4, E and G, IFNAR–/– mac-
rophages induced more IL-17 production by T cells than WT mac-
rophages, even though WT and IFNAR–/– macrophages produced 
similar levels of type I IFNs. These findings indicate that type I 
IFN–induced signaling events in macrophages play a critical role 
in limiting Th17 development.

To determine whether IL-27 directly contributes to the inhibi-
tory effect of the type I IFN pathway, we utilized an anti–IL-27 
antibody to block IL-27 activity. Our results show that superna-
tants from IFN-treated macrophages inhibited the development of 
Th17 cells in vitro. When anti–IL-27 antibody was added to block 
the IL-27 activity in the CM from IFN-treated WT macrophages, 
the IFN-β–mediated inhibitory effect on Th17 cells was reversed, 
as demonstrated by IL-17 production and intracellular IL-17 stain-
ing from WT T cells (Figure 6C and Supplemental Figure 5A). We 
also got similar results with TRIF-deficient T cells (Supplemental 
Figure 5B). Finally, we tested to determine whether IL-27 also con-
tributes to IFN-mediated inhibition of encephalitogenic T cells. 
Lymphocytes isolated from WT mice immunized with MOG/CFA 
were restimulated with MOG peptides in the presence of CM from 
IFN-treated macrophages plus anti–IL-27 antibody or control IgG. 
As shown in Figure 6D, CM from IFN-treated macrophages sup-
pressed IL-17 production from antigen-specific T cells, and anti–
IL-27 antibody could inhibit such suppression. Similar results were 
also obtained when IFNAR-deficient T cells were used (Figure 6E). 

Figure 4
Type I IFN induction pathway in innate immune sys-
tem constrains the development of Th17 develop-
ment and CNS autoimmune disease. (A) Adoptive 
transfer experiments. Spleen cells and draining 
lymph node cells isolated from immunized WT mice 
were used as donor cells and restimulated with 20 
μg/ml of MOG peptides in vitro. 3 × 107 cells were 
transferred into WT or TRIF–/– naive recipient mice 
via tail-vein injection (5 mice per group). The mice 
were monitored daily for clinical signs of disease. (B) 
Spleen cells and draining lymph node cells isolated 
from immunized TRIF–/– mice were restimulated with 
MOG peptide in vitro for 72 hours. 3 × 107 cells were 
transferred into WT or TRIF-deficient naive recipi-
ent mice via tail-vein injection (5 mice per group). 
(C) Flow cytometry analysis of Th17 development 
in CD4+ T cells cocultured with BMMs. BMMs from 
WT mice, TRIF-deficient, or IFNAR-deficient mice 
were stimulated with LPS (100 ng/ml) for 24 hours, 
then were cultured with WT naive CD4+ T cells in the 
presence of anti-CD3 (1 μg/ml) for 72 hours. Cells 
were stained for surface CD4 and intracellular IL-17. 
Plots were gated on CD4+ T cells. Numbers indicate 
percentage of IL-17+CD4+ cells of total CD4+ cells. 
(D) IL-17 production in the coculture of WT CD4+  
T cells and BMMs in experiments described in C. (E) 
IL-17 production from TRIF-deficient CD4+ T cells 
cocultured with BMMs.
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These results demonstrate that IFN-mediated IL-27 production by 
macrophages plays a major role in inhibiting Th17 development.

IFNAR–/– mice develop severe EAE in vivo. Since defects in the 
IFNAR signaling pathway in macrophages lead to accelerated 
Th17 development, we hypothesized that mice with defects in this 
pathway should develop more severe Th17-mediated autoimmune 
disease. To test this hypothesis, we examined the development of 

EAE in IFNAR–/– mice. As expected, IFNAR–/– mice were highly sus-
ceptible to EAE (Figure 7A). Notably, the lack of IFNAR mainly 
affected the progression of EAE, but not the onset or the incidence 
of disease. While most of the WT mice recovered after the disease 
activity peaked around days 17–20, IFNAR–/– mice developed pro-
gressive and chronic EAE akin to what we observed in the TRIF–/– 
mice. Accordingly, increased infiltration of mononuclear cells was 
observed in the CNS of IFNAR–/– mice immunized with MOG/CFA 
(Figure 7B). These data are in agreement with prior studies show-
ing that exogenous type I IFNs can be used to suppress EAE in 
mice and MS in humans. Consistent with our findings in TRIF- 
and IFNAR-deficient mice, IRF3–/– (IRF, IFN regulatory factor) 
mice were also sensitive to EAE induction (data not shown). To 
determine whether Th17-mediated inflammation accounts for the 
severity of EAE in IFNAR–/– mice, we examined Th17 development 
in IFNAR–/– mice. Similar to TRIF–/– mice, ex vivo restimulation of 
T cells revealed that IFNAR-deficient splenocytes secreted more 

Figure 5
The TRIF pathway limits Th17 development through induction of anti-
inflammatory cytokine IL-27. (A) WT and TRIF-deficient macrophages 
were stimulated with 100 ng/ml LPS. The amount of IL-27 protein in 
culture supernatants was measured after 24 hours of stimulation. (B) 
WT and TRIF-deficient DCs were stimulated with 100 ng/ml of LPS. 
The amount of IL-27 protein was measured after 24 hours of stimula-
tion. (C) IL-27 inhibits IL-17 production induced by IL-6 and TGF-β. 
Naive CD4+ T cells isolated from WT mice were activated for 72 hours 
in Th17 culture in the presence of IL-27 as indicated. IL-17 production 
by CD4+ T cells was determined by ELISA. (D) IL-27 inhibits antigen-
induced Th17 response. Total splenocytes isolated from WT mice 
21 days after MOG/CFA immunization were restimulated with MOG 
peptide ex vivo in the presence of IL-27 for 3 days. IL-17 production 
was measured by ELISA. Data shown are representative of at least 3 
experiments. (E and F) WT and IFNAR–/– BMMs or DCs were stimu-
lated with 100 ng/ml LPS. The amount of IL-27 protein was measured 
after 24 hours of stimulation.

Figure 6
Type I IFN–mediated IL-27 production in macrophages contributes to 
inhibition of IL-17 production. (A) CM from IFN-β–treated macrophages 
suppresses Th17 development. WT, TRIF-deficient, and IFNAR-defi-
cient BMMs were stimulated with IFN-β for 24 hours. Supernatants 
from IFN-β–stimulated macrophages were used as CM; they were 
added to Th17 culture and incubated for 72 hours. IL-17 production 
by CD4+ T cells was determined by ELISA. (B) WT and IFNAR-defi-
cient BMMs were stimulated with IFN-β for 24 hours. The level of IL-27 
protein was measured by ELISA. Data shown are representative of at 
least 3 experiments. (C) IFN-β–mediated inhibitory effects on Th17 
development are reversed in the presence of anti–IL-27 antibody. CM 
from IFN-β–stimulated WT macrophages together with anti–IL-27 anti-
body or control IgG was added to Th17 cell culture. After 72 hours, 
IL-17 production by CD4+ T cells was determined by ELISA. (D) IL-27 
contributes to IFN-β–mediated inhibition of encephalitogenic T cells. 
Lymphocytes isolated from immunized WT mice were restimulated 
with MOG peptide for 72 hours in the presence of CM from IFN-treated 
macrophages plus anti–IL-27 antibody or control IgG. IL-17 levels 
were measured by ELISA. (E) Lymphocytes isolated from immunized 
IFNAR–/– mice were restimulated with MOG peptide in the presence 
of CM from IFN-treated macrophages plus anti–IL-27 antibody. IL-27 
treatment was included as a positive control. IL-17 level was measured 
after 72 hours of culture.
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IL-17 than did WT cells from mice 12 days after MOG/CFA immu-
nization (Figure 7C). These data suggest that the defect in IFN 
signaling pathway in IFNAR-deficient mice contributes to Th17 
development and EAE progression in vivo. Altogether, the results 
from this study demonstrate that TRIF-dependent type I IFN 
induction pathway and IFNAR signaling may serve a protective 
role in limiting Th17-mediated CNS autoimmune inflammation.

To investigate whether IL-27 induction is involved in the inhibi-
tory effects of IFN-α/β on EAE development in vivo, we examined 
IL-27 production in the CNS from IFNAR–/– mice with EAE. After 
onset of clinical disease, the CNS tissues were isolated from WT 
and IFNAR-deficient mice and homogenized; then the IL-27 pro-
tein levels were measured by IL-27p28–specific ELISA. As shown in 
Figure 7D, expression of IL-27 was upregulated in CNS when mice 
developed EAE. Notably, IFNAR–/– mice with EAE had much less 
IL-27 protein in the CNS compared with WT mice. These results 
suggest that type I IFN may upregulate the expression of IL-27 in 
CNS to negatively regulate the progression of autoimmune dis-
ease. The increased production of IL-27 may represent an attempt 
by the immune system to dampen the inflammatory response. 
These data also suggest that IFN-mediated IL-27 production may 
be one of the mechanisms by which IFN-β exerts its therapeutic 
effects in the treatment of EAE and MS.

To determine whether this TLR/IFN/IL-27 regulatory loop is rel-
evant in vivo, we utilized adoptive transfer experiments combined 
with anti–IL-27 blockade. Spleen and lymph node cells isolated 
from immunized IFNAR–/– mice were restimulated in vitro with 
MOG peptide in the presence of supernatants from IFN-treated 
macrophages with or without anti–IL-27 antibody. As a positive 
control, we also added recombinant IL-27 to the ex vivo culture. 
Exogenous IL-27 inhibited the development of EAE in IFNAR–/– 
recipient mice induced by adoptive transfer of antigen-specific 
IFNAR–/– T cells (Figure 8A). Interestingly, CM from IFN-β–treated 
macrophages could ameliorate the adoptive transfer of EAE. Fur-
thermore, the inhibitory effect of CM was significantly reduced 
when IL-27 activity was blocked. As shown in Figure 8B, MOG-

specific T cells cultured with CM in the presence of anti–IL-27 
antibody induced more severe EAE compared with T cells cultured 
with CM plus control IgG. We also noticed that IL-27 blocking was 
not completed; this might result from the amount or the affinity 
of antibody used. Alternatively, other pathways may also contrib-
ute to the inhibitory effects of type I IFNs. Further studies using 
IL-27 or IL-27R knockout mice may clarify this issue.

As our results suggest that type I IFN may suppress EAE develop-
ment via induction of IL-27, we determined whether IL-27 treat-
ment in vivo could reverse the severe EAE phenotype in IFNAR-
deficient mice. To test this, mice were administered purified 
murine IL-27 right after immunization. Consistent with recent 
publications (34, 48), our results showed that IL-27 could signifi-
cantly inhibit EAE development in WT mice (Figure 8C). Strikingly,  
injection of IL-27 also suppressed the severe EAE phenotype in 
IFNAR-deficient mice compared with PBS controls. IFNAR-defi-
cient mice treated with IL-27 showed much milder symptoms. In 
addition, splenocytes from IL-27–treated WT and IFNAR-deficient 
mice produced much less IL-17 when restimulated with antigen 
(Figure 8, D and F). Together, these results indicate that the type I 
IFN induction and signaling pathways may serve a protective role 
in Th17-mediated CNS inflammation via IL-27 induction.

Discussion
Recently, Th17 was identified as an inflammatory Th lineage that 
plays a critical role in a number of animal models of autoimmunity,  
including EAE (7, 10, 14–20, 22). Numerous studies have shown 
that Th17 development is regulated by an extensive cytokine net-
work. Using EAE as a model, we demonstrate that TRIF-depen-
dent type I IFN induction pathway constrains the differentiation 
of Th17 cells both in vitro and in vivo. Defects of key signaling 
molecules, including TRIF, IRF3, and IFNAR, in this pathway lead 
to increased CNS inflammation mediated by Th17 cells. Further-
more, we found that type I IFNs inhibit Th17 development in an 
autocrine/paracrine manner to upregulate IL-27 in macrophages. 
These results reveal that the endogenous type I IFN production 

Figure 7
IFNAR–/– mice are sensitive to EAE. (A) Mean disease score of WT 
mice and IFNAR–/– mice during EAE induction. WT mice (n = 5)  
and IFNAR–/– mice (n = 5) were immunized with MOG peptide 
(MOG35–55) emulsified in CFA. Mice were assigned disease 
scores from 0 to 5 based on the severity of EAE. (B) Increased 
inflammation in IFNAR-deficient mice during EAE. Representa-
tive sections of spinal cord from WT and IFNAR-deficient mice at 
day 12 after MOG/CFA immunization were stained with H&E. (C) 
Total splenocytes isolated from WT and IFNAR–/– mice 12 days 
after immunization were restimulated with MOG peptide ex vivo 
for 3 days. IL-17 production was measured by ELISA. (D) Spi-
nal cord tissues isolated from WT (n = 3) and IFNAR–/– (n = 3) 
mice 12 days after immunization were homogenized. The level of  
IL-27 protein in tissue samples was measured by ELISA. Data are 
representative of 3 experiments with similar results.
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and signaling in macrophages play an important role in the regu-
lation of CNS inflammation and autoimmunity.

We were surprised to find that TRIF-deficient mice had exac-
erbated symptoms of EAE. This phenotype is in stark contrast to 
that of MyD88–/– mice, which are protected from the development 
of CNS autoimmunity (49). The severe EAE phenotype in TRIF–/–  
mice is associated with increased production of proinflammatory 
cytokines and enhanced development of Th17 cells both in vitro 
and in vivo. Our data suggest that different TLR adaptors in mac-
rophages and DCs may have different effects on the development 
of EAE. These results also imply that the TRIF pathway may serve 
a regulatory role to suppress or modulate Th17 development and 
inflammatory response under certain disease conditions such as 
EAE. Based on our model, TLR agonists that activate MyD88-
dependent pathways would function as potent adjutants for EAE 
induction. On the other hand, TRIF-dependent TLR agonists 
would be less effective, or even protective, in EAE induction. This 
conclusion is supported by previous studies that showed that only 
certain TLR agonists have adjuvant activities in the induction of 
CNS autoimmune inflammation (50, 51). It may also explain why 
mycobacteria are effective in EAE induction experiments. Mycobac-
teria stimulate primarily TLR2-induced MyD88 pathways and, to a 
lesser extent, TLR4-dependent MyD88 and TRIF pathways. There-
fore, mycobacteria elicit strong inflammatory responses that may 
promote Th17 development in MOG/CFA-immunized mice. We 
speculate that the antagonism between MyD88 and TRIF might 
have evolved as a counterbalance during inflammatory response. It 
would be interesting to determine whether such antagonism also 

exists in other autoimmune or inflammation conditions. At pres-
ent, it is unclear how TLRs or other intracellular detection path-
ways are activated during the initiation and progression of MS. It 
is possible that some yet unidentified endogenous TLR ligands 
released during tissue damage may contribute to the development 
of this CNS autoimmune disease.

In this study, we also found that the type I IFN induction 
pathway in macrophages plays an important role in modulating 
Th17 response. Various cytokines produced by macrophages in 
response to LPS, including IL-6, IL-23, IL-1, IL-13, and TNF, have 
been shown to promote Th17 differentiation or expansion. While 
inflammatory cytokines are essential for host innate and adaptive 
immune response, they are thought to also contribute to disease 
pathogenesis of infectious agents or endogenous ligands by induc-
ing inflammation and immune injury to the host. Our results indi-
cate that the TRIF pathway may function as a brake to reduce the 
inflammatory response induced by Th17 cells. We found that mac-
rophages from mice deficient in the TRIF signaling pathway were 
able to induce high levels of IL-17 production when cocultured 
with T cells. These findings underscore the important role of mac-
rophages in modulating inflammatory response through a type I 
IFN autocrine/paracrine loop. It has been reported that microglia, 
the resident macrophage-like cells in the CNS, can express TLRs 
(1, 52, 53). Therefore, it would be interesting to determine wheth-
er microglia cells have the ability to modulate Th17 development 
during CNS inflammation.

Systemic administration of IFN-β has been shown to reduce 
the relapse rate, slow disease progression, and decrease the num-

Figure 8
IL-27 reverses severe EAE phenotype in IFNAR–/– mice in vivo. (A) 
IL-27 inhibits adoptive transfer of EAE in IFNAR–/– mice. Spleen 
and lymph node cells isolated from immunized IFNAR–/– mice were 
restimulated in vitro with MOG peptide in the presence of IL-27 
or PBS for 72 hours. 3 × 107 cells were transferred into IFNAR–/– 
naive recipient mice via tail-vein injection (5 mice per group). (B) 
IFN-β–mediated IL-27 production inhibits adoptive transfer EAE in 
IFNAR–/– mice. Spleen and lymph node cells isolated from immu-
nized IFNAR–/– mice were restimulated in vitro with MOG peptide in 
the presence of CM from IFN-treated macrophages with or without 
anti–IL-27 antibody. After 72 hours, 3 × 107 cells were transferred 
into naive IFNAR–/–recipient mice via tail-vein injection (5 mice per 
group). (C) IL-27 inhibits EAE development in WT mice. WT mice 
(n = 5) were immunized with MOG peptide emulsified in CFA. 
Recombinant carrier-free mouse IL-27 (0.25 μg in 100 μl PBS) was 
administered by s.c. injection to immunized WT mice every other 
day from day 2 until day 20. (D) Splenocytes from IL-27–treated 
WT mice represented in C were restimulated in vitro with MOG 
peptides for 72 hours, and IL-17 production was measured. (E) 
IL-27 treatment reverses the phenotype of EAE in IFNAR–/– mice. 
Recombinant mouse IL-27 was administered by s.c. injection to 
immunized IFNAR–/– mice (n = 5) every other day from day 2 until 
day 20. (F) Splenocytes from IL-27–treated IFNAR–/– mice repre-
sented in E were restimulated in vitro with MOG peptides for 72 
hours, and IL-17 production was measured.
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ber of CNS lesions in MS, although the mechanisms responsible 
for its therapeutic effects remain unclear (3–5). Nevertheless, 
these results implicate the potential involvement of endogenous  
IFN-α/β in regulating inflammatory response in the CNS. This con-
clusion is supported by our results showing that IFNAR-deficient 
mice developed more severe EAE compared with WT mice. This is 
in agreement with a previous study that showed that lack of IFN-β 
renders mice more susceptible to EAE (54). However, in that study, 
the deficiency of IFN-β did not alter T cell function and cytokine 
production when T cells were restimulated with antigen. This is in 
contrast with our findings that T cells from TRIF–/– and IFNAR–/–  
mice exhibited enhanced IL-17 as well as IFN-γ production in ex 
vivo recall response. More importantly, our study demonstrates 
that endogenous type I IFN induction pathways are imperative in 
the regulation of CNS inflammation and autoimmunity. Consis-
tent with a recent study that revealed that type I IFN can inhibit 
IL-23–dependent Th17 cell expansion (7), we also demonstrated 
that IFN-α and IFN-β can directly inhibit TGF-β/IL-6–mediated 
Th17 development (data not shown). An intriguing question that 
needs to be addressed is why there is such a profound difference 
between type I IFNs and type II IFN (IFN-γ) in the treatment of MS 
patients. Even though both type I and type II IFNs can inhibit Th17 
development and EAE disease progression in mice, only type I IFNs 
have been shown to be effective in the treatment of MS patients. In 
fact, clinical trials have shown that the administration of type II 
IFN in MS patients actually exacerbated the disease. Therefore, the 
involvement of Th17 cells and the interplay between different T cell 
subsets in the pathogenesis of MS require further evaluation.

The means by which IFN-β is able to effectively modulate innate 
and adaptive immune responses in MS are undoubtedly com-
plex and most likely cannot be explained by a single mechanism 
of action. Nevertheless, our results here suggest that type I IFN–
induced IL-27 and perhaps other antiinflammatory cytokines in 
macrophages may contribute to the therapeutic efficacy of IFN-β. 
In this study, we found that the TRIF pathway controls IL-27 pro-
duction in response to LPS stimulation. IL-27 has been shown to 
directly inhibit the differentiation of Th17 cells and Th17-mediated  
inflammatory response (34, 35, 46). IL-27 is produced by macro-
phages under inflammatory conditions through TLRs. Since its 
promoter region contains NF-κB– and IRF-binding sites, several 
studies have confirmed that its expression depends on NF-κB and 
IRF transcription factors (36, 45, 55). We also found that IL-27 
production was significantly reduced in TRIF-deficient cells. How-
ever, IL-27 production was not totally blocked, which suggests that 
MyD88-dependent pathways also participate in the regulation of 
IL-27 production. Strikingly, we found that IL-27 production is 
also affected by type I IFNs and that TRIF-dependent IL-27 pro-
duction in macrophages is mainly orchestrated through the type I  
IFN–mediated autocrine/paracrine loop. Furthermore, IFN-α/β 
per se is able to induce IL-27 production in macrophages. These 
results provide a potential mechanism for the clinical benefits 
of type I IFNs in MS. Results from other studies and this study 
indicate that IL-27 is upregulated in the CNS of mice with EAE 
(38, 56). We also found that IL-27 production in CNS tissues from 
IFNAR–/– mice with EAE was significantly decreased. Further-
more, the severe phenotype in IFNAR–/– mice can be rescued by 
administration of purified IL-27 protein. These results imply that 
IFN-β–mediated IL-27 production by inflammatory infiltrates or 
microglia cells may protect the CNS from immune injury. Together,  
our data suggest that the beneficial effects of IFN-α/β in the treat-

ment of CNS inflammatory disease may be, at least in part, con-
tributed by the induction of IL-27.

Even though type I IFN–mediated IL-27 production plays a criti-
cal role in limiting Th17 development and autoimmune response, 
this finding does not exclude the possibility that other cytokines, 
such as IL-1, IL-10, IL-12, and TNF-α, may also be involved in 
modulating the phenotype of IFNAR-deficient mice, either inde-
pendently or in compliment with IL-27 induction. IL-10 has long 
been known as an antiinflammatory cytokine, as IL-10–deficient 
mice have increased susceptibility to autoimmune disorders such 
as inflammatory bowel disease and autoimmune encephalomy-
elitis. While reduced IL-10 production may provide an alterna-
tive explanation for the phenotype of IFNR-deficient mice, IFN-
induced IL-10 production may complement the induction of 
IL-27. Recent studies demonstrated that IL-27 is able to induce  
IL-10 production from T cells and generation of Tregs that sup-
press the development of Th17 cells (57–59). On the other hand, 
defects in type I IFN signaling are associated with increased pro-
duction of proinflammatory cytokines. While increased IL-12 
production may promote Th1 development and inflammatory 
response, IL-1 and TNF-α have been reported to enhance Th17 
development in combination with IL-6 and TGF-β. It is notewor-
thy that IL-1 is one of the major cytokines that drives human Th17 
differentiation from naive T cells. Therefore, the function of type I  
IFNs is possibly linked to modulation of the cytokine environ-
ment by upregulation of antiinflammatory cytokines such as  
IL-10 and IL-27 and downregulation of proinflammatory cytokines 
such as IL-1 and TNF, eventually leading to reduced autoimmune 
inflammation mediated by Th17 cells. Consequently, the deficiency  
in IFN production or signaling pathways in the innate immune 
system may result in generation of inflammatory milieu that pro-
mote tissue inflammation and injury. Therefore, it is possible that 
some MS patients might not have proper type I IFN induction or 
signaling during CNS inflammation. This mechanism may also 
be responsible for the inhibitory effects of IFN-β in human MS, 
although further clinical studies are needed.

In summary, the present study demonstrates that TRIF-depen-
dent type I IFN induction and signaling pathways constrain  
IL-17 production and CNS inflammatory response through IL-27 
production. Information learned from this study may help us to 
further develop immunotherapeutic strategies for the treatment 
of MS in the future. For example, using TLR ligands or chemical 
drugs that selectively activate TRIF or type I IFN induction path-
ways may significantly improve the clinical outcomes of MS with 
fewer side effects. It would also be interesting to determine whether  
TRIF-mediated type I IFN induction and signaling pathways also 
play important roles in the regulation of Th17 cells in other auto-
immune diseases or infectious conditions.

Methods
Reagents and mice. Murine IL-17, IL-23, IL-27, IL-6, TGF-β, and anti– 
IL-27p28 antibodies were purchased from R&D Systems. Murine IFN-α 
and IFN-β proteins were from PBL Biomedical Laboratories. Anti-CD3, 
anti-CD28, anti–IFN-γ, and anti–IL-4 were from BD Biosciences. Anti– 
IL-17 PE, anti-CD4 FITC, and anti–IFN-γ APCs were purchased from eBio-
science. MOG35–55 peptides (MEVGWYRSPFSRVVHLYRNGK) were pur-
chased from AnaSpec. LPS was purchased from Sigma-Aldrich.

All mice used were on a C57BL/6 genetic background. IFN Alpha Ro/o  
129/Sv (IFNAR–/–) mice were from B&K Universal Ltd. and were back-
crossed with C57BL/6J mice (The Jackson Laboratory) for 6 generations. 
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TRIFLps2/Lps2 mutant mice were kind gifts from Bruce Beutler (The Scripps 
Research Institute). IRF3–/– and littermate WT mice were kind gifts from 
Tadatsugu Taniguchi (University of Tokyo, Tokyo, Japan). All mice were 
maintained and bred at the UCLA Department of Laboratory Animal Med-
icine mouse facility under specific pathogen–free conditions. All animal 
experiments were approved by the Animal Research Committee (ARC) at 
UCLA and were conducted in accordance with federal regulations as well 
as UCLA guidelines and regulations on animal studies.

EAE induction. EAE was induced in WT and different mutant mice 8 to 12 
weeks of age by immunization of mice s.c. with 200 μl of an emulsion con-
taining 200 μg MOG35–55 peptides in 100 μl PBS and 100 μl CFA. CFA was 
prepared by mixing of incomplete Freund’s adjuvant (DIFCO Laborato-
ries) with 8 mg/ml of Mycobacterium tuberculosis H37RA (desiccated; DIFCO 
Laboratories). At the time of immunization and 2 days later, mice were 
injected i.v. with 200 ng of pertussis toxin (List Biological Laboratories) 
in 100 μl PBS. Mice were monitored daily for clinical signs of disease and 
assigned disease scores from 0 to 5 based on the severity of EAE as follows: 
0, no disease; 1, limp tail; 2, hind limb weakness; 3, hind limb paralysis; 4, 
hind limb and forelimb paralysis; 5, moribundity and death.

For in vivo IL-27 treatment, carrier-free recombinant mouse IL-27 (0.25 
μg suspended in 100 μl of PBS) was administered by s.c. injection to MOG-
immunized mice every other day from day 2 until day 20. The mice were 
monitored daily for clinical signs of disease.

Adoptive transfer experiments. For adoptive transfer experiments, donor mice 
were immunized with MOG in CFA as described above. Spleen cells and 
draining lymph node cells were isolated from mice 12 days after immuniza-
tion and were restimulated with 20 μg/ml of MOG peptides in vitro for 72 
hours. Suspension cells were collected and washed extensively, and 3 × 107 
cells were transferred into each naive recipient mouse via tail-vein injection 
(5 mice per group). On the same day and 2 days later, each mouse received 
200 ng of pertussis toxin via i.v. injection. The development of EAE in these 
recipient mice was monitored daily. In some experiments, IL-27 or CM from 
IFN-β–stimulated macrophages was added during ex vivo culture.

Histology and immunohistochemistry. Brains and spinal cords obtained from 
mice at different times after induction of EAE were quickly frozen and cut 
into sections 5 μm in thickness. For each mouse, 10 sections of the brain 
and 40 sections representing the entire spinal cord (10 each from the cer-
vical, thoracic, and lumbar regions) were obtained. Sections were stained 
with H&E for routine histological analysis, and sections of the spinal cord 
were immunostained with anti-CD4, anti–IL-17, and anti-F4/80 (all from 
BD Biosciences) for infiltration of immune cells. Positive immunostaining 
was detected with a streptavidin-biotin immunoperoxidase system (Vector 
Laboratories) according to manufacturer’s protocols.

CNS mononuclear cell isolation. Brains or spinal cords were removed and 
washed with cold PBS. Tissues were then passed multiple times through 
an 18-gauge needle, and the suspension was then passed through a  
70-μm cell strainer, resuspended in 40 ml of complete RPMI 1640, and 
pelleted at 2,000 g for 10 minutes at 4°C. Cells were resuspended in 60% 
isotonic Percoll (Amersham) solution and overlaid with 30% Percoll. The 
Percoll gradient was centrifuged at 1,000 g for 25 minutes at 25°C without 
brakes, and the top myelin layer was removed before harvesting BMNCs at 
the 60% and 30% interphase layer. Cells were washed with complete RPMI 
1640 and were processed for ex vivo surface staining and intracellular 
staining as described.

Ex vivo restimulation with MOG35–55. Spleens and lymph nodes were col-
lected from the various strains of mice, and single-cell suspensions were 
prepared by mechanical disruption in complete RPMI 1640 medium. Via-
ble cells were cultured for 72 hours in complete medium with or without 
MOG peptide at various concentrations. Culture supernatants were col-
lected for ELISA of cytokine production.

Th17 cell culture. Single-cell suspensions were prepared from spleens from 
WT or different mutant mice. Naive CD4+ T cells were enriched from spleen 
mononuclear cells by magnetic cell sorting with a mouse CD4+ T cell isola-
tion kit (Miltenyi Biotec). CD4+ T cells were cultured in RPMI 1640 (Gibco 
BRL; Invitrogen) supplemented with 10% FBS (HyClone), penicillin and 
streptomycin, and 0.5 μM 2-mercaptoethanol. CD4+ T cells in 96-well plates 
were stimulated with anti-CD3 (1 μg/ml) and anti-CD28 (1 μg/ml). Where 
indicated, cultures were supplemented with anti-mouse IFN-γ (5 μg/ml), 
anti-mouse IL-4 (5 μg/ml), IL-6 (5 ng/ml), TGF-β (1 ng/ml), IL-27 (1–25 
ng/ml), IFN-α (0–250 U/ml), or IFN-β (0–250 U/ml). Seventy-two hours 
after stimulation, supernatants were collected and determined by ELISA.

ELISA. IL-1β, IL-6, IL-10, IL-12, IL-17, IL-21, TNF-α, and IFN-γ were 
detected in culture supernatants with ELISA sets or antibody pairs from 
BD Biosciences. IL-27 and TGF-β were detected with ELISA kits (R&D Sys-
tems). IL-17 and IL-23 were detected with ELISA kits (eBioscience) per the 
manufacturer’s instructions.

Flow cytometry. For intracellular cytokine staining, splenocytes or CD4+ 
T cells were first restimulated for 4 hours with 50 ng/ml of phorbol  
12-myristate 13-acetate (PMA) and 500 ng/ml of ionomycin in the pres-
ence of 5 μg/ml of brefeldin A (Sigma-Aldrich). Cells were surface stained 
with fluorescein isothiocyanate–conjugated anti-CD4. Cells were then 
permeabilized with the Cytofix/Cytoperm Plus Kit (BD Biosciences — 
Pharmingen) according to the manufacturer’s protocol. Cells were stained 
intracellularly with PE-conjugated anti-mouse IL-17 and allophycocyanin-
conjugated anti-mouse IFN-γ. Samples were acquired on a FACSCalibur, 
and data were analyzed with CellQuest Pro software (BD Biosciences).

Coculture of CD4+ T cells with BMMs or BMDCs. Naive CD4+ T cells were 
enriched from spleen mononuclear cells by magnetic cell sorting with a 
mouse CD4+ T cell isolation kit (Miltenyi Biotec) as described above. CD4+ 
T cells were further purified by sorting via FACS machine. BMMs and 
BMDCs were treated with TLR ligands 24 hours before coculture. T cells 
were cultured with BMMs or BMDCs at a ratio of 5:1, and cells were stimu-
lated with 1 μg/ml of anti-CD3 in complete medium. Where indicated, 
cultures were supplemented with recombinant cytokines. Supernatants or 
cells were analyzed on day 3 of culture.

IFN-β treatment of macrophages. WT and IFNAR–/– BMMs were stimulated 
with IFN-β as indicated for 24 hours. Supernatants were collected as CM and 
stored at –20°C. The amount of IL-27 protein was measured using ELISA.

Preparation of BMMs and BMDCs. Murine BMMs were generated by flushing 
BM cells from femurs and tibiae of mice. These cells were cultured for 7 days 
in DMEM (Gibco BRL; Invitrogen) containing 10% FBS, penicillin, strepto-
mycin, and 10% conditioned media from L929 cells overexpressing M-CSF.

For BMDCs, 3 × 106 BM cells were cultured in petri dishes in 10 ml culture 
medium containing 10 ng/ml of murine GM-CSF (R&D Systems). On day 3 
of culture, this was replaced with fresh GM-CSF medium. Loosely adherent 
cells were transferred to a fresh dish and cultured for an additional 4 days.

Statistics. Statistical analysis was performed with a 2-tailed Student’s 
t test for differences among groups. P < 0.05 was considered statisti-
cally significant. Quantitative data are expressed as means ± SD unless 
otherwise stated. 

Acknowledgments
We are grateful to Bruce Beutler, Shizuo Akira, and Tadatsugu 
Taniguchi for providing us with the different mutant and WT lit-
termate mice. We thank members of our laboratory for their dis-
cussion and suggestions. Beichu Guo is supported by a Special Fel-
lowship from the Leukemia & Lymphoma Society. Elmer Y. Chang 
is supported by a research fellowship from the Crohn’s & Colitis 
Foundation of America. This work was supported in part by NIH 
research grants R01 AI056154, R01 AI069120, and R37 AI47868.



research article

1690	 The Journal of Clinical Investigation      http://www.jci.org      Volume 118      Number 5      May 2008

Received for publication July 20, 2007, and accepted in revised 
form February 13, 2008.

Address correspondence to: Genhong Cheng, Department of 
Microbiology, Immunology, and Molecular Genetics, 8-240 Fac-

tor Building, University of California, 10833 Le Conte Avenue, Los 
Angeles, California 90095. Phone: (310) 825-8896; Fax: (310) 206-
5553; E-mail: genhongc@microbio.ucla.edu.

Beichu Guo and Elmer Y. Chang contributed equally to this work.

	 1.	Agrawal, S.M., and Yong, V.W. 2007. Immuno-
pathogenesis of multiple sclerosis. Int. Rev. Neuro-
biol. 79:99–126.

	 2.	Ford, H., and Nicholas, R. 2005. Multiple sclerosis. 
Clin. Evid. 14:1637–1651.

	 3.	Buttmann, M., and Rieckmann, P. 2007. Interferon-
beta1b in multiple sclerosis. Expert Rev. Neurother. 
7:227–239.

	 4.	Markowitz, C.E. 2007. Interferon-beta: mechanism 
of action and dosing issues. Neurology. 68:S8–S11.

	 5.	Tourbah, A., and Lyon-Caen, O. 2007. Interferons 
in multiple sclerosis: Ten years’ experience. Biochi-
mie. 89:899–902.

	 6.	Panitch, H.S., Hirsch, R.L., Haley, A.S., and John-
son, K.P. 1987. Exacerbations of multiple sclerosis 
in patients treated with gamma interferon. Lancet. 
1:893–895.

	 7.	Harrington, L.E., et al. 2005. Interleukin 17-pro-
ducing CD4+ effector T cells develop via a lineage 
distinct from the T helper type 1 and 2 lineages. 
Nat. Immunol. 6:1123–1132.

	 8.	Park, H., et al. 2005. A distinct lineage of CD4 T 
cells regulates tissue inflammation by producing 
interleukin 17. Nat. Immunol. 6:1133–1141.

	 9.	Ivanov, I.I., et al. 2006. The orphan nuclear recep-
tor RORgt directs the differentiation program 
of proinflammatory IL-17+ T helper cells. Cell. 
126:1121–1133.

	 10.	Bettelli, E., et al. 2006. Reciprocal developmental 
pathways for the generation of pathogenic effector 
TH17 and regulatory T cells. Nature. 441:235–238.

	 11.	Mangan, P.R., et al. 2006. Transforming growth 
factor-beta induces development of the T(H)17 
lineage. Nature. 441:231–234.

	 12.	Veldhoen, M., Hocking, R.J., Atkins, C.J., Locksley, 
R.M., and Stockinger, B. 2006. TGFbeta in the con-
text of an inflammatory cytokine milieu supports 
de novo differentiation of IL-17-producing T cells. 
Immunity. 24:179–189.

	 13.	Li, M.O., Wan, Y.Y., and Flavell, R.A. 2007. T cell-
produced transforming growth factor-beta1 con-
trols T cell tolerance and regulates Th1- and Th17-
cell differentiation. Immunity. 26:579–591.

	 14.	Weaver, C.T., Hatton, R.D., Mangan, P.R., and 
Harrington, L.E. 2007. IL-17 family cytokines and 
the expanding diversity of effector T cell lineages. 
Annu. Rev. Immunol. 25:821–852.

	 15.	Wynn, T.A. 2005. T(H)-17: a giant step from T(H)1 
and T(H)2. Nat. Immunol. 6:1069–1070.

	 16.	Bettelli, E., Oukka, M., and Kuchroo, V.K. 2007. 
T(H)-17 cells in the circle of immunity and auto-
immunity. Nat. Immunol. 8:345–350.

	 17.	McGeachy, M.J., and Cua, D.J. 2007. T cells doing 
it for themselves: TGF-beta regulation of Th1 and 
Th17 cells. Immunity. 26:547–549.

	 18.	Thakker, P., et al. 2007. IL-23 is critical in the 
induction but not in the effector phase of experi-
mental autoimmune encephalomyelitis. J. Immunol. 
178:2589–2598.

	 19.	Furuzawa-Carballeda, J., Vargas-Rojas, M.I., and 
Cabral, A.R. 2007. Autoimmune inflammation from 
the Th17 perspective. Autoimmun. Rev. 6:169–175.

	 20.	Steinman, L. 2007. A brief history of T(H)17, the first 
major revision in the T(H)1/T(H)2 hypothesis of T 
cell-mediated tissue damage. Nat. Med. 13:139–145.

	 21.	Lohr, J., Knoechel, B., Wang, J.J., Villarino, A.V., and 
Abbas, A.K. 2006. Role of IL-17 and regulatory T 
lymphocytes in a systemic autoimmune disease.  

J. Exp. Med. 203:2785–2791.
	 22.	Weaver, C.T., Harrington, L.E., Mangan, P.R., Gavri-

eli, M., and Murphy, K.M. 2006. Th17: an effector 
CD4 T cell lineage with regulatory T cell ties. Immu-
nity. 24:677–688.

	 23.	Dong, C. 2006. Diversification of T-helper-cell lin-
eages: finding the family root of IL-17-producing 
cells. Nat. Rev. Immunol. 6:329–333.

	 24.	Cua, D.J., et al. 2003. Interleukin-23 rather than inter-
leukin-12 is the critical cytokine for autoimmune 
inflammation of the brain. Nature. 421:744–748.

	 25.	Langrish, C.L., et al. 2005. IL-23 drives a patho-
genic T cell population that induces autoimmune 
inflammation. J. Exp. Med. 201:233–240.

	 26.	Nurieva, R., et al. 2007. Essential autocrine regula-
tion by IL-21 in the generation of inflammatory T 
cells. Nature. 448:480–483.

	 27.	Zhou, L., et al. 2007. IL-6 programs T(H)-17 cell dif-
ferentiation by promoting sequential engagement 
of the IL-21 and IL-23 pathways. Nat. Immunol. 
8:967–974.

	 28.	Korn, T., et al. 2007. IL-21 initiates an alternative 
pathway to induce proinflammatory T(H)17 cells. 
Nature. 448:484–487.

	 29.	Ivanov, I.I., Zhou, L., and Littman, D.R. 2007. Tran-
scriptional regulation of Th17 cell differentiation. 
Semin Immunol. 19:409–417.

	 30.	Sutton, C., Brereton, C., Keogh, B., Mills, K.H., 
and Lavelle, E.C. 2006. A crucial role for interleu-
kin (IL)-1 in the induction of IL-17-producing T 
cells that mediate autoimmune encephalomyelitis.  
J. Exp. Med. 203:1685–1691.

	 31.	Kleinschek, M.A., et al. 2007. IL-25 regulates Th17 
function in autoimmune inflammation. J. Exp. 
Med. 204:161–170.

	 32.	Gutcher, I., Urich, E., Wolter, K., Prinz, M., and 
Becher, B. 2006. Interleukin 18-independent 
engagement of interleukin 18 receptor-alpha is 
required for autoimmune inflammation. Nat. 
Immunol. 7:946–953.

	 33.	Laurence, A., et al. 2007. Interleukin-2 signaling 
via STAT5 constrains T helper 17 cell generation. 
Immunity. 26:371–381.

	 34.	Batten, M., et al. 2006. Interleukin 27 limits auto-
immune encephalomyelitis by suppressing the 
development of interleukin 17-producing T cells. 
Nat. Immunol. 7:929–936.

	 35.	Stumhofer, J.S., et al. 2006. Interleukin 27 nega-
tively regulates the development of interleukin 17-
producing T helper cells during chronic inflamma-
tion of the central nervous system. Nat. Immunol. 
7:937–945.

	 36.	Colgan, J., and Rothman, P. 2006. All in the family: 
IL-27 suppression of T(H)-17 cells. Nat. Immunol. 
7:899–901.

	 37.	Kastelein, R.A., Hunter, C.A., and Cua, D.J. 2007. 
Discovery and biology of IL-23 and IL-27: related 
but functionally distinct regulators of inflamma-
tion. Annu. Rev. Immunol. 25:221–242.

	 38.	Li, J., Gran, B., Zhang, G.X., Rostami, A., and 
Kamoun, M. 2005. IL-27 subunits and its recep-
tor (WSX-1) mRNAs are markedly up-regulated in 
inflammatory cells in the CNS during experimen-
tal autoimmune encephalomyelitis. J. Neurol. Sci. 
232:3–9.

	 39.	Hunter, C.A. 2005. New IL-12-family members:  
IL-23 and IL-27, cytokines with divergent func-
tions. Nat. Rev. Immunol. 5:521–531.

	 40.	Barton, G.M., and Medzhitov, R. 2003. Toll-like recep-
tor signaling pathways. Science. 300:1524–1525.

	 41.	Takeda, K., Kaisho, T., and Akira, S. 2003. Toll-like 
receptors. Annu. Rev. Immunol. 21:335–376.

	 42.	Stetson, D.B., and Medzhitov, R. 2006. Type I inter-
ferons in host defense. Immunity. 25:373–381.

	 43.	Le Page, C., Genin, P., Baines, M.G., and Hiscott, J. 
2000. Interferon activation and innate immunity. 
Rev. Immunogenet. 2:374–386.

	 44.	Chang, E.Y., Guo, B., Doyle, S.E., and Cheng, G. 
2007. Cutting edge: Involvement of the type I IFN 
production and signaling pathway in lipopolysac-
charide-induced IL-10 production. J. Immunol. 
178:6705–6709.

	 45.	Molle, C., et al. 2007. IL-27 Synthesis Induced by 
TLR Ligation Critically Depends on IFN Regula-
tory Factor 3. J. Immunol. 178:7607–7615.

	 46.	Amadi-Obi, A., et al. 2007. T(H)17 cells contribute 
to uveitis and scleritis and are expanded by IL-2 and 
inhibited by IL-27/STAT1. Nat. Med. 13:711–718.

	 47.	Cousens, L.P., Orange, J.S., Su, H.C., and Biron, C.A. 
1997. Interferon-alpha/beta inhibition of interleu-
kin 12 and interferon-gamma production in vitro 
and endogenously during viral infection. Proc. Natl. 
Acad. Sci. U. S. A. 94:634–639.

	 48.	Fitzgerald, D.C., et al. 2007. Suppressive effect of 
IL-27 on encephalitogenic Th17 cells and the effec-
tor phase of experimental autoimmune encephalo-
myelitis. J. Immunol. 179:3268–3275.

	 49.	Prinz, M., et al. 2006. Innate immunity mediated by 
TLR9 modulates pathogenicity in an animal model 
of multiple sclerosis. J. Clin. Invest. 116:456–464.

	 50.	Hansen, B.S., et al. 2006. Multiple toll-like receptor 
agonists act as potent adjuvants in the induction of 
autoimmunity. J. Neuroimmunol. 172:94–103.

	 51.	Wolf, N.A., Amouzegar, T.K., and Swanborg, R.H. 
2007. Synergistic interaction between Toll-like 
receptor agonists is required for induction of 
experimental autoimmune encephalomyelitis in 
Lewis rats. J. Neuroimmunol. 185:115–122.

	 52.	Jack, C.S., et al. 2005. TLR signaling tailors innate 
immune responses in human microglia and astro-
cytes. J. Immunol. 175:4320–4330.

	 53.	Lee, S.J., and Lee, S. 2002. Toll-like receptors and 
inflammation in the CNS. Curr. Drug Targets 
Inflamm. Allergy. 1:181–191.

	 54.	Teige, I., et al. 2003. IFN-beta gene deletion leads to 
augmented and chronic demyelinating experimen-
tal autoimmune encephalomyelitis. J. Immunol. 
170:4776–4784.

	 55.	Liu, J., Guan, X., and Ma, X. 2007. Regulation of 
IL-27 p28 gene expression in macrophages through 
MyD88- and interferon-gamma-mediated path-
ways. J. Exp. Med. 204:141–152.

	 56.	Sonobe, Y., et al. 2005. Production of IL-27 and 
other IL-12 family cytokines by microglia and their 
subpopulations. Brain Res. 1040:202–207.

	 57.	Awasthi, A., et al. 2007. A dominant function for 
interleukin 27 in generating interleukin 10-pro-
ducing anti-inflammatory T cells. Nat. Immunol. 
8:1380–1389.

	 58.	Fitzgerald, D.C., et al. 2007. Suppression of autoim-
mune inflammation of the central nervous system 
by interleukin 10 secreted by interleukin 27-stimu-
lated T cells. Nat. Immunol. 8:1372–1379.

	 59.	Stumhofer, J.S., et al. 2007. Interleukins 27 and 6 
induce STAT3-mediated T cell production of inter-
leukin 10. Nat. Immunol. 8:1363–1371.


