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Intracellular cyclic adenosine monophosphate (cAMP) suppresses innate immunity by inhibiting proin-
flammatory cytokine production by monocytic cells. We have shown that the transcription factor c-Fos
is responsible for cAMP-mediated suppression of inflammatory cytokine production, and that c-Fos pro-
tein is stabilized by IKKb-mediated phosphorylation. We found that S308 is one of the major phosphor-
ylation sites, and that the S308D mutation prolongs c-Fos halflife. To investigate the role of stabilized c-
Fos protein in dendritic cells (DCs) in vivo, we generated CD11c-promoter-deriven c-FosS308D transgenic
mice. As expected, bone marrow-derived DCs (BMDCs) from these Tg mice produced smaller amounts of
inflammatory cytokines, including TNF-a, IL-12, and IL-23, but higher levels of IL-10, in response to LPS,
than those from wild-type (Wt) mice. When T cells were co-cultured with BMDCs from Tg mice, produc-
tion of Th1 and Th17 cytokines was reduced, although T cell proliferation was not affected. Tg mice dem-
onstrated more resistance to experimental autoimmune encephalomyelitis (EAE) than did Wt mice.
These data suggest that c-Fos in DCs plays a suppressive role in certain innate and adaptive immune
responses.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

The toll-like receptor (TLR) signaling pathway plays a central
role in innate immunity and is linked to the activation of adaptive
immunity. TLRs are activated by interaction with their cognate li-
gands, such as LPS (lipopolysaccharide), followed by the activation
of two distinct adaptor molecules, MyD88 and TRIF. The MyD88
and TRIF signaling pathways activate the transcription factors
NF-jB and IRF3, leading to the transcriptional activation of proin-
flammatory cytokines (TNF-a, IL-6, and IL-12) and interferons
(IFNs) [1]. To maintain homeostasis, the TLR signal is strictly regu-
lated by anti-inflammatory cytokines such as IL-10 and TGF-b [2,3]
as well as various chemical and peptide mediators, including
prostaglandin E2 (PGE2) [4], histamine [5], extracellular ATP [6],
vasoactive intestinal peptide (VIP), and pituitary adenylate cy-
clase-activating peptide (PACAP) [7]. IL-10 has been shown to
suppress proinflammatory cytokine production through the
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transcription factor STAT3 [8], whereas other mediators act by ele-
vating intracellular cAMP [9].

We previously identified c-Fos as a strong candidate for the
cAMP mediator [9]. It has been reported that deletion of the c-fos
gene (encoding c-Fos) results in hyperinduction of proinflamma-
tory cytokines in response to LPS [10], but the mechanism of
c-Fos-mediated suppression of proinflammatory cytokine produc-
tion had not been elucidated. We found that the amounts of c-
Fos protein induced by LPS plus cAMP were much higher than
those induced by LPS or cAMP alone. cAMP upregulates c-fos mRNA
expression, whereas the kinase IKKb activated by LPS, directly
phosphorylates c-Fos, leading to c-Fos protein stabilization and
accumulation. We also identified one of the critical c-Fos residues
for IKKb-mediated phosphorylation and stabilization [9]. Our data
suggested that c-Fos should be viewed as a therapeutic target for
endotoxin shock and inflammatory diseases, but the effect of c-
Fos overexpression or stabilization in vivo remained to be clarified.

To investigate the immune-suppressive functions of c-Fos in
vivo, we generated c-fos transgenic (Tg) mice in which the mutant
c-fos gene is expressed in dendritic cells (DCs). Since c-Fos is very
unstable without phosphorylation, we introduced an S308D substi-
tution to stabilize the c-Fos protein. Although the expression levels
of c-Fos were within normal physiological levels, proinflammatory
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Fig. 1. Generation of c-Fos transgenic mice. (A) ß c-Fos cDNA containing the S308D
mutation (black bar) was inserted into the mouse CD11c promoter-containing
plasmid (striped bar). The rabbit b-globin gene fragment providing an intron and
polyadenylation signal is indicated by gray bars. (B and C) BMDCs (B) and CD11c+

splenic DCs (C) were simulated with LPS (10 ng/ml) for the indicated time and for
3 h, respectively. The c-Fos mRNA was determined by quantitative RT-PCR. (D)
BMDCs were stimulated with LPS and cAMP for the indicated time. The c-Fos
protein was analyzed by immunoblotting. ⁄P < 0.05 ⁄⁄P < 0.01, ⁄⁄⁄P < 0.001.
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cytokine production of bone marrow-derived DCs (BMDCs) from Tg
mice was lower than that from wild type (Wt) mice. Compared
with Wt mice, these Tg mice were more resistant to induction of
experimental autoimmune encephalomyelitis (EAE). These data
confirmed that c-Fos in DCs plays a suppressive role in immune
responses.

2. Materials and methods

2.1. Generation of c-FosS308D Tg mice

The 5.5-kb CD11c promoter was kindly provided by Dr. Littman
[11]. The cDNA encoding for human c-Fos was ligated into the Eco-
RI site of the CD11c-promoter vector. The orientation of the cDNA
was controlled by restriction digestion and DNA sequence analysis.
The linearized transgenic construct devoid of vector sequence was
injected into fertilized oocytes and transgenic offspring were ini-
tially identified by tail genomic PCR. We back-crossed founder line
3, referred to in this study as CD11c c-fos-Tg mice, toward C57BL/6J
for three generations. All experiments using these mice were ap-
proved by the Animal Ethics Committee of the Keio University
School of Medicine, Tokyo, Japan, and performed according to their
guidelines.

2.2. Cells, antibodies and reagents

Bone marrow-derived dendritic cells (BMDCs) were prepared as
described previously [12]. BMDCs were stained with APC-conju-
gated anti-CD11c, FITC-conjugated anti-CD40 and PE-conjugated
anti-I-A, or FITC-conjugated anti-CD86 and PE-conjugated anti-
CD80. LPS (Escherichia coli serotype 055:B5) was purchased from
Sigma. Anti-c-Fos (sc-52) antibody was from Santa Cruz Biotech-
nology, and anti-Actin antibody (A2066) was from Sigma.

2.3. ELISA and RT-PCR

For the assessment of cytokine production, supernatants were
collected 24 h after LPS (10 ng/ml) with or without 100 lM dibu-
tylic cAMP [5] or other TLR ligand stimulation of the BMDCs. The
amounts of TNF-a, IL-12 p70, IL-6, and IL-10 were measured with
OptEIA ELISA sets (BD Bioscience) [3]. Cells for total RNA analysis
were prepared using the Sepasol RNA I Super G (Nacalai Tesque)
and RT-PCR was carried out using the High Capacity cDNA reverse
transcription kit (Applied Biosystems). Real-time PCR was carried
out with EvaGreen Supermix (Bio-Rad). The data were normalized
to G3PDH reference. The primers were described previously [13].

2.4. Western blot analysis

Western blot analysis was performed as described elsewhere
[9]. In brief, BMDCs (1 � 106) were treated with LPS at the indi-
cated times and then collected and lysed with a lysis buffer. Pro-
teins were separated by 10% SDS–PAGE, transferred onto
nitrocellulose membranes, and incubated with antibodies.

2.5. Experimental autoimmune encephalomyelitis (EAE)

Myelin oligodendrocyte glycoprotein (MOG) peptide 35–55
(MEVGWYRSPFSRVVHLYRNGK) was used to induce EAE in mice
[14]. Paralysis was evaluated according to the following scale: 0,
no disease; 1, tail limpness; 2, hind limb weakness; 3, hind limb
paralysis; 4, fore limb weakness; 5, quadriplegia; and 6, death. Rel-
ative weight, meaning the ratio of that day’s weight to the weight
measured on day 0 was also measured daily. After 11 days, spleno-
cytes (5 � 105 cells/well) from these mice were cultured with MOG
peptide at the indicated concentrations in a 96-well plate and
amounts of IL-17 in the culture supernatants were measured with
ELISA [15]. FACS analyses of cytokines in T cells were performed as
described [16].

2.6. Preparation of CD4+ T cells and mixed lymphocyte reaction

Spleen and lymph node (LN) cells of C57BL/6 mice were incu-
bated with anti-CD4-coated magnetic beads (Miltenyi Biotec),
purified, and positively selected [4]. The purity of the CD4+ T cells
was >90%, as determined by flow cytometry. The CD4+ T cells were
co-cultured with LPS-stimulated BMDCs in the presence of 1 lg/ml
anti-CD3 Ab for 3 days. Then, after a 60 h culture, cell proliferation
was assessed by [3H]-thymidine incorporation assay. Cytokine con-
centration in the supernatants was measured by ELISA [17].
3. Results

3.1. CD11c c-Fos transgene expression

To investigate the role of c-Fos in DCs, we generated Tg mice
that express Wt or S308D mutant human c-Fos protein via a trans-
gene under the control of the mouse CD11c promoter (Fig. 1A). This
promoter has been used to express various genes in myeloid cells,
mostly DCs [18]. We obtained four Wt c-fos-Tg lines, however,
none of the BMDCs from these mice showed strong accumulation
of c-Fos protein after LPS treatment. No difference in cytokine pro-
duction was observed in BMDCs from Wt c-fos-Tg mice (data not
shown). Therefore, we did not analyze Wt c-fos-Tg lines in further



Fig. 2. Effect of c-Fos expression on BMDC activation. (A) Flow cytometric analysis of CD80, CD86, CD40, and MHC class II expression of BMDCs from Tg mice and Wt
littermates. BMDCs were cultured in the presence or absence of LPS for 18 h, then stained and analyzed for expression of cell surface markers. (B) BMDCs were stimulated
with LPS (10 ng/ml) for 24 h. The concentration of indicated cytokines in culture supernatants was determined by ELISA. (C) BMDCs were stimulated with LPS (10 ng/ml), PGN
(10 lg/ml) or Poly(I:C) (10 lg/ml) for 3 h. Cytokine mRNA induction was measured by quantitative RT-PCR and normalized to G3PDH expression for each sample. (D) CD11c+

splenic DCs were stimulated with LPS for 3 h. Cytokine mRNA induction was measured by quantitative RT-PCR and normalized to G3PDH expression for each sample. ⁄P < 0.05
⁄⁄P < 0.01, ⁄⁄⁄P < 0.001; n.s., not significant; n.d., not detected.
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experiments. We then examined S308D c-fos-Tg lines. After micro-
injection of the plasmids to oocytes, three Tg mice were obtained.
Two of them expressed high levels of c-fos, showed osteopetrosis,
and were sterile. One Tg mouse that expressed relatively low levels
of c-fos mRNA (Fig. 1B and C) had offspring, so we analyzed this
line further. After 1 h LPS stimulation, we could not detect c-Fos
protein even in Tg BMDCs by Western blotting (Fig. 1D). As shown
in Fig. 1D, the protein expression levels in the BMDCs treated with
LPS for 3 h from this Tg line were increased and higher than those
in Wt BMDCs were treated with LPS for 3 h. However, this c-Fos
levels in Tg BMDCs were comparable to those in Wt BMDCs treated
with LPS plus cAMP. Thus, the protein levels of c-Fos in these Tg
mice seemed to be within physiological levels. c-Fos protein levels
in Tg BMDCs were increased after LPS stimulation, suggesting that
LPS activates CD11c promoter.
Fig. 3. Low production of cytokines in T cells stimulated with BMDCs from c-Fos
transgenic mice. (A) BMDCs from Wt or Tg mice were stimulated with LPS for 24 h,
and CD4+ T cells from Wt mice were then co-cultured with BMDCs in the presence
of anti-CD3e antibody for 3 days. Proliferation of T cells was determined by [3H]-
thymidine incorporation. (B) Cytokines and transcription factor levels in re-
stimulated T cells were measured by quantitative RT-PCR and normalized to
G3PDH. ⁄P < 0.05 ⁄⁄P < 0.01, ⁄⁄⁄P < 0.001; n.s., not significant.
3.2. Effect of c-Fos on DC maturation

First, we investigated the DC population of Tg mice. The number
and population of CD11b+CD11c+ DCs as well as CD11c+B220+ pDCs
in the spleen were similar between Wt and Tg mice (data not
shown). Wt and Tg mice showed similar responses to in vivo
administration of LPS, probably because macrophages were normal
in Tg mice. Thus, we examined DC maturation in vitro. LPS induces
DC maturation associated with the enhanced expression of class II
MHC (I-A), CD40, and costimulators (CD80 and CD86). Upregula-
tion of these surface molecules of BMDCs from Tg mice was com-
parable to that of the BMDCs from control mice (Fig. 2A). Next,
we evaluated the TLR-mediated proinflammatory cytokines. Fully
matured DCs produce various cytokines, such as TNF-a, IL-12, IL-
6, and IL-10. The production of TNF-a and IL-12 in response to
LPS was markedly reduced in BMDCs from Tg mice (Fig. 2B). These
cytokine patterns were confirmed by mRNA levels (Fig. 2C) and IL-
23p19 (Il23a) levels were also reduced (Fig. 2C). In contrast, secre-
tion of IL-10 was enhanced in DCs from Tg mice compared with
that of control DCs (Fig. 2B–D). Furthermore, BMDCs from Tg mice
suppressed the production of inflammatory cytokines by other TLR
ligands such as peptideglycan (PGN) or Poly(I:C) (Fig. 2C). Impair-
ment of TLR-dependent cytokine production was also detected in
DCs from Tg mice. These last results confirmed that c-Fos sup-
presses LPS-induced proinflammatory cytokine production.

We then used Western blot analyses to examine the effect of c-
Fos on TLR signaling pathways. ERK, IkBa, p38, and JNK were phos-
phorylated by stimulation with LPS, but comparisons between
BMDCs from Tg mice and Wt mice revealed little alteration (data
not shown). These results suggest that the suppressive effects of
c-Fos are not due to the inhibition of LPS-mediated intracellular
signal transduction pathways.
3.3. Low production of inflammatory cytokines from T cells stimulated
with DCs from c-fos-Tg mice

Next, we examined T cells expanded by transgenic DCs in vitro.
Naïve CD4+ T cells were co-cultured with BMDCs from Tg mice or
control mice for three days in the presence of anti-CD3. T cell pro-
liferation was unchanged (Fig. 3A). However, the expression level
of Th17-type cytokine IL-17 and RORct, a master transcription fac-
tor of Th17, was much lower in the co-cultured T cells than those of
control mice (Fig. 3B). Furthermore, the level of Th1-type cytokine
IFN-c was also lower in DCs from Tg mice. These results indicate
that DCs from Tg mice suppressed Th17-type and Th1-type re-
sponse in vitro, compared with those of control mice. These results
also suggest that BMDCs from Tg mice are less immunogenic
in vitro than BMDCs from Wt mice.
3.4. Reduced adaptive immunity in c-fos-Tg mice

We investigated the in vivo immunosuppressive effect on c-fos-
Tg mice of MOG-induced EAE in Th17-mediated disease. Control
mice exhibited characteristic signs of EAE starting on day 9,
whereas Tg mice developed less severe EAE symptoms compared
with those in control mice (Fig. 4A).

We then examined cytokine secretion by splenocytes from mice
with EAE. Splenocytes were isolated from mouse spleens on day 11
and re-stimulated with MOG peptide. Re-stimulated splenocytes
from Tg mice showed reduction in IL-17 and IFN-c production
compared with those from control mice (Fig. 4B). In addition, IL-
17 and IFN-c expression and the number of CD4+ T cells infiltrated
in the spinal cord and brain on day 15 was examined by intracel-
lular cytokine staining and flow-cytometry (Fig. 4C and D). The
expression of IL-17 and IFN-c and the number of infiltrated CD4+

T cells were markedly reduced in cells from Tg mice compared
with that of control cells (Fig. 4C). These data indicate that exces-
sive c-Fos expression leads to suppressed IL-17 and IFN-c produc-
tion, which leads to improvement in symptoms of Th17-mediated
autoimmune disease.



Fig. 4. The level of c-Fos expression affected adaptive immunity. (A) Effect of c-Fos
expression on autoimmune responses in a MOG-induced EAE as a Th17-dependent
disease model. Tg mice and their littermates were immunized with MOG peptide,
and their clinical scores and relative body weights were monitored daily. (B) On day
11 after immunization, the splenocytes from these mice were re-stimulated with
MOG peptide for 4 days, and the IL-17 and IFN-c concentrations in the cultured
media were determined by ELISA. (C) MNCs (mononuclear cells) were isolated from
brain and spinal cord of MOG-immunized mice on day 15, and intracellular IFN-c
and IL-17 expression in T cells was examined by flow cytometry. (D) The number of
CD4+ T cells from brain and spinal cord of MOG-immunized mice on day 15.
⁄P < 0.05, ⁄⁄P < 0.01, ⁄⁄⁄P < 0.001; n.s., not detectable.
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4. Discussion

Prior research has shown that intracellular cAMP, when ele-
vated by stimulation by prostaglandin E2 (PGE2), vasoactive intes-
tinal peptide (VIP), pituitary adenylate cyclase-activating peptide
(PACAP), histamine, or extracellular ATP, has an immunosuppres-
sive effect on various cell types, including macrophages, DCs and
T cells [4,9,19]. However, the mechanism for cAMP-mediated im-
mune suppression is still controversial. We proposed that c-Fos
protein accumulated in the nucleus by phosphorylation suppresses
NF-jB transcriptional activity. Other groups reported that ICER in-
duced by CREB [20] or p105 phosphorylated by PKA [21] is respon-
sible for suppression of the TLR-mediated cytokine production.
Since IL-10 is also upregulated by cAMP, IL-10 is also one of the
key factors involved in cAMP-mediated immune suppression. Here,
we showed that the forced expression of stabilized c-Fos in den-
dritic cells at physiological levels was sufficient for suppression
of pro-inflammatory cytokines production as well as induction of
IL-10, and immunosuppression of T cells. Furthermore, c-Fos
expression in DCs can potentially suppress T-cell-mediated EAE,
an autoimmune disease model. Thus, our data support our hypoth-
esis that c-Fos is an important factor that mediates the immuno-
suppressive effect of cAMP. We wish to emphasize that c-Fos
stability is important for this immune modulation, because no
apparent changes in DCs was observed in Wt c-fos-Tg mice.

Since immature DCs treated with PGE2 or other cAMP-elevating
agents have been shown to induce IL-10-producing Tr1-like regu-
latory T cells [22], we expected an expansion of Tr1-like cells in
mixed lymphocyte reaction (MLR) experiments using c-fos-Tg
BMDCs. However, all regulatory gene expression, including TGF-
b, Foxp3, and IL-10, was reduced (Fig. 3B). It would be interesting
to determine whether or not the expansion of T cells by c-fos-Tg
BMDCs is regulatory. In any case, cytokine production indicates
that these T cells are less inflammatory, which is consistent with
the EAE data of c-fos-Tg mice. Further study is necessary to define
the nature of the T cells induced by c-fos-Tg DCs, both in vitro and
in vivo.

c-Fos is a component of AP-1, which is usually thought to be in-
volved in immune activation. For example, AP-1 in T cells is known
to enhance IL-2 transcription, in cooperation with NF-AT [23]. By
microarray analysis, we noticed that IL-1b mRNA levels were high-
er in c-fos-Tg BMDCs than in Wt BMDCs (data not shown). Thus, in
certain situations, c-Fos may promote immune responses by induc-
ing some cytokines such as IL-1b and IL-2. EP2 and EP4, PGE2
receptors that upregulate cAMP, have also been shown to upregu-
late Th17 responses in vivo [24]. We observed that c-fos-Tg mice
were resistant to EAE, a disease in which Th17 induction is impor-
tant. This may be explained by the notion that c-Fos upregulation
stems from the effects of cAMP or PGE2. Thus, c-Fos can modulate a
particular immune disorder but may also exhibit different effects
in other diseases.
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