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Sensory nervesmay dampen inflammatory processes through
the release of the neuropeptide calcitonin gene-related peptide
(CGRP). CGRPmediates immunosuppressive activities through
up-regulation of interleukin-10 or, alternatively, through an
interleukin-10-independent pathway that is associated with
rapid induction of the transcriptional inducible cAMP early
repressor (ICER). In this work, we further investigated the
molecular mechanisms of immunemodulation by CGRP. Using
TLR2-stimulated dendritic cells, we show that inhibition of
tumor necrosis factor-� production by CGRP is dependent on
up-regulation of endogenous ICER. Dendritic cell expression of
ICER was selectively induced by CGRP and elevation of cellular
cAMP levels but not by numerous pro- and anti-inflammatory
cytokines. Treatment of dendritic cellswithCGRPdidnot inter-
fere with the induction of Tnfa gene expression but caused pre-
mature repression of TLR2-induced transcriptional activity.
ATF-2 was rapidly phosphorylated and recruited to the Tnfa
promoter following ligation of TLR2. Concomitant administra-
tion of CGRP completely prevented binding of ATF-2 to the
Tnfa promoter, whereas recruitment of ICERwasmarkedly ele-
vated. In contrast, CGRP did not influence TLR2-stimulated
binding of NF-�B p65. Together, these results are consistent
with a model suggesting that CGRP causes rapid up-regulation
of ICER, which in turn competes with ATF-2 for binding to the
Tnfa promoter, leading to repression of gene expression.

Neural pathways conveying the sensation of pain are known
to modulate inflammatory processes (1, 2). Stimulation of
C-type pain fibers in inflamed tissues is caused by tryptase that
is released from mast cells found in close contact with sensory
nerves (3, 4). Activation of these nerves is part of the pain reflex
and leads to the release of neuropeptides such as CGRP.2 In

addition to its function as a potent vasodilator and hypotensive
agent, CGRP mediates various anti-inflammatory and immu-
nosuppressive activities and therefore may play an important
role in the neuronal control of inflammation. CGRP influences
adhesive andmigratory capacities of immune cells, including T
cells, eosinophilic granulocytes, and dendritic cells (5–7). Stim-
ulation of dendritic cells or macrophages with CGRP reduces
the expression ofmajor histocompatibility complex class II and
co-stimulatory proteins, inhibits the antigen-presenting capac-
ity of these cells, and impairs production of inflammatory cyto-
kines (8–12). In addition, treatment of mice with CGRP was
reported to inhibit delayed-type and contact hypersensitivity
responses (9, 13). Similarly, inflammation and organ injury in
models of acute endotoxemia and chronic colitis were found to
be attenuated by CGRP administration (12, 14–16).
The receptor for CGRP is a multiprotein complex consisting

of the seven-transmembrane domain calcitonin receptor-like
receptor and an accessory protein called RAMP1 (receptor
activity-modifying protein-1) (17, 18). This membrane-bound
receptor complex is linked to the cytosolic CGRP receptor
component protein (19). Signal transduction through the
CGRP receptor complex is initiated by activation of receptor-
associated heterotrimeric G proteins. In most cells, the CGRP
receptor is coupled to G�s proteins, leading to elevation of cel-
lular cAMP levels. Alternatively, exposure of cells to CGRPmay
activate phospholipase C�1 via G�q/11 proteins, causing cal-
cium mobilization (20).
CREB, CREM, and ATF proteins comprise the bZIP class of

transcription factors, binding to CRE sites in target promoters
and enhancers (21, 22). Elevation of cAMP levels induces the
transactivating capacity of these factors by protein kinase
A-mediated phosphorylation of critical serine residues, but
activation may also be achieved by various other kinases,
including protein kinase C, casein kinase II, andMAPKs. In the
bZIP family, the CREM gene is unique because it encodes mul-
tiple isoforms that may act as either transcriptional activators
or repressors. TheCREM isoforms are generated by RNA splic-
ing and transcriptional initiation from alternative promoters.
Transcription of the repressor protein ICER is driven by an
intronic promoter of the CREM gene that contains a cluster of
four CRE sites and is responsive to cAMP (23). The protein
structure of ICER encompasses mainly the bZIP DNA-binding
domain but lacks a transactivating domain (21). Thus, ICER
may repress transcription either by heterodimerization with
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bZIP-containing transcriptional activators or by competition
with these factors for DNA binding.
CGRP may mediate certain immunosuppressive activities

through the up-regulation of IL-10 production in target cells
(10, 11). Alternatively, we have recently described an IL-10-
independent anti-inflammatory pathway of CGRP that causes
reduced secretion of cytokines like TNF� and CCL4 and is
associated with the rapid and cAMP-dependent induction of
ICER expression (12). In this study, we further investigate the
molecular mechanisms of immune modulation by this IL-10-
independent pathway. Our results provide strong evidence that
the anti-inflammatory activity of CGRP in TLR-stimulated
dendritic cells is dependent on the up-regulation of endoge-
nous ICER, leading to the premature repression of inflamma-
tory gene expression, most likely by preventing promoter
recruitment of ATF-2.

EXPERIMENTAL PROCEDURES

BMDC Preparation and Stimulation—Bone marrow cells of
C57BL/6 origin were cultured in medium supplemented with
20 ng/ml granulocyte/macrophage colony-stimulating factor
(PeproTech, Rocky Hill, NJ) to generate BMDC. Cultures
received fresh medium containing granulocyte/macrophage
colony-stimulating factor every 3 days, and cells were used for
experiments at day 10. Cells were stimulated with 100 ng/ml
ultrapure LPS from SalmonellaminnesotaR595 (List Biological
Laboratories) or 1 �g/ml P3Cys (EMC Microcollections) in
RPMI 1640 medium containing 10% fetal calf serum for the
indicated time periods to activate TLR4 or TLR2, respectively.
Murine cytokines IL-4, IL-6, IL-10, IFN-�, and TNF� (R&D
Systems) were used at 20 ng/ml, CGRP and inhibitory CGRP
(Bachem) at 100 nM, and the adenylyl cyclase activator forskolin
(Sigma) at 50 �M.
Analysis of Tnfa Transcription and Protein Expression—The

rate of transcription of the Tnfa gene was determined by real-
time quantitative primary transcript RT-PCR. The principle of
the assay is to use primers that are placed in adjacent exons and
introns of a given gene, thereby generating amplicons from the
unspliced populations of RNAs. RNA was prepared using the
RNeasy� mini kit (Qiagen). For cDNA synthesis, the Quanti-
Tec� reverse transcription kit (Qiagen) was used. DNA con-
tamination of RNA preparations was monitored by omitting
reverse transcriptase from control reactions and was not
detectable in any of the experiments reported. Expression levels
of primary Tnfa transcripts were normalized to those of
GAPDH and were displayed as -fold change relative to samples
of unstimulated cells used as calibrator. The primers were as
follows:Tnfa, 5�-CCGGGACCTCATAGCCA-3� (sense) and
5�-GCA AAT CGG CTG ACG GTG TG-3� (antisense); and
GAPDH, 5�-TCC AGT ATG ACT CCA CTC-3� (sense)
and 5�-ATT TCT CGT GGT TCA CAC-3� (antisense). PCR
products were quantified on an ABI 7300 cycler (Applied
Biosystems).
Protein concentrations of TNF� in culture supernatants or

cellular lysates were determined by enzyme-linked immu-
nosorbent assay (R&D Systems). TNF� protein expression of
individual cells was detected by flow cytometry analysis of fixed

and permeabilized cells with rat anti-mouse TNF� antibody
(BD Biosciences) using standard procedures.
Analysis of ICER mRNA Expression—ICER mRNA was

detected by RT-PCR of titrated amounts of template cDNA
using specific primers (sense, 5�-ATG GCT GTA ACT GGA
GAT GAA ACT-3�; and antisense, 5�-CTA ATC TGT TTT
GGG AGA GCA AAT GTC-3�). As a control, mouse
GAPDH was amplified (sense primer, 5�-CAA TGC ATC
CTG CAC CAC CAA; and antisense primer, 5�-GTC ATT
GAG AGC AAT GCC AGC-3�). GAPDH primer sequences
were separated by introns to control for contaminations with
genomic DNA.
For quantitative RT-PCR analysis, MasterMix Plus for

SYBR�Green I (Eurogentec) was used. The expression levels of
ICER-I/ICER-I� mRNA (sense, 5�-ACC AGG AAG CCT GCA
CAGTC-3�; and antisense, 5�-TCTTCTTCCTGCGACACT
CC-3�) were normalized to those of �-actin (sense, 5�-ACC
CAC ACT GTG CCC ATC TAC-3�; and antisense, 5�-AGC
CAA GTC CAG ACG CAG G-3�) and were displayed as -fold
change relative to samples of unstimulated cells used as calibra-
tor. PCR products were quantified on an ABI 7300 cycler.
Chromatin Immunoprecipitation—Chromatin immunopre-

cipitation was performed according to standard protocols (24).
An equal amount of chromatin (50–100 mg) was used for each
precipitation. The following antibodies used were obtained
from Santa Cruz Biotechnology: anti-RNA polymerase II
(N-20), anti-NF-�B p65 (A), anti-ATF-2 (C-19), anti-CREB
(H-74), anti-CREB (C-21), and control rabbit IgG. An ICER-
specific polyclonal rabbit antiserum was generated using the
murine sequence NH2-Ala-Val-Thr-Gly-Asp-Glu-Thr-Gly-
Gly-Cys-COOH for generating an antigenic peptide (Eurogen-
tec). Amino acids encoded by the ICER-specific exon are
underlined. For chromatin immunoprecipitations, affinity-pu-
rified antibody was used. Immunoprecipitated Tnfa promoter
DNA was quantified by real-time PCR analysis using primers
for the proximal Tnfa promoter (sense, 5�-GGA GAT TCC
TTGATGCCTGG-3�; and antisense, 5�-GCTCTCATTCAA
CCC TCG GA-3�) and, as a control, primers spanning a region
located �5.1 kb upstream of the Tnfa transcriptional start site
(sense, 5�-ACT GGC TTT ACC TAA TGG-3�; and antisense,
5�-ACATACAAGTGCCACAGG-3�). For each amplification
product, DNA amounts in immunoprecipitates were normal-
ized against those present in input chromatin. Results are dis-
played as -fold change relative to precipitations with control
rabbit IgG used as calibrator. PCR products were quantified on
an ABI 7300 cycler.
Statistical Analysis—Statistical analysis of the data was per-

formed using Student’s t test. Data are presented as means �
S.E. with the number of independent experiments indicated in
the figure legends. Differences between groups were consid-
ered significant for p � 0.05.

RESULTS

Inhibition of TNF� Production by CGRP Is Dependent on the
Induction of Endogenous ICER—This studywas designed to fur-
ther delineate the molecular mechanisms underlying the
immunosuppressive function of the neuropeptide CGRP. Pre-
vious work has shown that CGRP inhibits TNF� production by
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TLR-stimulated dendritic cells and reduces systemicTNF� lev-
els in endotoxemic mice (12). The inhibitory activity of CGRP
correlateswith the up-regulation of the repressor protein ICER,
and the ectopic overexpression of ICER ameliorates TNF� pro-
duction, suggesting that the effect of CGRPmay bemediated by
ICER (12). To directly explore the role of endogenous ICER in
the suppression of TNF� production by CGRP, BMDC were
transfectedwith control or ICER-specific siRNA, and 24 or 48 h
later, cells were stimulatedwithCGRP to induced ICER expres-
sion. ICER mRNA levels were determined by semiquantitative
RT-PCR using titrated amounts of cDNA as template. As
shown in Fig. 1A, induction of ICER mRNA by CGRP was

markedly reduced both 24 and 48 h
after transfection of BMDC with
ICER-specific siRNA compared
with control siRNA, indicating a
sustained and specific knockdown
of ICER. In subsequent experi-
ments, BMDC were transfected
with siRNAs together with a plas-
mid directing expression of GFP
and stimulated with P3Cys. TNF�
levels were determined in GFP-pos-
itive BMDC by flow cytometry. We
found that, in BMDC transfected
with control siRNA, the P3Cys-
stimulated expression of TNF� was
strongly reduced by CGRP treat-
ment (Fig. 1B). In contrast, transfec-
tion of BMDC with ICER-specific
siRNAalmost completely prevented
the inhibitory effect of CGRP (Fig.
1B). Comparable results were
obtained when BMDC were stimu-
lated with LPS instead of P3Cys to
induce TNF� production (data not
shown). These results indicate that
inhibition of dendritic cell TNF�
production by CGRP is dependent
on the expression of endogenous
ICER.
To address the question as to

whether ICER may also be involved
in the regulation of dendritic cell
functions by other immune media-
tors, the expression of ICER was
examined in more detail. BMDC
were treated with the indicated ago-
nists, and ICER mRNA levels were
quantified by real-time RT-PCR.
The results in Fig. 2 demonstrate
that ICER mRNA was significantly
induced by CGRP and forskolin,
both of which lead to increased
cAMP levels in BMDC (12). In con-
trast, exposure of BMDC to IL-10,
IL-4, IL-6, TNF�, or IFN-� or cross-
linking of CD40 did not alter ICER

mRNA levels (Fig. 2). Stimulation of BMDC with P3Cys
revealed a trend for reduced amounts of ICER mRNA (Fig. 2).
These results indicate that, in dendritic cells, ICER is selectively
induced by CGRP and elevation of cellular cAMP levels.
CGRP Inhibits TNF� Biosynthesis at the Transcriptional

Level—Having established that the inhibitory effect of CGRP
on dendritic cell TNF� production is ICER-dependent, we next
examined the influence of CGRP on the TLR-stimulated tran-
scriptional activity of the Tnfa gene. Quantification of primary
Tnfa transcripts revealed that the transcriptional activity of the
Tnfa gene peaked between 0.5 and 1 h after stimulation of
BMDC with the TLR2 agonist P3Cys, declining thereafter and

FIGURE 1. Inhibition of dendritic cell TNF� production by CGRP is dependent on ICER. A, BMDC were
transfected with control or ICER-specific siRNA. Cells were allowed to recover for 24 or 48 h and stimulated with
CGRP for 16 h. Expression of ICER was determined by semiquantitative RT-PCR using titrated amounts of cDNA
as template. B, BMDC were transfected with siRNAs together with an expression construct for GFP. After 24 h,
cells were treated with culture medium, P3Cys, or a combination of P3Cys and CGRP for 16 h, and expression of
TNF� by GFP-positive cells was determined by flow cytometry analysis of fixed and permeabilized cells. The
data depicted are representative of three independent experiments yielding comparable results.
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returning to near base-line levels after 6 h (Fig. 3A). Impor-
tantly, treatment of BMDC with CGRP in addition to P3Cys
substantially reduced the amount of primaryTnfa transcripts at
1 and 3 h after initiation of transcription by P3Cys (Fig. 3A).
However, 0.5 h after the addition of P3Cys, we did not observe
an inhibitory effect of CGRP treatment. Thus, treatment of
BMDC with CGRP results in a delayed repression of TLR2-
stimulated Tnfa transcription. The delayed effect of CGRP is
consistent with the kinetics of induction of ICER protein
expression reported previously (12).
To further corroborate these findings, chromatin immuno-

precipitation experiments with antibodies against RNA poly-
merase IIwere performed. ImmunoprecipitatedTnfapromoter
fragments were quantified by real-time PCR analysis. The
results in Fig. 3B demonstrate that the amount of RNA poly-
merase II bound to the proximal Tnfa promoter region was
significantly increased 1 h after stimulation of BMDC with
P3Cys.However, P3Cys-induced recruitment of RNApolymer-
ase II was almost completely prevented when BMDC were
treated with CGRP in addition to P3Cys (Fig. 3B). The specific-
ity of the chromatin immunoprecipitation experiments was
demonstrated by the lack of specific amplification products
derived from a region located �5.1 kb upstream of the tran-
scriptional start site of the Tnfa gene (Fig. 3C).
A transcriptionalmechanism for the inhibition of TNF� bio-

synthesis by CGRP that is mediated by the up-regulation of
ICER would predict CGRP not to be effective when adminis-
tered after the peak transcriptional activity of theTnfa gene. To
test this hypothesis, the addition of CGRP to P3Cys-stimulated
BMDC was delayed for different time periods, and the effects
on TNF� production were determined. The results in Fig. 3C
show that the inhibitory effect of CGRP on TNF� production
was significantly attenuated when it was added 0.5 h after
P3Cys compared with concomitant administration of P3Cys
and CGRP. Moreover, when CGRP was added to BMDC 1 h
after P3Cys, TNF� production was not affected (Fig. 3C).
CGRP Prevents TLR2-induced Recruitment of ATF-2 to the

Tnfa Promoter—The promoter region of the Tnfa gene con-
tains a CRE that is essential for LPS-inducedTnfa transcription
in macrophages (25). Because ICER has been reported to
repress gene transcription by binding to CREs (23), we
addressed the question as towhether transcriptional repression
of Tnfa in CGRP-treated BMDC may be mediated by alter-

ations of transcription factor recruitment to the Tnfa pro-
moter. Chromatin immunoprecipitation experiments showed
that stimulation of BMDC with P3Cys significantly increased
binding of the transcription factorATF-2 to theTnfapromoter,
whereas inducible recruitment of CREB was not detectable
(Fig. 4A). The lack of inducible binding of CREBwas confirmed
with independent antibodies (data not shown). Importantly,
when BMDC were treated with CGRP, the P3Cys-induced
recruitment of ATF-2 to the Tnfa promoter was completely
abrogated (Fig. 4A).
The CRE site in the Tnfa promoter is in close proximity to a

�B element, which is also required for LPS-stimulated Tnfa

FIGURE 2. ICER is selectively induced by CGRP and elevation of cAMP.
BMDC were treated with the indicated mediators, and expression of ICER
mRNA was determined by quantitative real-time RT-PCR (n � 3). ***, p �
0.001. Med, medium; Forsk, forskolin.

FIGURE 3. CGRP causes delayed transcriptional repression of the Tnfa
gene. A, BMDC were stimulated for the indicated time periods with P3Cys
alone or in combination with CGRP. The transcriptional activity of the Tnfa
gene was determined by real-time primary transcript RT-PCR. Induction of
Tnfa primary transcripts is given relative to unstimulated cells (n � 3– 4). B and
C, chromatin samples of BMDC that were untreated or stimulated for 1 h with
P3Cys or a combination of P3Cys and CGRP were immunoprecipitated with
an antibody against RNA polymerase II (Pol II) or control rabbit IgG. DNA iso-
lated from immunoprecipitates was analyzed by real-time PCR using primers
spanning the Tnfa proximal promoter region (B) or a region located �5.1 kb
upstream of the Tnfa transcriptional start site (C). Values for RNA polymerase
II are given as -fold differences relative to the IgG controls (n � 7). D, BMDC
were left untreated in medium (M) or were stimulated with P3Cys alone or
together with CGRP (C). The addition of CGRP either was concomitant with
P3Cys (C�0) or was delayed for 30 (C�30) or 60 (C�60) min. As a control,
BMDC were also incubated with P3Cys and inhibitory CGRP (iC), which is an
inactive mutant of CGRP lacking the N-terminal seven amino acids (n � 8). *,
p � 0.05; ***, p � 0.001.
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transcription (25). We therefore tested whether binding of
NF-�B to the Tnfa promoter may be altered by CGRP treat-
ment of BMDC. Stimulation of BMDC with P3Cys caused a
marked increase in the binding of NF-�B p65 to the Tnfa pro-
moter, but in contrast to ATF-2, recruitment was not signifi-
cantly altered by treatment of BMDC with CGRP (Fig. 4A).
Control PCR analyses of ATF-2, CREB, and NF-�B p65 chro-
matin immunoprecipitates with primers spanning a genomic
region far upstream of the Tnfa promoter did not reveal signif-
icant amounts of amplification products (Fig. 4B), confirming
the specificity of the assay. Together, these results indicate that
treatment of BMDC with CGRP prevents TLR2-induced
recruitment of ATF-2, but not CREB or NF-�B, to the Tnfa
promoter.
CGRP Stimulates Recruitment of ICER to the Tnfa Pro-

moter—The ICER protein consists of a unique N-terminal
sequence that is encoded by an ICER-specific exon of the
CREM gene and a bZIP DNA-binding domain that is shared
between ICER and various CREM isoforms (21). To specifically
examine the role of ICER in the regulation ofTnfa gene expres-
sion, an affinity-purified polyclonal antiserum was generated
against the ICER-specific sequence. The antiserum readily
detected ICER in control Western blot analyses of transiently
transfected HEK293 cells (data not shown). Chromatin immu-
noprecipitation assays directly demonstrated that binding of
ICER to the Tnfa promoter was markedly induced by concom-

itant treatment of BMDC with P3Cys and CGRP (Fig. 5A). In
contrast, stimulation of BMDC with P3Cys alone did not
induce promoter recruitment of ICER (Fig. 5A). Control PCR
analyses of ICER chromatin immunoprecipitates detecting a
genomic region far upstream of the Tnfa transcriptional start
site did not reveal significant amounts of amplification prod-
ucts (Fig. 5B). Thus, these results support the concept that
CGRP represses Tnfa gene expression through ICER-mediated
inhibition of ATF-2 promoter recruitment.

DISCUSSION

The neuropeptide CGRP exerts potent immunosuppressive
activities by inhibiting the production of proinflammatory
cytokines (1, 2). CGRP suppresses TLR-stimulated dendritic
cell TNF� production by a mechanism that is independent of
IL-10. Instead, it stimulates the rapid up-regulation of the tran-
scriptional repressor ICER (12). Moreover, ectopic expression
of ICER in transfected macrophage-like cells causes reduced
TNF� production (12). In this study, we have extended these
findings and have shown by RNA interference experiments in
primary dendritic cells that inhibition of TNF� production by
CGRP is dependent on the up-regulation of endogenous ICER.
Consistent with the function of ICER as a transcriptional
repressor, we have further shown by primary transcript analy-
ses and quantitative chromatin immunoprecipitation analysis

FIGURE 4. CGRP inhibits recruitment of ATF-2 to the Tnfa promoter in
BMDC. BMDC were untreated or stimulated with P3Cys or a combination of
P3Cys and CGRP for 1 h. Chromatin samples of BMDC were immunoprecipi-
tated with antibody against ATF-2, CREB, or NF-�B p65 or with control rabbit
IgG. DNA isolated from immunoprecipitates was analyzed by real-time PCR
using primers spanning the Tnfa proximal promoter region (A) or a region
located �5.1 kb upstream of the Tnfa transcriptional start site (B). Values are
given as -fold differences relative to the IgG controls (n � 5). *, p � 0.05; **, p �
0.01.

FIGURE 5. CGRP promotes recruitment of ICER to the Tnfa promoter.
BMDC were untreated or stimulated with P3Cys or a combination of P3Cys
and CGRP for 1 h. Chromatin samples of BMDC were immunoprecipitated
with an affinity-purified polyclonal rabbit antibody against ICER or control
rabbit IgG. DNA isolated from immunoprecipitates was analyzed by real-time
PCR using primers spanning the Tnfa proximal promoter region (A) or a region
located �5.1 kb upstream of the Tnfa transcriptional start site (B). Values are
given as -fold differences relative to the IgG controls (n � 5). *, p � 0.05; **, p �
0.01.
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of RNA polymerase II-bound promoter fragments that CGRP
suppresses the transcriptional activity of the Tnfa promoter in
TLR2-stimulated dendritic cells. Kinetic analysis of primary
transcript levels revealed that CGRP did not interfere with the
induction of Tnfa gene expression but rather repressed the
established transcriptional activity of theTfna gene. Consistent
with these findings, we have previously shown that CGRP does
not alter TLR signaling pathways leading to the activation of
MAPKs and NF-�B (12). Considered together, these results
provide strong evidence that CGRP mediates crucial immuno-
suppressive activities in dendritic cells by inducing the expres-
sion of ICER, resulting in repression of inflammatory gene
expression.
The proximal promoter region of the Tnfa gene contains a

CRE site that is essential for full transcriptional activity in mac-
rophages and T cells (25–27). Because we found inhibition of
TNF� production by CGRP to be dependent on ICER and
because ICER is known to repress gene transcription by com-
petingwith transactivating factors for binding toCRE sites (23),
the influence ofCGRPon the recruitment ofCRE-binding tran-
scription factors to the Tnfa promoter was examined. We
found that stimulation of BMDC through TLR2 markedly ele-
vated binding of ATF-2, whereas moderate levels of constitu-
tive CREB binding were observed, which were not altered in
stimulated cells. These observations suggest that CRE-depend-
ent transcription of Tnfa is driven by ATF-2 rather than CREB.
This conclusion is also supported by independent studies
showing that, in LPS-stimulatedmacrophages, the recruitment
of CREB to the Tnfa promoter is not increased (25) and that
expression of an activation-deficient mutant of CREB does not
impair TNF� mRNA induction (28). Importantly, we found
that treatment of TLR2-stimulated BMDCwith CGRP reduced
Tnfa promoter binding of ATF-2 to base-line levels, whereas
recruitment of ICER to the Tnfa promoter was markedly
increased. In contrast, CGRP did not influence recruitment of
NF-�B p65. These findings strongly suggest that the inhibitory
effect ofCGRP is due to specific replacement ofATF-2 by ICER.
Previous studies in T lymphocytes are in accordance with

this conclusion. It was shown that, in human T cells, treatment
with forskolin or prostaglandin E2 leads to the induction of
ICER, interaction of ICERwith the compositeNF-AT/AP-1 site
of the IL-2 promoter, and inhibition of IL-2 production (29, 30).
Similarly, ICER may bind to a CRE site in the Ccl4 promoter,
thereby attenuating production of CCL4 in activated T cells
(31). In conclusion, our results are consistent with a mechanis-
tic model proposing that the CGRP-induced repressor ICER
competes with the transactivating factor ATF-2 for binding to
the CRE site of the Tnfa promoter, thereby inhibiting TLR-
stimulated transcriptional activity and gene expression.
ATF-2 is activated by dual phosphorylation at Thr69 and

Thr71 in response to cellular stress or upon exposure of cells to
TNF� (32–35). However, TLR signaling pathways resulting in
the activation of ATF-2 have not been described. Therefore, we
have conducted additional experiments showing that stimula-
tion of BMDC through TLR2 resulted in a marked and rapid
phosphorylation of ATF-2 that was partially dependent on JNK
(c-Jun N-terminal kinase) (data not shown). Thus, these results

are consistent with a role of ATF-2 in the transcriptional regu-
lation of TLR-stimulated TNF� production in dendritic cells.
The results of this study provide evidence that ICER medi-

ates crucial immunosuppressive activities of the neuropeptide
CGRP. In addition to CGRP, the expression of ICER may be
induced by a diverse array of extracellular mediators, including
thyroid-stimulating hormone, follicle-stimulating hormone,
noradrenaline, glucagon, nerve growth factor, gastrin, chole-
cystokinin, and IFN-� (36–42). In dendritic cells, however, we
found the up-regulation of ICER to be restricted to CGRP and
pharmacological elevation of cAMP levels. Numerous pro- and
anti-inflammatory cytokines or ligation of CD40, which
engages distinct signaling pathways that do not increase cellu-
lar cAMP levels, did not influence expression of ICER. These
results suggest that, in dendritic cells, up-regulation of ICER is
dependent on the elevation of cellular levels of cAMP, which is
known to lead to the activation of protein kinase A and CREB.
Thus, our findings differ from those of a previous report indi-
cating that IFN-� may induce ICER through casein kinase II-
dependent activation of CREB (36). It should be noted, how-
ever, that cell type-specific activities of IFN-� may provide a
possible explanation for this discrepancy because up-regulation
of ICER by IFN-� was demonstrated in a macrophage-like cell
line (36), whereas our studies were performed with primary
dendritic cells.
Although TLRs are considered crucial for the efficient

immunedefense against invading pathogens, uncontrolledTLR
signaling may contribute to the pathogenesis of inflammatory
disorders (43). Multiple negative feedback mechanisms have
been described that dampen canonical TLR signaling in a cell-
autonomous manner (44–46). In addition, intricate interac-
tions between the immune and nervous systems may contrib-
ute to a favorable balance between pathogen-directed
protective responses and autoaggressive immune reactions (1,
2, 47–49). The results of this study support the concept that the
neuropeptide CGRP plays an important role in the negative
regulation of immune responses induced by engagement of
TLRs and provide a mechanistic explanation for this function.
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