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ABSTRACT

mediated signaling may play a suppressive role in immune response. We previously found that the cAMP-
elevators (CTx and 8-Br-cAMP) inhibited IL-12, IL-1a, IL-6 gene expression, but increased the transcrip-
tional levels of IL-10 and IL-1Ra in LPS-treated murine peritoneal macrophages. The present study exam-
ined a possible molecular mechanism involved in cAMP elevators-induced inhibition of IL-12 p40 expres-
sion in response to LPS. Our data demonstrated that cAMP elevators downregulated IL-12 p40 mRNA
expression and IL-12 p70 production in murine peritoneal macrophages. Subsequent studies revealed that
cAMP-elevators blocked phosphorylation of p38 MAPK, but did not affect the activity of NF- « B binding to
IL-12 promoter (-136/-112). This is the first report that cAMP elevators inhibit LPS-induced IL-12 produc-
tion by a mechanism that is associated, at least in part, with p38-dependent inhibition by cAMP signaling
pathways.
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INTRODUCTION

By releasing different kinds of cytokines, mac-
rophages play a central role in the inflammatory
reaction, as well as determining, initiating and main-
taining the specific immune response. In response
to microbes and their products, such as LPS
(lipopolysaccharides), macrophages can secret a num-
ber of pro-inflammatory cytokines, including IL-12,
IL-1, IL-6 and TNF-¢[1-5]. They can also produce a
number of anti-inflammatory cytokines, such as
TGF-g, IL-10 and IL-1R«[6-8]. The balance of the
pro-inflammatory cytokines and anti-inflammatory
cytokines determines the consequent immune

The balance of pro-inflammatory cytokines and
anti-inflammatory cytokines is mainly controlled by
the characteristics of pathogens. However, it can also
be regulated by exogenous drugs. cAMP-inducing
drugs were widely used to suppress inflammation,
as well as cellular immune responses[9],[10]. In our
previous experiments cAMP-inducers such as CTx
(cholera toxin) and 8-Bromo-cAMP (8-Br-cAMP, a
cellular permeable cAMP) were found to decrease
the production of pro-inflammatory cytokines, in-
cluding TNF-a, IL-6, IL-12, and increase the secre-
tion of anti-inflammatory cytokines, such as IL-10
and IL-1Ra[1],[11]. Other cAMP inducers like

response.
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PACAP (pituitary adenylate cyclase-activating
polypeptide) and VIP (vasoactive intestinal peptide)
have been reported to show the similar effect on
cytokines expression by macrophages[12],[13].
IL-12 provides an important link between innate
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immunity and adaptive immunity, favoring the de-
velopment of CD4" Th1 cell-mediated immune re-
sponse that can better protect the host against vi-
ruses and bacteria[14]. The pivotal role of IL-12 in
both innate immunity and adaptive immunity gen-
erated the interest of regulation of its gene
transcription. IL-12 is a disulfide-linked heterodimer
of 35KD (p35) and 40KD (p40) subunits. Although
these subunits share regions of homology, they also
have unique structural features and their gene ex-
pression regulation is distinct. IL-12 p35 subunit is
synthesized in many cells and tissues, while p40
synthesis is largely restricted to activated mono-
nuclear phagocytes and dendritic cells[14],[15]. As
a result, IL-12 p40 subunit expression is often con-
sidered to be the limiting factor for IL.-12 expression.
In present study, we focused our research on IL-12
p40 expression.

There are many reports that LPS can greatly aug-
ment [L-12 expression in macrophages[16-18]. In
our previous experiments, we have demonstrated that
both p38 MAPK (mitogen-activated protein kinase)
and NF-kB are same important to LPS-induced IL-
12 gene expression[16]. In addition, NF-kB bind-
ing activity with IL-12 promoter (-112bp, -136bp)
is independent of the p38 MAPK because SB203580
(a specific inhibitor of P38 MAPK signaling pathway)
can decrease LPS-induced IL.-12 expression with-
out affecting the binding activity of NF-kB binding
to IL-12 p40 promoter region[16].

It has also been shown by other labs and us that
LPS-induced IL-12 expression can be greatly
downregulated by cAMP inducers[1],[131,[19], [20].
However there is little information about the mecha-
nism for cAMP-signal-inhibitory effect on LPS-in-
duced IL-12 expression in macrophages. There is a
single report on this subject in macrophage cell line
[15]. The mechanism in murine or human macroph-
ages is still unclear. We hypothesized that cAMP-
signal may inhibit IL.-12 expression through inhib-
iting the p38 MAPK, or NF-«B binding activity. In
the present study, we examine this hypothesis in
murine peritoneal macrophages.

MATERIALS AND METHODS

Preparation of murine peritoneal macrophages

Peritoneal macrophages were harvested from two-month-age
male C57BL/6J mice that were injected ip 4 d earlier with 2 ml of
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5% thioglycollate medium (Sigma). Cells were seeded in 6-cm plates
and cultured at 37 ‘C in a humidified atmosphere containing 5%
CO, with RPMI 1640 medium (GIBCO) including 10 mM Hepes
buffer, 100U/ml penicillin and 100 ug/ml streptomycin. After incu-
bation for 4 h, nonadherent cells were removed, and the adherent
cells were cultured and stimulated for different periods of time in
phenol red-free RPMI 1640 medium.

Western blot

Treated peritoneal macrophages were lysed in SDS-sample
buffer [62.5 m M Tris-HCI (pH6.8), 2% w/v SDS, 10% glycerol, 50
mM DTT, and 0.1% w/v bromophenol blue] and the cellular DNA
was sheared by sonication. Proteins were analyzed in 10% SDS-
PAGE and transferred to a nitrocellulose membranes (Schleicher
and Schuell). Membranes were incubated overnight at 4 ‘C with
primary antibody (1:1000 dilution, anti-phosphorylated p38 Ab,
from New England Biolabs) followed by a horseradish peroxidase
conjugated secondary antibody (1:1000 dilution) for 1.5 h at room
temperature. The signals were visualized by an enhanced chemi-
luminescence system (ECL) according to the manufacturer’ s
recommendation (New England Biolabs, MA).

Nuclear extraction

The nuclear extraction procedure was described in[16].

Electrophoretic mobility shift assays (EMSAs)

Oligonucleotide (5-CTT AAA ATT CCC CCA GAA TGT TTT
G -3") with sequence corresponding to NF- «B binding site
(underline) of the murine IL-12 p40 promoter (-136/-112) was
synthesized and annealed with its complementary sequence by
incubation at 90°C for 10 min, 65°C for 10 min, 37°C for 30 min in
10 mM Tris-HCI, 50 mM NaCl, 10 m M MgCl,, and 1 mM DTT. The
NF-kB consensus oligonucleotide (5-AGT TGA GGG GAC TTT
CCC AGG C-3') and CREB consensus oligonucleotide were pur-
chased from Santa Cruz Biotechnology, Inc, California. The oli-
gonucleotide probes were end-labeled using [ y-**P] ATP
(Amersham Pharmacia Biotech) and T4-polynucleotide kinase
(Promega). The nuclear protein-DNA binding reaction was car-
ried out at room temperature for 20 min in a volume of 20 ul
containing 10 ug nuclear extract protein, 10 mM Tris-HCI (pH7.
5), 50 mM NaCl, 1 uM EDTA, 5% glycerol, 1 mM DTT and 1 mg of
poly (dI-dC) as a non-specific competitor. The DNA-protein com-
plexes were resolved by electrophoresis through 6% polyacryla-
mide gels containing 50 mM Tris, 0.38 M glycine and 2 mM EDTA.
The gels were dried and autoradiographed with intensifying
screens at -70 ‘C. Supershift assays were performed as described
above with the exception that subsequent to incubation of oligo-
nucleotide probes with nuclear extracts, 2.0 ug of antibodies (anti-
p50, p52, p65, c-Rel, Rel B from Santa Cruz Biotechnology, Inc,
California.) were added to the reaction mixture respectively and
incubated for 30 min at room temperature.

RNA isolation and ribonuclease protection assay
(RPA)

After treatment, peritoneal macrophages were homogenized
with TRIzol (GIBCOL BRL). RNA was separated with chloroform,
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precipitated with isopropyl alcohol, washed with 75% ethanol, and
redissolved in the water treated with 0.1% DEPC
(diethylpyrocarbonate, RNase inhibitor). RPA kit (Pharmingen
company) was used to quantify several cytokines” mRNA at the
same time. After hybridization with the [a-**P]JUTP labeled anti-
RNA probes of many cytokines, the total RNA samples were di-
gested by S1 RNase which can only hydrolyze the single-chain
RNA. Then the labeled double-chain RNA was purified, dena-
tured and separated in 5% PAGE gel with 8M Urea. Finally, the
gel was dried, exposed and quantitated in a phosphorImager
(Moleculor Dynamics, Sunnyrale, CA) by using the ImageQuant
software. Every gene has a corresponding band on the film, and the
OD of the band shows the quantity of the corresponding mRNA.

ELISA for IL-12 p70

After treatment, culture supernatants were collected and the
IL-12 protein was determined by using an ELISA kit (Quantikine
mouse IL-12 p70 Immunoassay, R & D Systems, Inc., Minneapolis,
MN) according to the manufacturer’ s instructions.

RESULTS

Effect of cAMP-signal on IL-12 mRNA expression
and protein secretion

In order to confirm the relationship between the
11.-12 p40 mRNA expression and cAMP-signal, dose-
responses of 8-Br-cAMP and CTx were studied. In
Fig 1, our RPA results clearly showed the inhibitory
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Fig 1. 8-Br-cAMP and CTx inhibit LPS-induced IL-12 mRNA
expression and the inhibitory effect is in a dose- dependent
manner. This result was obtained by RPA. .32 and GAPDH
were all housekeeping genes whose expression was detected
at the same time as IL-12 p35 and p40. After pretreated by
8-Br-cAMP, CTx or H89 or none for 15 mins, peritoneal mac-
rophages were stimulated by LPS for 4 hrs before mRNA was
extracted for RPA.

effect of cAMP-signals on LPS-induced IL-12 p40
subunit expression, and this inhibitory effect was in
a dose-dependent manner.

At the same time, the relationship between the
IL-12 p70 protein secretion and cAMP signal was
also investigated. In Fig 2, ELISA results indicate
that cAMP signal can inhibit LPS-induced IL-12 p70
protein secretion as well. It is worth pointing out
that, the inhibitory effect of cAMP signal on IL-12
gene expression does not depend on the activity of
PKA (protein kinase A). In our experiments, H89,
one of specific inhibitor of PKA, reversed inhibition
of cAMP-signal at a very limited level, even when
H89 was at high concentration of 1 #M or 2 uM
(H89 Ki for PKA is 48 nM).
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Fig 2. 8Br-cAMP and CTx can inhibit LPS-induced IL-12 p70
production, and the inhibitory effect can not be restored by
HB89. With or without H89 (2 mM) pretreatment for 30 min,
peritoneal macrophages were first treated by 8-Br-cAMP (100
#M) or CTx (100 ng/ml) or none for another 30 min, then
stimulated by LPS (100 ng/ml) for 24 h. The supernatants of
peritoneal macrophages were collected and IL-12p70 con-
centration was measured and standardized by using
Quantikine mouse IL-12 p70 ELISA kit. Three independent
experiments were performed and one of typical results was
shown here.

NF-kB and IL-12 p40 promoter region

In contrast with untreated peritoneal
macrophages, LPS can greatly increase the NF-«B
binding to the (-136/-112) region of the IL-12 p40
promoter, and two binding bands were shown in
Fig 3. In order to identify these two binding bands,
we used antibodies (Ab) specific for NF-«B family
members. As seen in Fig 3, p50 Ab can supershift
both protein bands, p65 Ab supershifts only the last
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protein bands whereas the other Abs (p52, c-Rel,
Rel-B Abs) did not supershift any protein band. So,
the leading protein band was the homodimer of p50/
p50, and the other was the heterodimer of p50/p65.
Both binding bands can be positively regulated by
LPS.
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Fig 3. Identify the complexes binding to IL-12 p40 NF-«B site
(-136/-112) by EMSA. After 1 h treatment of LPS or none,
peritoneal macrophages were lysed and nuclear proteins were
prepared according to the procedure. Nuclear protein con-
centration was measured and aliquoted into 10 mg for each
EMSA reaction. In supershift or competition experiment,
1ml corresponding antibody or 50x cold dsDNA
oligonucleutides was added to nuclear protein and incubated
on ice for half an hour before EMSA procedure was performed.

In an effort to further demonstrate the specificity
of NF- « B binding to IL-12 p40 promoter, competi-
tion experiments were carried out. As shown in Fig
3, only unlabelled IL-12 p40 promoter and NF-«B
consensus sequence could compete for the binding
of NF « B protein to IL-12 promoter, while CREB
consensus did not, even at a concentration 100 times
higher than that of **P-labelled probe.

cAMP-signal and NF- « B binding activity with II-
12 p40 promoter

Activity of members of NF-kB family is the hall-
mark of macrophage activation by bacterial products
and pro-inflammatory cytokines. Moreover NF- « B
binding to IL-12 p40 promoter is essential for LPS-
induced IL-12 p40 expression[16].

In order to study whether cAMP-signal affects
LPS-induced NF-xB binding activity with IL-12 p40
promoter, different concentration of 8-Br-cAMP and
CTx were used. In Fig 4, LPS-induced NF- « B ac-

334

tivity was not inhibited by cAMP-inducers and did
not show a dose-dependent inhibitory effect by 8Br-
cAMP and CTx. That is the inhibitory effect of 8-
Br-cAMP and CTx on LPS-induced IL-12 p40 ex-
pression is independent of NF-«B binding activity.

In Fig 4, SB203580 (4-(4-Fluorophenyl)-2-(4-
methylsulfinylphenyl)-5-(4-pyridyl) 1H-imidazole, a
specific inhibitor for p38 MAPK) also did not show
any inhibitory effect on LPS-induced NF-«B binding
activity although different doses were investigated.

cAMP signal and LPS-induced p38 MAPK activity

p38 MAPK is activated only when its Tyr182 is
phosphorylated. Through western blotting,
westudied the relationship between cAMP signal and
p38 MAPK phosphorylation (Fig 5). LPS treatment
stimulates phosphorylation of p38 MAPK in murine
peritoneal macrophages. Moreover the activity of p38
has been previously proved to be essential for maxi-
mal expression of IL-12 p40 in LPS-stimulated peri-
toneal macrophages. Pretreatment of macrophages
with CTx or 8-Br-cAMP inhibited LPS-induced p38
MAPK phosphorylation in a dose-dependent
manner.
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Fig 4. 8-Br-cAMP and CTx do not show dose-dependent
inhibitory effect on LPS-induced NF- «B binding to IL-12 p40
Promoter. After pretreated by 8-Br-cAMP, CTx or SB203580
for 30 min, peritoneal macrophages were then treated by
LPS for another 3 h. The EMSA was performed by using the
nuclear extract from these cells.
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inhibition of p38 MAPK activity can explain,
at least in part, the inhibitor effect of 8-Br-
cAMP and CTx.

We have also examined the effect of cAMP-
elevator on MAPKSs other than p38 MAPK.
Our published data[26] showed that cAMP-
elevators were able to inhibit LPS-induced

o 8Br- cAMP
CTx(ng/ml)+LPS E (W M)+LPS
CTx o LPS Med
10° 102 10 ® 10° 102 10
- - - - — Phosph -p38 MAPK

Fig 5. 8-Br-cAMP and CTx can inhibit LPS-induced p38 MAPK
phosphorylation, and the inhibitory effect is in a dose-dependent
manner. Before 3 h LPS treatment, peritoneal macrophages were
pretreated with 8-Br-cAMP or CTx for 30 min. The total protein was
extracted for western blot. This is one representative result of three

repeated experiments.

DISCUSSION

The present study provides partial support for
our hypothesis that 8-Br-cAMP and CTx mediated
the inhibition of p38 MAPK activity was associated
with downregulation of IL-12 mRNA expression and
IL-12 p70 secretion. Although it is not clear which
substrate of p38 MAPK mainly contributes to IL-
12 p40 expression, inhibition of p38 MAPK cer-
tainly decreased IL-12 p40 expression according to
previous report[16]. ATF-2, a possible substrate for
p38 MAPK][22-24], was also investigated. 8-Br-
cAMP and CTx inhibited LPS-induced ATF-2 ac-
tivity and the effect was in a dose-dependent man-
ner similar to the results with p38 MAPK (data not
shown). It is possible that ATF-2 was the transcrip-
tion factor that controlled LPS-induced IL.-12 p40
expression. However, untill now an ATF-2 binding
site on IL-12 promoter has not been described.
Additionally, other downstream transcriptional fac-
tors of p38 MAPK, such as ATF-1 and CREB (cAMP
response element binding protein)[25], may play
critical roles on IL-12 expression. However, till now,
no functional CRE (cAMP response element), which
is able to bind with CREB and ATF-1 proteins, has
been found in IL-12 p40 promoter region.
Therefore, further investigation of the IL-12 p40
promoter region is needed. In general, we are not
certain whether ATF-2 is essential for inhibitory
effect of 8-Br-cAMP and CTx on LPS-induced IL-
12 p40 expression. However we demonstrated that

ERK1/2, JNK1/2 phosphorylation, but p38
MAPK appeared to be only associated with
IL-12 expression[16].

Surprisingly, 8-Br-cAMP and CTx did not
affect LPS-induced NF-«B binding to IL-12
p40 promoter. These results differ from re-
sults obtained with the macrophages cell line
Raw 264.7. Mario and his colleagues showed
an inhibitory effect of PACAP or LPS-in-
duced NF-«B binding to IL-12 p40 promoter
in Raw 264.7[13],[15]. These differences may
be due to different experimental systems. To
simplify the experimental design and focus on the
mechanism of inhibitory effect of cAMP-elevators on
IL-12 p40 expression, we did not use IFN- y to prime
peritoneal macrophages like Mario. Although IFN-y
can synergistically increase LPS-induced IL-12 p40
expression and make IL-12 p40 mRNA easier to de-
tect[16],[27], IFN-y itself can induce other complex
reactions in LPS-treated macrophages.

IL-12 is one of the pro-inflammatory cytokines
that are mainly secreted by activated macrophage.
IL-12 can transform the activation of macrophage
into the development and activation of CD4* Th1l
cells, lead innate immune response to cell-mediated
immune response, and magnify the primary inflam-
matory reaction[9],[28],[29]. Although inflammation
is a protective activity, however, under certain con-
ditions such as severe infection, excessive cytokines
could cause the collapse of the immune system.
Therefore, it is important to find the way that over
expression pro-inflammatory cytokine, such as IL-
12 can be downregulated. Currently, our data pro-
vided a possible mechanism for 8-Br-cAMP and CTx
to suppress LPS-induced IL-12 p40, which provide
us the basis to develop new immunomodulators for
therapeutic application. Since cAMP-elevator can
bring about multiple effects on macrophages, our
study make it possible to find new substitute drugs
for cAMP-elevator, which can inhibit IL-12 expres-
sion without affecting other cytokine genes
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expression.
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