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I

nterleukin-12p70 is a heterodimeric cytokine, consisting
of covalently bound p40 and p35 chains, that induces the
differentiation of Th-1 lymphocytes and CTLs and activates NK cells. Because of its ability to activate innate immunity and shape adaptive immune responses, ultimately resulting
in enhanced production of IFN-␥, IL-12 plays a key role in
protection against intracellular bacterial, fungal, protozoan, and
certain viral infections as well as in antitumor immune responses (1). Monocytes, macrophages, and dendritic cells produce IL-12 after engagement of TLR by pathogen-associated
conserved molecules. In addition, during APC-T lymphocyte
interaction, the engagement of CD40 by CD40L expressed by
activated T cells reinforces IL-12 production. IFN-␥ produced
by NK cells and Th1 lymphocytes, not only mediates the inflammatory effects of IL-12, but also acts as a positive feedback
signal, strongly enhancing p35 and p40 gene transcription (1).
The p40 chain also constitutes, along with the protein p19, the
heterodimeric cytokine IL-23 that is an important factor for the
amplification of Th1-cell effector functions.
Along with promoting resistance to pathogens, IL-12-dependent IFN-␥ production contributes to tissue damage in Th1mediated autoimmune diseases. Therefore, during protective
immune responses, tight regulation of IL-12 production is essential for preventing self-damaging reactions. A number of
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factors have been shown to down-regulate IL-12 production
upon binding to surface receptors, including cytokines such as
IL-10 (2), immune complexes acting via FcR (3), thrombospondin acting via CD47 (4), and complement components
C3b and iC3b acting via CD46 and CR3 (5–7). In addition,
IL-12 inhibition can be achieved by the engagement of G-protein-coupled receptors (8).
We and others previously reported that agonists for certain Giprotein-coupled receptors (GiPCRs)3 such as CCR2, C5a receptor
(C5aR; CD88), and adenosine A3 receptor (A3R) can suppress
IL-12 production in an IL-10-independent manner (4, 9 –11). Consistent with an inhibitory role for GiPCRs, mice with a deficiency
of Gi2␣, display increased IL-12 production in response to IL-12
inducers and develop Th1-mediated inflammatory colitis (12). The
intracellular events linking the activation of Gi proteins to the failure of APCs to produce IL-12 is currently unknown. In this study
we report that the activation of the PI3K/Akt and JNK signaling
pathways are necessary for the GiPCR-mediated inhibition of
IL-12 production by primary human monocytes.

Materials and Methods
Reagents
C5a, pertussis toxin (PT), PI3K inhibitor wortmannin, the Akt inhibitor
1L-6-hydroxymethyl-chiro-inositol2-(R)-2-O-methyl-3-O-octadecylcarbonate (Akt inhibitor), and MAPK inhibitor PD98059 were purchased from
Calbiochem. SP600125 was obtained from BIOMOL. LPS from Escherichia coli serotype 0127:B8 and adenosine A3 receptor-specific agonist
1-deoxy-1-[6-[(3-iodophenyl)methyl]amino]-9H-purine-9-y1]-N-methyl␤-D-ribofuranuronamide (IB-MECA) were obtained from Sigma-Aldrich.
Abs used in Western blot experiments were obtained from Cell Signaling
Technology. Recombinant human (rh)IFN-␥ was purchased from R&D
Systems.
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Ligands for certain Gi-protein-coupled receptors (GiPCRs) potently inhibit the production of IL-12 by human monocytes. We
addressed the intracellular signaling mechanisms by which this occurs using primary human cells. Stimulation with the GiPCR
ligands C5a and 1-deoxy-1-[6-[(3-iodophenyl)methyl]amino]-9H-purine-9-y1]-N-methyl-␤-D-ribofuranuronamide (IB-MECA)
blocked the production of IL-12 p70 by human monocytes stimulated with LPS and IFN-␥. In addition, C5a reduced the expression of mRNA for IL-12 p35, p40, IL-23 p19, and IL-27 p28. This effect was due neither to a down-regulation of TLR4 or IFN-␥
receptor on the cell surface nor to interference with IFN-␥ signaling, because IFN-␥-induced up-regulation of HLA-DR and CD40
were unaffected. C5a or IB-MECA activated the PI3K/Akt signaling pathway and induced the phosphorylation of the MAPK p38,
ERK, and JNK. Inhibition of the PI3K/Akt signaling pathway with wortmannin or an inhibitor of Akt activity, and inhibition of
JNK but not ERK prevented IL-12 and IL-23 suppression by C5a. These data extend observations on IL-12 suppression by C5a
to IL-23 and IL-27, and are the first to demonstrate the intracellular signaling events leading to IL-12 and IL-23 inhibition after
GiPCR activation. The Journal of Immunology, 2005, 175: 2994 –2999.
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Cell culture conditions
Elutriated human monocytes from healthy donors were obtained and cultured as previously described (9). For measurement of IL-12 p70 production, cells were preincubated with medium alone or C5a or IB-MECA for
1 h at 37°C before stimulation with LPS (1 g/ml) and IFN-␥ (100 ng/ml);
supernatants were collected 24 h later.

Western blot and cytokine quantification
For Western blot analysis, 107 cells per condition were stimulated for the
indicated times, resuspended in 100 l of radioimmunoprecipitation buffer,
and 40 g of cell lysate was subjected to SDS-PAGE and blotted onto
nitrocellulose. Cytokine levels in culture supernatants were measured by
ELISA using the appropriate DuoSet kit from R&D Systems; samples were
assayed in duplicate.

Quantitative PCR
cDNA was synthesized from RNA extracted from human peripheral monocytes and TaqMan RT-PCR was conducted using specific primers for human GAPDH, p35, p40, p19, and p28 from Applied Biosystems (Assay on
Demand) according to the manufacturer’s instructions.

Statistics

Results
Activation of GiPCRs inhibits IL-12 production via the PI3K-Akt
signaling pathway
We used C5a or IB-MECA to stimulate human peripheral monocytes through the C5aR and the A3R, respectively. Monocytes

FIGURE 1. Ligand activation of C5aR and A3R inhibits IL-12 production in a PT-sensitive manner and
does not alter TLR4 or IFN-␥ receptor expression or
IFN-␥ stimulatory effects on monocytes. A total of
2 ⫻ 106/ml human peripheral monocytes preincubated
for 2 h with (F, f) or without (E, 䡺) 200 ng/ml PT
were treated with increasing doses of C5a (A, left) or
IB-MECA (right) for one additional hour and subsequently stimulated with LPS (1 g/ml) plus rhIFN-␥
(100 ng/ml) for 24 h. B, Flow cytometry of surface
expression of TLR4 and IFN-␥ receptor ␣-chain studied
at the indicated time points in cells untreated (thin line)
or stimulated with C5a (bold line). Shaded histograms
represent fluorescence obtained with isotype control Abs.
C, Lack of effect of C5a on IFN-␥-induced up-regulation
of CD40 and HLA-DR in cells stimulated for 16 h with
IFN-␥ in the absence or presence of C5a. All panels
show data calculated from or representative of at least
three experiments. Data are expressed as mean ⫾ SD. ⴱ,
p ⬍ 0.05 vs cells exposed to PT.

were pretreated with C5a or IB-MECA for 1 h and then stimulated
with LPS and IFN-␥. Both C5a and IB-MECA inhibited LPS and
IFN-␥-induced IL-12 p70 production in a dose-dependent manner,
achieving a complete block at 20 nM and 50 M concentrations,
respectively (Fig. 1A). The inhibition of IL-12 production was prevented by the addition of PT indicating dependence on Gi protein
signaling. Furthermore, IL-12 p40 production induced by LPS
alone (5.7 ⫾ 0.7 ng/ml) was reduced below the detection limit of
the assay (625 pg/ml) by C5a treatment. In contrast, the expression
of TLR4 and the IFN-␥ receptor ␣-chain was unchanged after C5a
treatment (Fig. 1B), and IFN-␥-dependent up-regulation of
HLA-DR and CD40 was not affected by C5a (Fig. 1C), suggesting
that GiPCR activation can directly affect TLR, but not IFN-␥ receptor signaling pathways.
Recent evidence suggests that activation of the PI3K-Akt signaling pathway can inhibit IL-12 p70 production (13). In addition,
PI3K activation can occur after GiPCR triggering (14). Therefore,
we tested the hypothesis that the PI3K-Akt pathway mediates GiPCR-dependent inhibition of IL-12 production by monocytes.
Stimulation with C5a or IB-MECA-induced phosphorylation of
Akt (Fig. 2A). Peak phosphorylation occurred 30 min after C5a
and 60 min after IB-MECA stimulation. PT treatment abolished
Akt phosphorylation indicating that PI3K was activated as a result
of GiPCR signaling. Next, monocytes were pretreated with the
PI3K inhibitor wortmannin, exposed to C5a or IB-MECA, and
stimulated with LPS plus IFN-␥. As shown in Fig. 2B, inhibition
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FIGURE 3. C5a inhibits expression of mRNA
for IL-12 p35, IL-12 p40, and IL-23 p19 in a
PI3K-dependent manner. Monocytes preincubated
for 1 h with 2 ⫻ 10⫺7 M wortmannin were stimulated with 20 nM C5a for one additional hour and
subsequently stimulated with LPS plus rhIFN-␥.
After 6 h, total RNA was subjected to real-time
PCR as described in Materials and Methods. Results are expressed as the percentage of the value
obtained in the sample stimulated with LPS and
IFN-␥. Data are expressed as mean ⫾ SD from at
least three experiments.

of IL-12 production by C5a and IB-MECA was reversed by wortmannin in a dose-dependent manner. Between 10⫺8 and 10⫺7 M
concentration, 60 –70% of IL-12 p70 production was restored.
Within this concentration range, the inhibitory effect of wortmannin is highly specific for PI3K. Similar experiments using an Aktspecific inhibitor (Akt inhibitor; IC50 ⫽ 5 M) demonstrated that
inhibition of Akt activity strongly reduces the ability of C5a and
IB-MECA to suppress LPS-induced IL-12 in a dose-dependent
manner and within a dose range with high Akt-specificity (15, 16)
(Fig. 2C). In addition, blocking these pathways did not affect the
ability of monocytes to release IL-10 (data not shown), consistent
with prior studies demonstrating that C5a-mediated IL-12 negative
regulation is IL-10 independent (2).
Complement factor 5a suppresses IL-12 production by inhibiting the expression of mRNA for both the p35 and the p40 chains
(9). We now extend this analysis to other components of the IL-12
family. First, as shown in Fig. 3, consistent with prior studies (13),
blocking PI3K activity by wortmannin in the absence of C5a exposure led to a significant increase in mRNA for p35 (10-fold) and
p40 (2- to 3-fold). In addition, increased expression of p19 (2- to
3-fold), but not p28, was found. Pretreatment with C5a inhibited
mRNA levels of p35, p40, p19, and p28 induced by LPS and
IFN-␥, but when cells were pretreated with wortmannin, the ability
of C5a to inhibit p35, p40, and p19, but not p28, expression was
abrogated.
Role of mitogen-activated kinases
Because GiPCR can activate MAPK-signaling pathways, we determined whether the activation of the inhibitory MAPKs, ERK
and JNK, play a role in IL-12 regulation by C5a. First, C5a induced
the phosphorylation of both ERK and JNK in human monocytes in a
PT-sensitive manner (Fig. 4A). This activation was independent of
PI3K or Akt activity, because there was no effect of pretreatment with
wortmannin or Akt inhibitor (data not shown). Next, the pretreatment
of monocytes with SP600125, a direct inhibitor of JNK activity, decreased phosphorylation of the JNK substrate activating transcription
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FIGURE 2. C5a and IB-MECA suppression of IL-12 is PI3K- and Aktmediated. A, Lysates from cells preincubated for 2 h with or without 200 ng/ml
PT and subsequently stimulated for the indicated time points with 50 nM C5a
or 5 ⫻ 10⫺5 M IB-MECA, were subjected to SDS-PAGE followed by immunoblotting using anti-phospho-Akt, or anti-Akt-specific Ab as input control.
B and C, Effect of PI3K/Akt signaling pathway blockage on the ability of C5a
or IB-MECA to inhibit IL-12 p70 production. A total of 2 ⫻ 106/ml monocytes preincubated for 1 h with indicated doses of wortmannin (B) or Aktinhibitor (C) was stimulated with 20 nM C5a (E) or 10⫺5 M IB-MECA (䡺)
for one additional hour and subsequently stimulated with LPS (1 g/ml) plus
rhIFN-␥ (100 ng/ml) for 24 h. All panels show data calculated from or representative of at least three experiments. Data are expressed as mean ⫾ SD. ⴱ,
p ⬍ 0.05 vs cells not preincubated with the inhibitor.
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factor-2 (ATF-2) in response to C5a, as expected (Fig. 4B), and significantly increased IL-12 p70 production induced by LPS and IFN-␥
(Fig. 4C). Inhibition of JNK with SP600125 also significantly reversed the C5a-induced suppression of IL-12 (Fig. 4D). Conversely,
pretreatment with PD98059, which prevents the phosphorylation of
ERK by inhibiting the upstream MEK2, completely abolished C5ainduced ERK phosphorylation (Fig. 4A), yet did not affect the induction of IL-12 by LPS and IFN-␥ (Fig. 4C) or the ability of C5a to
suppress IL-12 (Fig. 4D).

Discussion
IL-12 production by human monocytes is inhibited by the triggering of certain GiPCR, particularly CD88 (C5aR), the highaffinity formyl-peptide receptor, and the adenosine A3 receptor
(8 –10). In this study, we extend these findings by demonstrating a suppressive effect of C5a on the production of two other
members of the IL-12 family, p19 and p28, and provide the first
experimental evidence identifying the intracellular signaling
events responsible for such inhibition in primary human peripheral blood monocytes.
In prior studies, we demonstrated that GiPCR-mediated inhibition of IL-12 is not dependent on autocrine secretion of known
negative regulators of IL-12 production, such as IL-10, TGF-␤, or
PGE2 (9). We now provide evidence that TLR4 and IFN-␥ recep-

tor expression was unaffected by GiPCR triggering, and that interference with IFN-␥ signaling by GiPCR is unlikely, because
IFN-␥-induced up-regulation of HLA-DR and CD40 membrane
expression was not affected by C5a. Together these data suggest
that GiPCR activation can directly affect TLR, but not IFN-␥ receptor signaling pathways.
We further demonstrated a critical role for PI3K in the GiPCRinduced inhibition of IL-12 production by human monocytes. The
activation of the PI3K-Akt pathway can occur as a result of Gprotein-coupled receptor triggering: PI3Ks are stimulated through
direct interaction with the active G protein ␤␥ subunit or indirectly, by ␣ subunit-induced tyrosine kinase activity (14). PI3K
catalyzes the phosphorylation of membrane phosphatidylinositols
generating phosphatidylinositol mono-, bis-, and tris-phosphate
(17). These products recruit the protein kinase Akt by interacting
with its PH domain and facilitate its phosphorylation on threonine
308 and serine 473 by phosphoinositide-dependent kinase 1 and 2
(18). We demonstrated that the GiPCR agonists C5a and IBMECA activate the PI3K pathway, and the activity of both PI3K
and Akt is required for IL-12 down-regulation. Furthermore, exposure to C5a inhibited mRNA expression not only of IL-12 p35
and p40 but also of other IL-12 family members, IL-23 p19 and
IL-27 p28. The fact that the suppression of all IL-12 family members except for p28 were reversed by PI3K inhibition suggests that
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FIGURE 4. JNK activity is required
for C5a-dependent IL-12 inhibition. A,
Cell lysates from cultures preincubated
for 2 h with PT (200 ng/ml) or PD98059
(10⫺5 M) and subsequently stimulated
with 20 nM C5a were used for Western
blot analysis using specific Abs against
phosphorylated form of ERK or JNK
MAPK. Membranes were stripped and
reblotted using Ab against total ERK or
JNK as input control. B, Cells preincubated for 1 h with or without SP600125
were stimulated with C5a for the indicated times, and phosphorylation of
ATF-2 was analyzed by Western blot.
Membranes were stripped and reblotted
using Ab against total ATF-2 as input
control. C and D, Monocytes were incubated for 1 h with PD98059 or SP600125
and subsequently stimulated with LPS
plus rhIFN-␥. Where indicated, cells
were also incubated with 20 nM C5, 1 h
before the addition of LPS and rhIFN-␥.
IL-12 p70 was measured in cell culture
supernatants by ELISA after 24 h. All
panels show data calculated from or representative of at least three experiments.
ELISA results are expressed as mean ⫾
SD.
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PI3K plays a role in the C5a-mediated suppression of IL-12 and
IL-23, but not IL-27.
These data are consistent with several studies demonstrating a
suppressive role for PI3K in the production of IL-12. First, ligation
of CD47 inhibited IL-12 production in response to TLR ligands
and IFN-␥ in a PI3K-dependent manner (4). Interestingly, it was
recently recognized that CD47 can signal via a Gi-protein pathway; however, it is not known whether CD47-mediated suppression of IL-12 production is sensitive to PT. Second, it has been
shown that the PI3K-Akt pathway is a negative feedback mechanism for the control of IL-12 production induced via TLR engagement in the absence of GiPCR signaling (13, 19). Because C5a and
IB-MECA do not drive IL-12 production on their own (with or
without IFN-␥), GiPCR-signaling by these ligands appears to
mimic the suppressive, but not the activating, signals that normally
govern TLR-induced IL-12 production.
We also studied the role of MAPK in mediating GiPCR IL-12
inhibition. Several studies have assessed the role of the ERK, the
JNK, and p38 MAPK in IL-12 regulation, primarily by determining their effects on IL-12 p40 gene transcription. In particular, a
genetic deficiency of MAP kinase kinase 3, which is responsible
for p38 phosphorylation, is associated with defective IL-12 production by macrophages and dendritic cells in vitro and with suppressed IFN-␥ production in vivo after immunization with protein
Ags (20). In addition, direct inhibition of p38 activity in vitro
reduces IL-12 production at the level of mRNA expression in response to LPS in monocytes, macrophages, and monocytic cell
lines, suggesting that p38 activity promotes IL-12 production (21,
22). Conversely, in primary monocytes, the activities of ERK and
JNK have been shown to down-regulate LPS-induced IL-12 p40
mRNA transcription (21, 23–25), suggesting opposing regulatory
effects by p38 and ERK and JNK pathways.
Our data show that JNK activation is necessary for the downregulation of IL-12 production upon GiPCR triggering. The
lack of an inhibitory effect of ERK on IL-12 production may be
due to the presence of IFN-␥ or to the use of primary human
monocytes, because prior studies were performed with cell lines
that may involve different, and possibly less relevant, regulatory mechanisms or with cells stimulated with LPS alone.
Taken together, these data demonstrate that JNK activity is necessary for the negative regulation of IL-12 production by C5a in
primary human monocytes.
The events downstream of PI3K/Akt and JNK activation that are
relevant for IL-12 regulation are not yet clear. It is likely that JNK
mediates its suppressive effect via the transcription factor AP-1,
which is activated by JNK-mediated phosphorylation of c-Jun, and
is a transcriptional inhibitor for the IL-12 p40 gene (26, 27). Because C5a induces the phosphorylation of ERK and JNK, which
activate c-Fos and c-Jun, respectively, to become components of
AP-1, it is not clear why ERK inhibition does not reverse IL-12
inhibition in the presence of IFN-␥. However, this is consistent
with studies demonstrating that genetic deficiency of c-Fos renders
macrophages more potent producers of IL-12 in response to LPS
but not to IFN-␥ plus LPS (28). Because c-Fos may be suppressed
by the presence of IFN-␥ (28), the results presented here suggest
that c-Jun can be inhibitory in conditions of limited c-Fos activity.
Furthermore, PI3K-Akt does not appear to be directly involved in
JNK activation, because the phosphorylation of JNK by C5a is
inhibited by PT but not by wortmannin or the Akt-inhibitor (data
not shown). Therefore, PI3K-Akt and JNK pathways are both induced by Gi-mediated signaling, and both are required for maximal
IL-12 suppression.
Because C5a and the natural A3R-agonist adenosine are present
at high levels at sites of inflammation (29, 30), it is likely that one

of their many functions is to limit IL-12 and IL-23 production by
APCs in the context of ongoing inflammation, thus preventing sustained self-harmful Th1 responses. The fact that inhibitory regulation of IL-12 and IL-23 regulation by LPS also involves PI3Ksignaling pathways suggests that activation of PI3K pathways may
represent physiological negative feedback signals to control untoward inflammation.

Disclosures
The authors have no financial conflict of interest.

References

Downloaded from http://www.jimmunol.org/ by guest on June 16, 2021

1. Trinchieri, G. 2003. Interleukin-12 and the regulation of innate resistance and
adaptive immunity. Nat. Rev. Immunol. 3: 133–146.
2. D’Andrea, A., M. Aste-Amezaga, N. M. Valiante, X. Ma, M. Kubin, and
G. Trinchieri. 1993. Interleukin 10 (IL-10) inhibits human lymphocyte interferon
␥-production by suppressing natural killer cell stimulatory factor/IL-12 synthesis
in accessory cells. J. Exp. Med. 178: 1041–1048.
3. Sutterwala, F. S., G. J. Noel, R. Clynes, and D. M. Mosser. 1997. Selective
suppression of interleukin-12 induction after macrophage receptor ligation.
J. Exp. Med. 185: 1977–1985.
4. Armant, M., M. N. Avice, P. Hermann, M. Rubio, M. Kiniwa, G. Delespesse, and
M. Sarfati. 1999. CD47 ligation selectively downregulates human interleukin 12
production. J. Exp. Med. 190: 1175–1182.
5. Schnorr, J. J., S. Xanthakos, P. Keikavoussi, E. Kampgen, V. ter Meulen, and
S. Schneider-Schaulies. 1997. Induction of maturation of human blood dendritic
cell precursors by measles virus is associated with immunosuppression. Proc.
Natl. Acad. Sci. USA 94: 5326 –5331.
6. Karp, C. L., M. Wysocka, L. M. Wahl, J. M. Ahearn, P. J. Cuomo, B. Sherry,
G. Trinchieri, and D. E. Griffin. 1996. Mechanism of suppression of cell-mediated immunity by measles virus. Science 273: 228 –231.
7. Marth, T., and B. L. Kelsall. 1997. Regulation of interleukin-12 by complement
receptor 3 signaling. J. Exp. Med. 185: 1987–1995.
8. Braun, M. C., and B. L. Kelsall. 2001. Regulation of interleukin-12 production by
G-protein-coupled receptors. Microbes Infect. 3: 99 –107.
9. Braun, M. C., E. Lahey, and B. L. Kelsall. 2000. Selective suppression of IL-12
production by chemoattractants. J. Immunol. 164: 3009 –3017.
10. Hasko, G., Z. H. Nemeth, E. S. Vizi, A. L. Salzman, and C. Szabo. 1998. An
agonist of adenosine A3 receptors decreases interleukin-12 and interferon-␥ production and prevents lethality in endotoxemic mice. Eur. J. Pharmacol. 358:
261–268.
11. Wittmann, M., J. Zwirner, V. A. Larsson, K. Kirchhoff, G. Begemann, A. Kapp,
O. Gotze, and T. Werfel. 1999. C5a suppresses the production of IL-12 by IFN␥-primed and lipopolysaccharide-challenged human monocytes. J. Immunol. 162:
6763– 6769.
12. He, J., S. Gurunathan, A. Iwasaki, B. Ash-Shaheed, and B. L. Kelsall. 2000.
Primary role for Gi protein signaling in the regulation of interleukin 12 production and the induction of T helper cell type 1 responses. J. Exp. Med. 191:
1605–1610.
13. Fukao, T., M. Tanabe, Y. Terauchi, T. Ota, S. Matsuda, T. Asano, T. Kadowaki,
T. Takeuchi, and S. Koyasu. 2002. PI3K-mediated negative feedback regulation
of IL-12 production in DCs. Nat. Immunol. 3: 875– 881.
14. Vanhaesebroeck, B., S. J. Leevers, K. Ahmadi, J. Timms, R. Katso,
P. C. Driscoll, R. Woscholski, P. J. Parker, and M. D. Waterfield. 2001. Synthesis
and function of 3-phosphorylated inositol lipids. Annu. Rev. Biochem. 70:
535– 602.
15. Hu, Y., L. Qiao, S. Wang, S. B. Rong, E. J. Meuillet, M. Berggren, A. Gallegos,
G. Powis, and A. P. Kozikowski. 2000. 3-(Hydroxymethyl)-bearing phosphatidylinositol ether lipid analogues and carbonate surrogates block PI3-K, Akt, and
cancer cell growth. J. Med. Chem. 43: 3045–3051.
16. Mitsiades, C. S., N. Mitsiades, V. Poulaki, R. Schlossman, M. Akiyama,
D. Chauhan, T. Hideshima, S. P. Treon, N. C. Munshi, P. G. Richardson, and
K. C. Anderson. 2002. Activation of NF-B and upregulation of intracellular
anti-apoptotic proteins via the IGF-1/Akt signaling in human multiple myeloma
cells: therapeutic implications. Oncogene 21: 5673–5683.
17. Rameh, L. E., and L. C. Cantley. 1999. The role of phosphoinositide 3-kinase
lipid products in cell function. J. Biol. Chem. 274: 8347– 8350.
18. Downward, J. 1998. Lipid-regulated kinases: some common themes at last. Science 279: 673– 674.
19. Guha, M., and N. Mackman. 2002. The phosphatidylinositol 3-kinase-Akt pathway limits lipopolysaccharide activation of signaling pathways and expression of
inflammatory mediators in human monocytic cells. J. Biol. Chem. 277:
32124 –32132.
20. Lu, H. T., D. D. Yang, M. Wysk, E. Gatti, I. Mellman, R. J. Davis, and
R. A. Flavell. 1999. Defective IL-12 production in mitogen-activated protein
(MAP) kinase kinase 3 (Mkk3)-deficient mice. EMBO J. 18: 1845–1857.
21. Feng, G. J., H. S. Goodridge, M. M. Harnett, X. Q. Wei, A. V. Nikolaev,
A. P. Higson, and F. Y. Liew. 1999. Extracellular signal-related kinase (ERK)
and p38 mitogen-activated protein (MAP) kinases differentially regulate the lipopolysaccharide-mediated induction of inducible nitric oxide synthase and

The Journal of Immunology

22.

23.

24.

25.

IL-12 in macrophages: Leishmania phosphoglycans subvert macrophage IL-12
production by targeting ERK MAP kinase. J. Immunol. 163: 6403– 6412.
Utsugi, M., K. Dobashi, Y. Koga, Y. Shimizu, T. Ishizuka, K. Iizuka, J. Hamuro,
T. Nakazawa, and M. Mori. 2002. Glutathione redox regulates lipopolysaccharide-induced IL-12 production through p38 mitogen-activated protein kinase activation in human monocytes: role of glutathione redox in IFN-␥ priming of IL-12
production. J. LeukocyteBiol. 71: 339 –347.
Utsugi, M., K. Dobashi, T. Ishizuka, K. Endou, J. Hamuro, Y. Murata,
T. Nakazawa, and M. Mori. 2003. c-Jun N-terminal kinase negatively regulates
lipopolysaccharide-induced IL-12 production in human macrophages: role of mitogen-activated protein kinase in glutathione redox regulation of IL-12 production. J. Immunol. 171: 628 – 635.
Hidding, U., K. Mielke, V. Waetzig, S. Brecht, U. Hanisch, A. Behrens,
E. Wagner, and T. Herdegen. 2002. The c-Jun N-terminal kinases in cerebral
microglia: immunological functions in the brain. Biochem. Pharmacol. 64:
781–788.
Goodridge, H. S., W. Harnett, F. Y. Liew, and M. M. Harnett. 2003. Differential
regulation of interleukin-12 p40 and p35 induction via Erk mitogen-activated

2999

26.

27.

28.

29.

30.

protein kinase-dependent and -independent mechanisms and the implications for
bioactive IL-12 and IL-23 responses. Immunology 109: 415– 425.
Cao, S., J. Liu, M. Chesi, P. L. Bergsagel, I. C. Ho, R. P. Donnelly, and X. Ma.
2002. Differential regulation of IL-12 and IL-10 gene expression in macrophages
by the basic leucine zipper transcription factor c-Maf fibrosarcoma. J. Immunol.
169: 5715–5725.
Mitsuhashi, M., J. Liu, S. Cao, X. Shi, and X. Ma. 2004. Regulation of interleukin-12 gene expression and its anti-tumor activities by prostaglandin E2 derived
from mammary carcinomas. J. LeukocyteBiol. 76: 322–332.
Roy, S., R. Charboneau, K. Cain, S. DeTurris, D. Melnyk, and R. A. Barke. 1999.
Deficiency of the transcription factor c-fos increases lipopolysaccharide-induced
macrophage interleukin 12 production. Surgery 126: 239 –247.
Sitkovsky, M. V., D. Lukashev, S. Apasov, H. Kojima, M. Koshiba, C. Caldwell,
A. Ohta, and M. Thiel. 2004. Physiological control of immune response and
inflammatory tissue damage by hypoxia-inducible factors and adenosine A2A
receptors. Annu. Rev. Immunol. 22: 657– 682.
Sumichika, H. 2004. C5a receptor antagonists for the treatment of inflammation.
Curr. Opin. Investig. Drugs 5: 505–510.

Downloaded from http://www.jimmunol.org/ by guest on June 16, 2021

