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IL-12 is a 75-kDa heterodimeric cytokine composed of two covalently linked p35 and p40
chains. This pro-inflammatory cytokine plays a prominent role in the development of Th1
cell-mediated immune responses. Th1 cell-mediated immune responses have been impli-
cated in the pathogenesis of chronic inflammatory autoimmune diseases. Thus, IL-12
appears to be a critical factor in the generation and mainteinance of chronic inflammatory
conditions. In this study, we investigated the effects of a commonly prescribed anti-
inflammatory drug, acetyl salicylic acid (ASA), on IL-12 production and Th1 cell develop-
ment. ASA was found to inhibit secretion of the IL-12 heterodimer as well as p40 monomer
by human monocytic cells. This was associated with the down-regulation of IL-12p40 mRNA
expression. Analysis of the regulation of the p40 gene promoter revealed that ASA inhibited
NF- O B activation and binding to the p40- O B site in the p40 promoter, leading to transcrip-
tional repression of the p40 gene. Addition of ASA to an in vitro T helper cell differentiation
system, at concentrations compatible with plasma levels reached during anti-inflammatory
therapy, resulted in reduced development of Th1 cells. These results suggest that the inhibi-
tion of NF- O B activation by ASA leads to down-regulation of IL-12 production and inhibition
of Th1 cell development.
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1 Introduction

IL-12 is a heterodimeric cytokine composed of two
disulfide-linked glycosylated chains of 40 (p40) and 35
(p35) kDa, encoded by two distinct genes [1–3]. This
cytokine is secreted by myelomonocytic cells in
response to stimulation with bacterial antigens and
CD40 ligation [1, 4, 5]. IL-12 plays a prominent role in the
early stages of inflammation by inducing IFN- + produc-
tion by T and NK cells, promoting their growth and
enhancing their cytolytic activity [6, 7]. IL-12 is also a
critical factor for Th1 cell development and cell-
mediated immune responses [8–10]. A series of studies
have demonstrated that IL-12 and Th1 cells are impli-
cated in the development of organ-specific autoimmune
diseases [11–13]. Indeed, it has been observed that the
administration of IL-12 in experimental autoimmunity
exacerbates and enhances the incidence of disease

[14–16], whereas the neutralization of IL-12 reduces the
severity [14] and prevents the development of disease
[17, 18]. These findings have raised a growing interest in
delineating the molecular basis for the regulation of IL-12
production.

IL-12 secretion requires the coordinate expression of the
two subunits, p40 and p35 [19]. Whereas p35 is secreted
only as part of the IL-12 heterodimer, p40 is also pro-
duced in large excess in monomeric form [1]. Expression
of the p40 gene is highly inducible and primarily regu-
lated at the transcriptional level [20]. Characterization of
the human p40 promoter has revealed the presence of
several putative nuclear factor binding sites. Ets, NF- O B,
IRF-1 and C/EBP binding sites appear to have important
regulatory functions in the activation of the p40 promoter
[20–23]. In contrast, a detailed molecular analysis of the
regulatory regions of the p35 gene is still lacking. Data
available on murine p35 gene promoter indicate the
presence of several putative regulatory elements includ-
ing two NF- O B consensus sites [24].
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NF- O B is an inducible transcription activator involved in
the expression of a variety of genes encoding immunore-
ceptors, cell adhesion molecules, cytokines and hema-
topoietic growth factors [25]. The active DNA binding
form of NF- O B is a dimer commonly formed by p50 and
p65 proteins [26]. In untreated cells, NF- O B is seques-
tered in the cytoplasm bound to its inhibitors, I O B pro-
teins [27]. Cell exposure to inducing conditions such as
mitogens, cytokines, viral products or oxidative stress
causes I O B degradation by the 26S proteasome [25, 28],
and NF- O B translocation to the nucleus.

Some of the most widely used anti-inflammatory drugs
have the capacity to block NF- O B activation. Glucocorti-
coids augment I O B § gene transcription leading to
increased levels of I O B protein, thus trapping NF- O B in
the cytoplasm [29, 30]. Anti-oxidants such as N-acetyl-
cysteine (NAC) and pyrrolidine dithiocarbamate (PDTC)
block I O B phosphorylation [26]. 1,25-dihydroxy vitamin
D3 down-regulates p50 and c-rel subunit expression [31],
and salicylates and acetyl salicylic acid (ASA) prevent
I O B degradation [32]. It is noteworthy that both glucocor-
ticoids and 1,25-dihydroxyvitamin D3 have been shown
to inhibit IL-12 production and reduce Th1 development
[33, 34]. Given the fact that NF- O B plays a potentially
important role in IL-12 production and this cytokine par-
ticipates in the initiation of inflammatory responses and
Th1 cell development, we have investigated the effects
of ASA on IL-12 secretion and Th1 cell development.

A well-known property of ASA and salicylates is the inhi-
bition of prostaglandin synthesis [35]. PGE2 has been
shown to inhibit IL-12 production [36]. Therefore, we
hypothesized that the effect of ASA on IL-12 secretion
would result from the balance between NF- O B activation
and prostaglandin synthesis.

In this report, we show that ASA inhibits secretion of IL-
12p75 and p40. Conversely, indomethacin, which inhib-
its prostaglandin synthesis but not NF- O B activation,
enhances the secretion of IL-12. Consistent with its
capacity to inhibit IL-12 secretion, the addition of ASA
during in vitro Th cell differentiation results in reduced
Th1 cell differentation. These data confirm the important
role of NF- O B in the regulation of IL-12 production and
show that, by inhibiting NF- O B activation, ASA reduces
IL-12 secretion and Th1 cell development.

2 Results and discussion

2.1 ASA inhibits IL-12p75 and p40 production

To investigate the effect of ASA on IL-12p75 and p40
production, we analyzed the secretion of these cytokines
in supernatants from whole blood stimulated with fixed
Staphylococcus aureus Cowan strain I (SAC) and IFN- +
in the presence or absence of ASA. We observed a dose-
dependent reduction of IL-12p75 and p40 secretion by
ASA (Fig. 1A). The inhibitory effect of ASA could be
accounted for by several mechanisms including: (1) inhi-
bition of cyclooxygenase activity, (2) inhibition of NF- O B
activation, (3) combined inhibition of both. To distinguish
between these possibilities, we used indomethacin,
which inhibits cyclooxygenase activity but has no effect
on NF- O B activation. In contrast to ASA, the addition of
indomethacin to whole blood consistently augmented
IL-12p75 secretion (Fig. 1B). These data are in agree-
ment with previous findings showing that PGE2 [36], as
well as other cAMP-elevating agents [37], inhibit IL-
12p75 production. Thus, by inhibiting prostaglandin syn-
thesis, indomethacin may relieve an inhibitory circuit
resulting in increased IL-12 production. These observa-
tions suggest that inhibition of IL-12 secretion may be
causally related to the inhibition of NF- O B activation.
Consistent with this hypothesis, ASA inhibits secretion of
IL-1 g and IL-6 (data not shown), which are subject to
regulation by NF- O B [38, 39].

To test whether ASA has a direct effect on monocytes,
we assessed the effect of ASA on IL-12 production by
monocytic THP-1 cells. Cells were primed with DMSO
and IFN- + , treated with 1 or 5 mM ASA and stimulated
with SAC, LPS or CD40 ligand (L)-expressing cells. In the
presence of ASA there was a significant inhibition of IL-
12 and p40 secretion in response to the different stimuli
(Fig. 2). These data indicate that ASA inhibits IL-12
secretion by acting directly on the IL-12-producing cells.
The inhibition is not due to a toxic effect since 24-h incu-
bation of THP-1 cells with 5 mM ASA did not affect the
cellular viability and no change in IFN- + -induced up-
regulation of MHC class II was observed (data not
shown).

2.2 Inhibition of NF- B B activation by ASA leads
to transcriptional repression of IL-12p40
gene

NF- O B is activated by either CD40 ligation [40] or LPS
stimulation [41] and NF- O B activity has been shown to
regulate expression of the IL-12p40 subunit [22]. More
recently it has been shown that Rel proteins act syner-
gistically with C/EBP proteins in the regulation of the p40
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Figure 1. The effect of ASA and indomethacin on IL-12 and p40 production by whole blood. Whole blood from healthy donors,
was diluted 1:6 in complete medium and stimulated with SAC and IFN- + in the absence or presence of indicated concentrations
of ASA (A) or indomethacin (B). After 48 h of culture, supernatants were collected and cytokine concentrations were evaluated by
ELISA. Results are the mean of two representative donors ± SD. Experiments were performed in duplicates. Mean production of
IL-12 and p40 was 308.5 and 3940 pg/ml, respectively.

Figure 2. ASA inhibits IL-12p75 and p40 production by THP-1 cells. THP-1 cells were primed with IFN- + and DMSO for 16 h and
stimulated with SAC or LPS or irradiated J558L-mCD40L in the presence or absence of ASA. After 48 h, IL-12p75 and p40 secre-
tion in culture supernatants was evaluated by ELISA. The production of IL-12 and p40 by stimulated THP-1 cells was 5.35 and
55.9 ng/ml with SAC and IFN- + , 1.45 and 58.6 ng/ml with LPS and IFN- + , 6.79 and 53 ng/ml with J558L-mCD40L and IFN- + ,
respectively. The data shown are the mean value of two experiments performed in duplicates.

gene promoter activity [23]. Thus, it is possible that ASA-
mediated inhibition of NF- O B activation may be respon-
sible for inhibition of IL-12 production. In this case, ASA
would inhibit IL-12p40 gene expression at the transcrip-
tional level. To test whether ASA inhibits IL-12 secretion
by affecting IL-12p40 gene expression, we analyzed its

effect on IL-12p40 mRNA expression. Monocytes were
primed with DMSO and IFN- + , then left untreated or
treated with different doses of ASA and stimulated with
SAC. Total RNA was isolated from these cells and ana-
lyzed by RNase protection assay. This analysis showed a
dose-dependent reduction of p40 mRNA expression
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Figure 3. ASA inhibits IL-12p40 mRNA expression by
human monocytes. (A) mRNA expression was analyzed in
human monocytes primed with IFN- + and DMSO for 16 h
and then stimulated with SAC, in the presence or absence of
ASA, for 3 h. (B) The expression of IL-12p40 mRNA was
evaluated using a phosphorimager. The inhibition was calcu-
lated by normalizing the p40 mRNA signal against the signal
of the 18S mRNA. A representative experiment of three simi-
lar experiments performed is shown. Stim.: stimulation with
IFN- + and SAC.

by ASA (Fig. 3). The level of inhibition correlated with the
reduction of p40 secretion (Fig. 2 and Fig. 3B), indicating
that most of the effect of ASA occurs at the level of p40
gene expression.

Previous studies have indicated that the expression of
the IL-12p40 subunit is primarily regulated at the tran-
scriptional level [20]. The p40 gene promoter includes an
NF- O B binding site (p40- O B) which has been implicated
in the regulation of the p40 promoter activity [20, 22].
Studies on the p40 promoter have identified a region,
extending from –292 bp to +56 bp relative the the tran-
scription initiation site, which contains the major regula-
tory binding motifs [20]. To verify the effect of ASA on
p40 gene promoter activity, we transiently transfected
mouse RAW264.7 cells with a –292/+56 promoter/lucif-
erase reporter construct. As already described [20],
these cells can be easily transfected by electroporation
and, when appropriately stimulated, they produce high

amounts of p40. More importantly, proper regulation of
the human p40 promoter has been documented in this
cell line [20]. After transfection, the cells were treated
with ASA and stimulated with IFN- + and SAC. The nor-
malized luciferase activity was measured in the cell
lysates and the inhibition by ASA is expressed as per-
centage inhibition relative to the stimulated sample
(Fig. 4A). To assess the contribution of the p40- O B site to
the inhibition of the p40 gene expression and to examine
whether ASA may affect other factors involved in p40
gene transcription, we used a p40 promoter construct
lacking the NF- O B binding site ( ¿ p40- O B). Treatment
with 5 mM ASA resulted in 47 % inhibition of the wild-
type p40 construct. These data are consistent with previ-
ous findings [21–23] showing that NF- O B is a relevant
response element in the p40 promoter. In contrast, the
¿ p40- O B construct is only marginally affected (12 %

inhibition), indicating that ASA predominantly inhibits
NF- O B activity with minimal effects on the activity of
other nuclear factors regulating the p40 gene (Fig. 4A).

Finally we verified whether ASA affects the binding of
NF- O B to the previously characterized p40- O B site [20].
Nuclear extracts were prepared from THP-1 cells
untreated or treated with ASA and then stimulated with
SAC for 1 h. Addition of ASA caused a significant reduc-
tion of NF- O B binding activity, but did not affect binding
of octamer proteins (Fig. 4B). The NF- O B binding was
specific, because it was inhibited by anti-p65, -p50 and
-c-rel antibodies (data not shown) and was absent in
unstimulated cells. Collectively, these results suggest
that ASA inhibits IL-12p75 and p40 secretion by affect-
ing NF- O B binding to and activation of the IL-12p40 pro-
moter.

2.3 ASA inhibits differentiation of Th1 cells

Since IL-12 is a critical factor in the development of Th1
cells and ASA inhibits the production of IL-12, we inves-
tigated the effect of ASA on the differentiation of Th cells.
Cord blood leukocytes were cultured with PHA in the
presence or absence of ASA (Fig. 5). After 6 days of cul-
ture the cells were harvested, washed and expanded in
culture with IL-2. At day 10, cells were harvested and
restimulated to assay for IFN- + and IL-4 production at
the single-cell level by intracellular staining. Cord blood
CD4+ T cells obtained in the absence of ASA exibited a
cytokine production profile characterized by the pres-
ence of both IFN- + (9 %)- and IL-4 (23 %)-producing
cells. Conversely, in the presence of 3 mM ASA very few
(0.9 %) IFN- + -producing cells were generated, whereas
IL-4-producing cells were markedly increased (42 %). In
parallel experiments, the addition of indomethacin to
cord blood cultures did not significantly alter the ratio of
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Figure 4. Inhibition of NF- O B binding to and activation of the p40 promoter. (A) RAW264.7 murine cells were transfected by elec-
troporation with the human (–292/+56 bp) p40 promoter-luciferase reporter construct (black bars) or with the p40- O B deletion
construct, ¿ p40- O B (open bars). Cells were left untreated or stimulated with SAC and IFN- + in the presence or absence of ASA.
Luciferase activity was normalized against g -galactosidase activity as described in Sect. 4.6. The results are expressed as rela-
tive induction fold over the value of untreated sample, which was set as 1. The experiment shown is the mean of two independent
experiments performed in duplicate. (B) THP-1 cells were stimulated for 1 h with SAC in the absence or presence of 10 mM or
5 mM ASA. Nuclear extracs were incubated with the 32P-labeled p40- O B (upper panel) or octamer (lower panel) DNA sequences.
Migration of specific NF- O B-DNA complexes is indicated by an arrow.

Figure 5. Decreased Th1 cell development by addition of ASA. Cord blood lymphocytes were differentiated as described in
Sect. 4.2 in the absence (A) or presence (B) of 3 mM ASA. Differentiated cells were restimulated with PMA and ionomycin and
stained for intracellular production of IL-4 and IFN- + with PE-conjugated anti-IL-4 and FITC-conjugated anti-IFN- + antibodies
and analyzed by FCM. One representative experiment of six performed is shown.
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IFN- + -versus IL-4-producing cells (data not shown).
These data indicate that the addition of ASA to cord
blood cells significantly reduces Th1 cell development in
favor of Th2 differentiation possibly via its effects on NF-
O B activation. A similar situation has been observed

using IL-12 inhibitors, such as g 2-agonists [37] or IL-12
antagonists [18].

3 Concluding remarks

Here we report that ASA inhibits IL-12 production, by
monocytic cells, and reduces Th1 development. These
effects of ASA may depend upon inhibition of NF- O B
activation which plays a critical role in the regulation of
IL-12 production. These results indicate that part of the
anti-inflammatory effects of ASA may also depend on
the inhibition of IL-12 production and Th1 cell develop-
ment. A fundamental role for NF- O B in the development
and function of the immune system has been demon-
strated by gene ablation in mice [42–44]. Moreover, NF-
O B controls the expression of a variety of pro-

inflammatory cytokines [26]. Our data suggest that inhi-
bition of NF- O B activation by ASA results in reduced Th1
cell development by down-regulating IL-12 production.
Previous studies have suggested a potential role of NF-
O B in the differentiation [45] and in regulating TCR-

mediated responses of Th1 and Th2 cells [46]. Thus,
more specific inhibitors of NF- O B may represent an
attractive possibility to develop novel immunosuppress-
ants potentially useful in the treatment of Th1 cell-
mediated chronic inflammatory conditions.

4 Materials and methods

4.1 Cell lines and cytokine assays

Human THP-1 and murine RAW264.7 monocytic tumor cell
lines (ATCC, Rockville, MD) were cultured in RPMI 1640
medium supplemented with 5 % FCS (Hyclone laboratories,
Logan, UT), glutamine (2 mM), streptomycin (10 mg/ml),
penicillin (10 U/ml) and sodium pyruvate (1 mM) (complete
medium). J558L mCD40L-expressing cells [47] (a gift of Dr.
Peter Lane, Basel Institute for Immunology, Basel, Switzer-
land) were grown in Iscove’s modified Dulbecco’s medium
(IMDM) complete medium supplemented with 5 mM
L-histidinol dihydrochloride. The reagents listed below were
purchased from commercial sources: LPS, ASA, PMA,
DMSO, L-histidinol dihydrochloride, ionomycin, D-luciferin
and indomethacin (Sigma Chemical Co., St. Louis, MO);
SAC (Calbiochem Corp., La Jolla, CA); brefeldin A (San-
doz, Basel, Switzerland); PHA-M (Wellcome Diagnostic,
Dartford, GB). Human (h) and mouse (m) IFN- + were a gift of
Dr. Gianni Garotta (Human Genome Sciences, Inc., Rock-
ville, MD).

ELISA for IL-12 p40 and p75 were performed as described
[48]. Human recombinant IL-12, IL-12 p40, and anti-IL-12
mAb were a gift from Dr. Maurice Gately (Hoffmann-La
Roche Inc., Nutley, NJ).

4.2 Cell cultures and in vitro differentiation of human
Th cells

For the experiments with whole blood, buffy coats, obtained
from healthy donors, were diluted 1:6 with complete
medium and, 30 min after addition of indicated doses of ASA
or indomethacin, the cultures were stimulated with 0.1 %
SAC and 1000 U/ml hIFN- + . Supernatants were collected
48 h later and cytokine-specific ELISA were performed.
THP-1 cells (1×106 cells/ml) were primed for 24 h with 1 %
DMSO and 1000 U/ml hIFN- + . After 30 min treatment with
indicated doses of ASA, cells were stimulated with 0.1 %
SAC or 1 ? g/ml LPS or by addition of irradiated (10 000 rad)
J558L expressing mCD40L (5×105 cells/ml). Human mono-
cytes were purified from buffy coats as previously described
[49]. In vitro differentiation of human Th cells was performed
as previous described [37, 50]. Cord blood-derived mono-
nuclear cells were plated at 1×106 cells/ml in complete
medium with 1 ? g/ml PHA in the presence or absence 3 mM
ASA. After 6 days of culture, the cells were washed and cul-
tured with complete medium supplemented with 200 U/ml
IL-2. After 10 days, cells were washed, collected and restim-
ulated with 50 ng/ml PMA and 1 ? g/ml ionomycin for 4 h.
Brefeldin A (10 ? g/ml) were added for the last 2 h of culture.
Cells were then fixed with 4 % paraformaldehyde, permea-
bilized with saponin and stained with FITC-labeled anti-
IFN- + and PE-labeled anti-IL-4 antibodies (Pharmingen, San
Diego, CA). Samples were analyzed by FACScan (Becton
Dickinson, Mountain View, CA).

4.3 Plasmids and oligonucleotides

The human p40 promoter/luciferase reporter constructs
were generated as described previously [33]. Human p40
promoter sequences extending from –292 to +56 bp, rela-
tive to the transcription start site, were inserted upstream of
a luciferase reporter gene in the PXP2 vector. All plasmids
were ampicillin resistant, grown in E. coli and purified using
a plasmid preparation kit (Qiagen Inc., Chatsworth, CA). Oli-
gonucleotide sequences of p40- O B and H2b octamer bind-
ing sites were: 5’-gatcCTTGAAATTCCCCCAG (sense strand)
and agctCTTCACCTTATTTGCATAAGC (sense strand), res-
pectively. Oligonucleotides were purchased from Primm s.r.l.
(Milan, Italy).

4.4 RNase protection assay

Hybridization probes for detection of p40 and 18S RNA were
derived and 32P-labeled as described previously [33]. Mono-
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cytes were primed with 1 % DMSO and 1000 U/ml hIFN- + .
Twenty-four hours later the cells were treated for 30 min with
ASA and then stimulated with 0.1 % SAC for 3 h. Cells were
collected by low-speed centrifugation and disrupted at a
final concentration of 1×107 cells/ml of lysis/denaturation
solution, according to the instructions of the Direct ProtectTM

Lysate Ribonuclease Protection Assay Kit (Ambion Inc.,
Austin, TX). Cell lysates were hybridized in solution with an
excess of riboprobes (105 cpm for p40 and 104 cpm for 18S)
at 37 °C overnight, and the instructions of Direct ProtectTM

Kit were followed. The protected fragments were fraction-
ated on a 5 % polyacrylamide/urea sequencing gel and
detected by autoradiography.

4.5 Nuclear extracts and gel shift assays

THP-1 cells (2.5×108) were cultured for 24 h in complete
medium containing 1 % DMSO. Cells were incubated in the
presence or absence of indicated doses of ASA for 30 min
and then treated with 0.1 % SAC for 1 h before harvesting.
Nuclear extracts were obtained following the procedure
described by Dignam et al. [51]. Nuclear proteins were quan-
titated by the Bradford method (Bio-Rad laboratories, Rich-
mond, CA) and stored at –80 °C. For gel shift analysis, the
double-stranded oligonucleotides were end-labeled with [ + -
32P]ATP using T4 polynucleotide kinase according to stan-
dard protocols. Of nuclear extracts from THP-1 cells,
5–10 ? g were incubated with 0.1–0.5 ng of labeled probes
(20×103–30×103 cpm) as previously described [33]. The
gels were then dried and exposed at –80 °C for autoradio-
graphy. The radioactivity in specific protein-DNA complexes
were quantified by exposure to a phosphorimager (GS-525,
Bio-Rad laboratories, Richmond, CA).

4.6 Transfection by electroporation

Log phase RAW264.7 cells were harvested, washed and
resuspended in RPMI 1640 at a concentration of 2×107

cells/ml. Of the cell suspension, 0.6 ml was then mixed with
DNA, kept on ice for 5 min and electroporated in 0.45-cm
electroporation cuvetts at 960 ? F, 400 V using a Gene pulser
apparatus (Bio-Rad). Electroporated cells were immediately
diluted in complete medium, washed once and plated in 24-
well culture plates in complete medium. DMSO (1 %) was
added immediately after transfection and after 16–24 h the
cells were treated with 100 U/ml mIFN- + in the presence or
absence of different doses of ASA. Eight hours later the cells
were stimulated with 0.1 % SAC and after an additional 16 h
were harvested to assay luciferase and g -galactosidase
activities. The specific plasmid DNA was complemented
with an irrelevant plasmid DNA to reach 150 ? g total DNA
per transfection. Of each p40 promoter/PXP2 construct,
40 ? g were used in each transfection. Ten micrograms of
CMV- g -galactosidase expression plasmids were cotrans-
fected with the luciferase reporter constructs. For luciferase
and g -galactosidase assays, transfected cells were washed

twice with PBS and lysed with ice-cold lysis buffer contain-
ing 1 % Triton X-100, 25 mM glycylglycine pH 7.8, 15 mM
MgSO4, 4 mM EGTA pH 8, 2 mM ATP, 1 mM DTT. Luciferase
assays and g -galactosidase assays were performed as
described previously [33]. g -Galactosidase activity was
used for normalization of luciferase activity.
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