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Abstract
Interleukin-12 (IL-12)-mediated immune responses are critical for the control of malignant
development. Tumors can actively resist detrimental immunity of the host via many routes.
Prostaglandin E2 (PGE2) is one of the major immune-suppressive factors derived from many types
of tumors. Here, we show that systemic administration of recombinant IL-12 could therapeutically
control the growth of aggressive TS/A and 4T1 mouse mammary carcinomas. However, PGE2
produced by tumors potently inhibits the production of endogenous IL-12 at the level of protein
secretion, mRNA synthesis, and transcription of the constituent p40 and p35 genes. The inhibition
can be reversed by NS-398, a selective inhibitor of the enzymatic activity of cyclooxygenase 2 in
PGE2 synthesis. Moreover, PGE2-mediated inhibition of IL-12 production requires the functional
cooperation of AP-1 and AP-1 strongly suppresses IL-12 p40 transcription. Blocking PGE2
production in vivo results in a marked reduction in lung metastasis of 4T1 tumors, accompanied by
enhanced ability of peritoneal macrophages to produce IL-12 and spleen lymphocytes to produce
interferon-γ. This study contributes to the elucidation of the molecular mechanisms underlying the
interaction between a progressive malignancy and the immune defense apparatus.
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Introduction
Interleukin-12 (IL-12) is a heterodimer produced primarily by macrophages and dendritic cells
(DC) in innate and adaptive immune responses. It is a key factor in the induction of T cell-
dependent and -independent activation of macrophages and natural killer (NK) cells,
generation of T helper type 1 (Th1) cells and cytotoxic T lymphocytes (CTL), induction of
opsonizing, complement-fixing antibodies, and resistance to intracellular infections [1]. IL-12
has in recent years emerged as a promising cytokine able to dramatically activate the host's
immune defense against a variety of tumors in animal models [2]. The ability of IL-12 to
stimulate five important branches of immune effector cells (NK, CTL, Th, DC, and
macrophages) leaves tumors little chance to escape. Indeed, recent encouraging developments
in clinical applications of IL-12 for human T cell lymphoma [3,4], B cell non-Hodgkin
lymphoma [5], melanoma [6–10], and renal carcinoma [11] strongly highlight the potential of
IL-12 and its related molecules as rational candidates for anti-tumor therapies.
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Tumors, however, often evade immune activation by producing immunosuppressive agents
such as IL-10 and transforming growth factor-β (TGF-β), which seriously dampen immune
activation [12]. Indeed, dysregulation of IL-12 occurs between mouse mammary tumor-
proximal [13,14] and distal [15] immune cell populations.

Prostaglandins (PGs) are multipotential mediators in many biological responses. Numerous
studies have demonstrated that PGs are important regulators of macrophages [16–20]. PGs
produced by tumor cells or tumor-associated host cells (macrophages, endothelial cells, and
stromal cells) have long been considered to play a stimulating role in the progression and
metastasis of a variety of animal and human tumors [21–24]. The production and release of
PGE2 by tumors, in particular, have been associated with general suppression of immune
responses. It has also been demonstrated directly in a variety of systems to be a potent inhibitor
of IL-12 production by macrophages and DC [13,25–32]. PGE2 signal transduction is mediated
through seven transmembrane prostanoid receptors, primarily EP2 and EP4. It involves G
proteins coupled to these receptors and leads to induction of intracellular cyclic adenosine
monophosphate (cAMP) accumulation [33,34]. The inhibitory effects of PGE2 on IL-12
production are a result of its cAMP-inducing activity, as they could be mimicked by other
cAMP inducers and are independent of IL-10, as neutralizing anti-IL-10 antibodies are unable
to reverse this inhibition [25].

TS/A is an aggressive and poorly immunogenic cell line established from a moderately
differentiated mammary adenocarcinoma that arose spontaneously in a multiparous BALB/c
mouse [35]. It grows progressively, kills nu/nu and syngeneic mice, and gives rise to lung
metastases. It expresses major histocompatibility complex class I (H-2Dd, H-2Kd) but not class
II molecules, secretes granulocyte-colony stimulating factor (CSF), granulocyte macrophage-
CSF, TGF-β, basic fibroblast growth factor, and vascular endothelial growth factor, and does
not stimulate a syngeneic antitumor response in vivo nor in mixed lymphocyte-tumor cell
cultures [36]. IL-12 administered to TS/A tumor-bearing mice via various routes at different
stages of tumor establishment has been shown to cause the rejection of the tumor in wild-type
BALB/c mice through a CD8+ T-lymphocyte-dependent reaction associated with macrophage
infiltration, vessel damage, and necrosis. A certain degree of tumor immune memory is also
established following IL-12 treatment [37,38].

4T1 is a tumor cell line isolated from a single, spontaneously arising mammary tumor from a
BALB/BfC3H mouse (mouse mammary tumor virus+; [39]). The 4T1 tumor closely mimics
human breast cancer in its anatomical site, immunogenicity, growth characteristics, and
metastatic properties [40]. From the mammary gland, 4T1 tumor spontaneously metastasizes
to a variety of target organs including the lung, bone, brain, and liver through primarily a
hematogenous route [41]. IL-12 administration to 4T1 tumor-bearing mice causes a substantial
reduction in spontaneous metastases in the lungs and significantly prolongs their survival time
[42].

These properties make TS/A and 4T1 mammary tumor models excellent systems in which to
investigate the cellular and molecular mechanisms involved in IL-12 production and IL-12-
mediated control of the malignant development. In the present study, we asked two
fundamental questions: How does tumor-derived PGE2 inhibit IL-12 production by
macrophages? What are the effects of reversing the inhibition of IL-12 expression in mice
bearing these mammary tumors?
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Materials and Methods
Mice

Female BALB/c mice (6–8 weeks old) were purchased from the Jackson Laboratory (Bar
Harbor, ME). All mice were housed at the Weill Medical College of Cornell University Animal
Facilities (New York, NY) in accordance with the Principles of Animal Care (NIH Publication
No. 85-23, revised 1985). Mice bearing TS/A or 4T1 tumors were all killed no later than Day
28 as a result of the morbidity caused by large tumor sizes and extensive metastases.

Reagents
All antibodies used for supershift were purchased from Santa Cruz Biotechnologies (Santa
Cruz, CA). PGE2 and NS-398 were purchased from Caymen Chemicals (Ann Arbor, MI).

Plasmids
Dr. Stephen Smale (University of California, Los Angeles) provided the mouse IL-12 p40
reporter construct spanning between −356 and +56 [43]. We [44] generated the human tumor
necrosis factor α (TNF-α) promoter construct. Dr. Thomas Curren (St. Jude Children's Hospital,
Memphis, TN) and A-Fos, by Dr. Charles Vinson (National Cancer Institute, Bethesda, MD)
provided expression vectors for c-Fos and c-Jun. All plasmids were prepared using the
endotoxin-free maxi kit from Qiagen (Valencia, CA).

Tumor implantation, size measurement, lung metastasis assay
TS/A mammary carcinoma cells (1 × 105) were injected subcutaneously (s.c.) into the flank
of recipient mice. 4T1 tumor cells (1 × 105) were injected s.c. into the abdominal mammary
gland area of mice in 0.1 ml of a single-cell suspension in phosphate-buffered saline on Day
0. The dose of tumor implantation was empirically determined to give rise to tumors of ∼10
mm in diameter in untreated wild-type mice in 21–23 days. Primary tumors were measured
using electronic calipers every 2–3 days. Tumor size was the square root of the product of two
perpendicular diameters. Numbers of metastatic 4T1 cells in lung were determined by the
clonogenic assay [40].

IL-12 and NS-398 treatment
Recombinant murine (rm)IL-12 was provided by Genetics Institute (Cambridge, MA). IL-12
treatment was given by intraperitoneal (i.p.) injection at 500 ng (TS/A) four times a week in
consecutive days with a 3-day rest or 1 μg (4T1) per mouse every other day, starting on Day
7 until the end of each experiment, unless otherwise described. This regiment of IL-12 was
well tolerated with no signs of overt toxicity. NS-398 was given i.p. at 10 mg/kg five times a
week in five consecutive days with a 2-day rest. This dosing and scheduling were adapted from
a similar study by Stolina et al. [30].

Cells
The murine macrophage cell line RAW 264.7 was obtained from American Type Culture
Collection (Manassas, VA). Inflammatory peritoneal exudate macrophages were obtained by
lavage 3 days after injection of sterile, 3% thioglycolate broth (2 ml i.p.). Cells were washed
and resuspended in RPMI containing 10% fetal calf serum (FCS) and standard supplements.
Macrophages were plated in 48-well tissue-culture dishes (0.5 × 106 cells/well). After 2 h
incubation to allow for adherence of macrophages, monolayers were washed three times to
remove nonadherent cells and were incubated with RPMI-1640 medium containing 10% FCS
and standard supplements. For stimulation, cells were treated the next day with
lipopolysaccharide (LPS; 1 μg/ml), or murine interferon-γ (mIFN-γ; 10 ng/ml), first for 16 h
(priming), followed by LPS.
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Enzyme-linked immunosorbent assays (ELISA)
Supernatants from cultured cells were harvested 24 h after appropriate stimulation. mIL-12
p40, p70, and IL-10 were detected by ELISA (BD PharMingen, San Diego, CA) according to
the manufacturer's instructions. PGE2 was assayed by an enzyme immunoassay kit from
Cayman Chemicals. Mouse TGF-β1 was measured by ELISA with a rat anti-mouse
monoclonal capture antibody (A75-2.1) from BD PharMingen.

RNase protection assay (RPA)
Mouse macrophages were pretreated with or without IFN-γ for 16 h followed by treatment
with LPS for an additional 4 h. Total RNA (10 μg) of each sample was subjected to analysis
by the multiprobe RNase protection kit mCK2b (BD PharMingen) according to the
manufacturer's instructions.

Transient transfection
Transient transfections were performed by electroporation as described previously [45]. For
cotransfections with effector expression vectors, the total amount of expression vectors was
kept constant. Each cotransfection was done with a constant amount of a mixture of the effector
vector (c-Fos or c-Jun) and control vector [cytomegalovirus (CMV)500 ]. The only variation
is the ratio of the effector vector and control vector in the mix in each transfection. Transfection
efficiency was routinely monitored by β-galactosidase (β-gal) assay by cotransfection with 3
μg pCMV-β-gal plasmid. Variability in β-gal activity between samples was typically within
5%. Lysates were used for luciferase and β-gal assays.

Nuclear extract preparation
Nuclear extracts were prepared according to the method of Schreiber et al. [46].

Electrophoretic mobility shift assay (EMSA)
EMSA and supershift were performed as described previously [47]. The activated protein-1
(AP-1) oligonucleotide used was CGCTTGATGACTCAGCCGGGA; the underlined
sequence denotes the consensus-binding site.

Statistical tests
Tumor growth and metastasis data to be compared were first subjected to normality test
(Kolmogorov-Smirnov test). When the samples studied were normally distributed, statistical
comparisons were performed using the Student's t-test. Where the samples deviated from
normality, a nonparametric, Mann-Whitney Rank-Sum test was used for comparisons.
Statistical analyses were performed using SigmaStat software. For all experiments, the mean
and SD or SEM are depicted.

Results
rIL-12 can control growth of mammary tumors

To assess the efficacy of therapeutic application of IL-12 in the TS/A and 4T1 murine mammary
carcinoma models, we administered mouse rIL-12 to BALB/c mice carrying these tumors
initiated by s.c. injection of the respective tumor cells. On Day 7 when the tumors averaged in
size 4–5 mm in diameter, IL-12 was given on schemes as described in Materials and Methods
until Day 23 when the mice were killed. As shown in Figure 1, IL-12 was able to restrain the
growth of TS/A (Fig. 1a) and 4T1 (Fig. 1b) tumors with a statistically greater efficacy in the
former model. These results confirm published data about the anti-tumor activities of IL-12
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observed in these models and suggest that IL-12 is capable of countering the aggressive
immune suppression in these poorly immunogenic mammary tumors.

TS/A and 4T1 tumor cells produce PGE2 in a cyclooxygenase 2 (COX-2)-dependent manner
We were interested in determining the type of soluble factors produced by TS/A and 4T1 tumor
cells that may be immunosuppressive. We measured PGE2, TGF-β1, and IL-10 using culture
supernatant of these tumor cells. As a control, we used the murine macrophage cell line
RAW264.7, which produces IL-12 p40 in response to stimulation by IFN-γ and LPS [45]. TS/
A and 4T1 but not RAW264.7 cells produced large amounts of PGE2 (Fig. 2a) but no detectable
levels of IL-10 (data not shown). Moreover, PGE2 production by the mammary tumor cells
could be effectively blocked by the COX-2-specific inhibitor NS-398 (Fig. 2a), suggesting that
COX-2 is responsible for the synthesis of a majority of PGE2 in TS/A and 4T1 cells. All cell
lines also produced significant amounts of TGF-β1, which was not affected by the NS-398
treatment (Fig. 2b).

Tumor-derived PGE2 inhibits IL-12 production by peritoneal macrophages
We next investigated the possibility that soluble factors secreted by the tumor cells could inhibit
IL-12 production by macrophages. We transferred culture supernatant of 4T1 cells to the
culture of primary mouse peritoneal macrophages stimulated with IFN-γ and LPS (to produce
IL-12). Figure 3a shows that the tumor cell media (TCM) of 4T1 cells was able to suppress
IL-12 p70 production by macrophages dose-dependently, and 6% of transferred TCM was able
to inhibit IL-12 production completely. The IC50 was approximately 1.5% of TCM, which
translated into ∼1.4 nM based on the amount of PGE2 produced by 4T1 cells (Fig. 2a). The
soluble factor(s) was not likely IL-10, as this cytokine was not measurable in the supernatant
of 4T1 cells (data not shown). An experiment was designed to test if tumor cell-derived
PGE2 was responsible for the observed inhibition of IL-12 production (Fig. 3b). Inhibition of
PGE2 production by NS-398 treatment of the tumor cells completely restored IL-12 production
inhibited by 4T1 cell culture-derived supernatant (Fig. 3c, NS-398+TCM). Moreover, the
addition of exogenous PGE2 to unconditioned medium (NS-398+NM+PGE2) was able to
mimic the effect of TCM in an NS-398-resistant manner. These results strongly suggest that
PGE2 is an essential factor for the IL-12-inhibiting activity present in the tumor cell-culture
supernatant.

PGE2 inhibits IL-12 protein and mRNA expression
To further characterize the molecular mechanism whereby PGE2 inhibits IL-12 production by
macrophages, we examined the dose response of PGE2 (Fig. 4a). PGE2 inhibited the level of
IL-12 p70 in the culture supernatant of mouse peritoneal macrophages in a dose-dependent
manner, resulting in ∼80% suppression at 10−5 M without toxicity to the cells. The IC50 was
∼50 nM. This estimated IC50 is considerably higher than that shown in Figure 3a (1.4 nM).
The reason for this discrepancy is not clear but may be attributable to the use of different batches
of PGE2 in separate experiments.

We also determined the kinetics of PGE2-induced inhibition of the production of IL-12 p40
(Fig. 4b) and p70 (Fig. 4c) by adding PGE2 to the cell culture 16 h or 2 h before or at the time
of LPS stimulation (0 h). PGE2 was able to suppress IL-12 production throughout these periods,
suggesting that the effect of PGE2 is immediate and long-lasting, i.e., being able to interfere
with LPS-initiated signaling simultaneously.

To evaluate the role of PGE2 in transcriptional regulation of IL-12 p40 and p35 genes at the
mRNA level, we analyzed the steady-state mRNA expression of several cytokines produced
by activated macrophages by a multiprobe RNase protection assay (Fig. 4d). LPS moderately,
IFN-γ, and LPS strongly stimulated the mRNA expression of IL-12 p35 and p40 in peritoneal
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macrophages (lanes 2 and 3). Expression of IL-12 p35 and p40 mRNAs was inhibited by
PGE2 treatment of LPS- and IFN-γ/LPS-activated macrophages (lanes 5 and 6). Expression of
several other proinflammatory cytokine mRNAs was not significantly inhibited by PGE2:
IL-1α, IL-1β, IL-18, and IL-6. These results are consistent with the general anti-inflammatory
role of PGE2 in macrophages. We also examined the stability of IL-12 p35 and p40 mRNA
following PGE2 treatment in the presence of actinomycin D and found no evidence of a role
of PGE2 in the regulation of the decaying of these mRNAs (data not shown).

PGE2 inhibits IL-12 p40 at the level of transcription
To determine if the inhibitory effects of PGE2 on IL-12 protein and mRNA expression were
transcriptional, we performed luciferase reporter assays to measure the mouse IL-12 p40
promoter activity in RAW264.7 cells following treatment with PGE2. The RAW264.7 cell line
has been used widely by us and others for the investigation of macrophage-derived cytokine
gene expression because of its easiness to transfect and its similarity to primary macrophages
[45,47,48], in contrast to the difficulties in the transfection of primary macrophages. Figure 5a
shows that the IL-12 p40 promoter-driven luciferase activity was induced by LPS, ∼32-fold
compared with the unstimulated control (medium), which was further enhanced by IFN-γ
priming, to ∼70-fold. The stimulation of the IL-12 p40 promoter by LPS or IFN-γ plus LPS
was reduced strongly by PGE2 treatment. Similarly, LPS (eightfold) potently stimulated the
promoter activity of TNF-α alone or by IFN-γ plus LPS (28-fold), and PGE2 treatment
significantly reduced the magnitude of stimulation by these agents (Fig. 5b). These results
demonstrate that PGE2 can exert its repressive effects on the expression of proinflammatory
cytokines at the transcriptional level.

PGE2-induced inhibition of IL-12 p40 gene expression is dependent on AP-1 activity
There is strong evidence suggesting that PGE2 can induce expression and activity of AP-1
directly, which consists of the proto-oncogenes c-Fos and c-Jun, in a number of cell types
including macrophages [49–52]. AP-1 has been implicated as an inhibitor of IL-12 production
by transcriptionally suppressing IL-12 p40 mRNA expression. This was demonstrated in c-
Fos-deficient macrophages, which revealed a significant increase in IL-12 p70 protein, IL-12
p40 mRNA, and transcription rate in peritoneal macrophages stimulated with LPS [53].
Moreover, the enhancing effects on IL-12 production by pre-treatment of macrophages with
IFN-γ and IL-4 have been attributed at least in part to the down-regulation of c-Fos by these
two cytokines during the priming phase [53,54].

To confirm the inhibitory effects of AP-1 on the IL-12 p40 gene expression, we used a
dominant-negative mutant of AP-1, A-Fos, which was designed to contain an acidic,
amphipathic protein sequence appended onto the N terminus of the Fos leucine zipper,
replacing the normal basic region critical for DNA binding. The acidic extension and the Jun
basic region form a heterodimeric coiled-coil structure that stabilizes the complex over 3000-
fold and prevents the basic region of Jun from binding to DNA [55]. We measured the response
of the endogenous IL-12 p40 gene by ELISA following transfection of the effector construct
A-Fos (Fig. 6a, A) or its empty vector control, CMV500 (Fig. 6a, C) into RAW264.7 cells.
IL-12 p40 secretion after LPS stimulation was dramatically enhanced by A-Fos expression
without a visible impact on IL-12 p40 production stimulated with IFN-γ and LPS (Fig. 6a).
We also examined the effects of A-Fos on the transcriptional response of the heterologous
IL-12 p40 promoter reporter. Similarly, A-Fos greatly enhanced the response of the IL-12 p40
promoter to LPS stimulation without an impact on the IFN-γ/LPS-stimulated promoter activity
(Fig. 6b). These results are consistent with the in vivo data showing that genetic deficiency of
c-Fos renders macrophages more potent producers of IL-12 in response to LPS but not to IFN-
γ plus LPS [53].
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We then investigated the role of AP-1 in PGE2-mediated inhibition of IL-12 production by
transiently transfecting A-Fos into RAW264.7 cells activated by IFN-γ and LPS in the presence
of PGE2. Figure 6c shows that PGE2 significantly inhibited IFN-γ/LPS-induced mIL-12 p40
production in this cell line. A-Fos expression in PGE2-treated RAW264.7 cells resulted in a
completed reversal of its inhibitory effect, indicating that AP-1 is a critical mediator of the
IL-12 p40-suppressing activity of PGE2.

Finally, we directly assessed the effects of AP-1 on transcriptional activity of the IL-12 p40
promoter by transiently cotransfecting the p40 reporter construct with a vector expressing c-
Fos or c-Jun. As shown in Figure 6d, c-Fos expression inhibited IL-12 p40 transcription in a
dose-dependent manner on a molar basis, and c-Jun did so only at the highest concentration in
this experiment. Coexpression of c-Fos and c-Jun resulted in an additive inhibition of p40
transcription, demonstrating a suppressive role of AP-1 in IL-12 p40 gene expression.

Inhibition of PGE2 production in vivo enhances control of tumor progression and IL-12/IFN-
γ production

We hypothesized that as NS-398, a pharmacological inhibitor of COX-2 activity and PGE2
synthesis, is able to restore IL-12 production in vitro in macrophages, it may also be able to
do so in vivo, leading to enhancement of tumor regression and/or reduction in metastasis in
analogy to the effects of IL-12 administration in mammary tumor models.

To test this hypothesis, we treated 4T1 tumor-bearing mice with NS-398, IL-12, or NS-398
and IL-12 and measured the tumor growth and lung metastasis. NS-398 treatment did not slow
the growth of the 4T1 tumor significantly compared with IL-12 treatment (Fig. 7a). The
combined use of IL-12 and NS-398 had a generally similar effect to the use of IL-12 alone.
NS-398 treatment did reduce metastatic 4T1 cells in the lung by an order of magnitude (Fig.
7b), and IL-12 treatment completely blocked lung metastases.

In addition, we assessed the ability of peritoneal macrophages derived from tumor-bearing
mice to produce IL-12 following NS-398 treatment (Fig. 7c), which indicated that IL-12
production, stimulated by IFN-γ and LPS in vitro, was strongly enhanced by this treatment.
To measure IFN-γ production in response to IL-12 and NS-398 treatments, we used
splenocytes, as they contain T lymphocytes, which are the major source of IFN-γ. The IL-12
and NS-398 treatments resulted in greater IFN-γ production from the splenocytes isolated from
tumor-bearing mice following ConA stimulation in vitro (Fig. 7d), although the splenocytes
from IL-12-treated animals were able to produce large amounts of IFN-γ without further in
vitro stimulation. Taken together, these results indicate that the NS-398 treatment partially
restored the immune capacity of the host with respect to IL-12 and IFN-γ production and
antimetastasis.

Discussion
We provide the first demonstration that the inhibition of IL-12 production by PGE2 in
macrophages is conferred on the p40 gene at the level of transcription (Fig. 5a). The similar
degrees of inhibition of IL-12 p40 expression at the level of protein (Fig. 4, a and b), mRNA
(Fig. 4d), and transcription (Fig. 5a) suggest that PGE2 exerts its suppressive effect primarily
on the transcription of the IL-12 p40 gene. Furthermore, this inhibition is dependent on the
presence of a functional AP-1 (Fig. 6c). AP-1 is an immediate, early response factor involved
in a diverse set of transcriptional regulatory processes [57]. As a target for positive regulation
by the mitogen-activated protein and Jun kinase cascades, AP-1 components have been
implicated as downstream effectors in transformation by a number of oncogenes [55,58–60].
PGE2 production has also been shown to be critically dependent on transcriptional activation
by AP-1 [61–65]. Thus, AP-1 and PGE2 may form a functional amplification loop that
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perpetuates one another's expression in tumor or tumor-associated cells in an autocrine or
paracrine manner. Our results about the regulatory relationship between PGE2 and IL-12 via
AP-1 may have implications in terms of the mechanistic basis for oncogenic progression via
immunosuppression.

Xin and Sriram [66] have previously shown that vasoactive intestinal peptide (VIP), a naturally
occurring neuropeptide widely distributed in the nervous system and a ligand for G protein-
coupled receptors, inhibits production of IL-12 and nitric oxide (NO) but not TNF-α production
in macrophages stimulated with LPS or superantigens. The inhibitory effect of VIP on IL-12
production is cAMP-mediated [66]. Delgado and Ganea [67] further demonstrated that VIP
inhibits IL-12 p40 transcription by regulating nuclear factor (NF)-κB and Ets activation. Thus,
it is possible that PGE2-induced inhibition of IL-12 p40 transcription may also target NF-κB-
and Ets-related factors. An additional and significant player that might be involved in PGE2-
induced inhibition of IL-12 p40 transcription is the inducible cAMP early repressor (ICER),
which belongs to the cAMP response element-binding protein (CREB) [68] and cAMP
response-element modulator [69] family of the basic leucine zipper transcription factors and
acts as a dominant-negative regulator of cAMP-responsive transcription [70]. In the case of
the IL-2 gene induction during T cell activation, the presence of ICER before T cell activation
is purported to form a transcriptionally inactive complex with NF of activated T cells (NFAT)
on the IL-2 promoter, which fails to recruit CREB-binding protein, resulting in transcriptional
inhibition [71]. The relevance of ICER to PGE2-induced transcriptional repression of the IL-12
p40 gene is supported by the observation that NFAT is involved in the mIL-12 p40
transcriptional activation with a member of the IFN regulatory factor family of transcription
factors, IFN consensus sequence-binding protein [72].

In the in vivo experimentation, it is noted that NS-398 treatment, although substantial in terms
of its effect on metastasis compared with the control group [a tenfold reduction (Fig. 7b) ], did
not display as potent anti-tumor activities as those elicited by the IL-12 treatment. Another
group applied the same regimen to the Lewis lung carcinoma (3LL) model with remarkable
efficacy [30]. In this model, inhibition of COX-2 led to marked lymphocytic infiltration of the
tumor and reduced tumor growth. Treatment of mice with anti-PGE2 monoclonal antibody
replicated the growth reduction seen in tumor-bearing mice treated with COX-2 inhibitors.
COX-2 inhibition was accompanied by a significant decrease in IL-10 and a concomitant
restoration of IL-12 production by antigen-presenting cells [30]. The discrepancy might be
explained by the possibility of a quantitative difference with respect to how much endogenous
IL-12 was induced by the NS-398 treatment compared with the exogenous administration of
rIL-12 at 1 μg every other day and by the fact that NS-398 and IL-12 were given to the animals
at the same time on Day 7. NS-398 may need longer time to deliver its effects than the direct
application of IL-12, as NS-398 works by blocking COX-2 first, which leads to a decreased
level of PGE2 synthesis and ultimately, some restoration of endogenous IL-12 production.
Third, as shown in Figure 2b, NS-398 treatment does not have any effect on the production of
TGF-β by mammary tumor cells, which could explain in part a possible lack of full restoration
of the production of endogenous IL-12. Finally, the lack of equivalent efficacy of NS-398
treatment could be a result of an impairment of IL-12 receptor (IL-12R) expression in the
immune cells (NK cells, T cells, macrophages, and DC) of tumor-bearing mice, which were
not fully restored by NS-398 treatment but were better restored by exogenous IL-12 treatment.
Exposure of committed Th2 cells to IL-12 has been shown to be able to restore their full IL-12
responsiveness by up-regulating IL-12R expression [73]. Alternatively, the inability of NS-398
to fully mimic the effects of exogenous IL-12 may not be attributable to simple, quantitative
differences in IL-12 abundance. The consistent, additive effects of NS-398 to those of
exogenous IL-12 (Fig. 7, a and d) could suggest IL-12-independent contributions of COX-2
inhibition. Elevated PGE2 production is a common feature of human malignancies. This has
been attributed to increased COX-2 expression and activity [74–76]. It has been shown that
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PGE2 suppresses NK activity in vivo and promotes postoperative tumor metastasis in rats
[77]. One noticeable effect of NS-398 was the ability to stimulate IFN-γ production in the
spleen of the treated mice (Fig. 7d), which correlated with the significant efficacy of NS-398
in the suppression of lung metastasis of the 4T1 tumor. IFN-γ has been shown in the 4T1 tumor
model to be a critical factor for the inhibition of metastasis [56,78], although the mechanism
by which IFN-γ suppresses metastasis remains to be determined.

The role of TGF-β in tumor growth and metastasis is also an important issue that should not
be overlooked in our system, as 4T1 and TS/A tumor cells produce large amounts of TGF-β
(Fig. 2b). The effects of TGF-β in the biology of epithelial cells are complex. TGF-β is a potent
inhibitor of epithelial cell proliferation [79]. However, in established carcinomas, autocrine/
paracrine TGF-β interactions can enhance tumor cell viability, migration, and metastases
[80]. Treatment of 4T1 tumor-bearing animals with IFN-γ or antisense TGF-β gene-modified
tumor cell vaccines reduced the number of clonogenic metastases to the lungs and liver [56].
The lesser effects of NS-398 compared with IL-12 could be accounted for, at least in part, by
the presence of TGF-β. In this context, it is interesting to note that peritoneal macrophages
from IL-12p40 gene knockout mice have a bias toward the M2 profile, spontaneously secreting
large amounts of TGF-β1 and responding to rIFN-γ with weak NO production, suggesting that
IL-12 is a natural inhibitor of TGF-β synthesis and/or activity.

The apparent discrepancy between our data, showing that systemic administration of rIL-12
could inhibit primary 4T1 tumor growth (Fig. 1), and that of Rakhmilevich et al. [42], showing
an inability of tumor-derived rIL-12 to suppress intradermal 4T1 tumor growth, could be
reconciled by the observation of Cavallo et al. [81], who compared the effects of local and
systemic rIL-12 application in mice harboring the TS/A tumor. Whereas the immune events
elicited via the two routes of rIL-12 administration seem to be the same, systemic rIL-12 is
markedly more effective because of its ability to promptly elicit an antitumor response that is
dependent on the cooperation of several key factors: indirect inhibition of angiogenesis by
secondary cytokines (mainly IFN-γ) and third-level chemokines (inducible protein 10 and
monokine induced by IFN-γ); systemic activation of leukocyte subsets capable of producing
proinflammatory cytokines, CTL, and antitumor antibodies; and destruction of tumor vessels
by polymorphonuclear cells [81].

In summary, our study provides mechanistic evidence about the way tumor-derived PGE2
inhibits the expression of a crucial immune regulator, thus weakening the immune competence
of the host. The information obtained from this study contributes to the overall effort to
understand the host versus tumor interactions and to develop more effective strategies for
cancer immunotherapy.
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Fig. 1.
Effects of IL-12 on TS/A and 4T1 tumor growth and metastasis in syngeneic mice. TS/A (a)
and 4T1 (b) mammary carcinoma cells were injected s.c. in the abdominal mammary gland.
Tumor growth was monitored every 2–3 days, and tumor size in diameter (mm) was measured
with an electronic caliper. Each data point is comprised of five mice (TS/A) and 10 mice (4T1),
respectively. Error bars represent standard deviation. IL-12 treatment started on Day 7 and was
injected i.p. four times a week at 500 ng (a) or 1 μg (b) per mouse. The differences in tumor
size between control and IL-12-treated groups on Day 23 are highly significant, based on
Student's t-test. Data shown represent at least three independent experiments with similar
results.
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Fig. 2.
PGE2 and TGF-β1 production by tumor cell lines. Murine mammary adenocarcinoma cell lines
TS/A and 4T1 and myeloid leukemia cell line RAW264.7, all of BALB/c origins, were
cultured, and supernatant was assayed by ELISA for production of PGE2 (a) and TGF-β1 (b)
in the presence or absence of 2 × 10−5 M NS-398. Data are representative of three separate
experiments. The effective concentration of NS-398 used was determined by titrations.
Production of active TGF-β1 was measured by heating at 80°C for 10 min.
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Fig. 3.
PGE2 produced by 4T1 tumor cells inhibits IL-12 production by macrophages. (a) Murine
peritoneal macrophages (Mφ) elicited by thioglycolate injection were cultured in normal media
(NM) or increasing amounts (v:v) of TCM transferred from 4T1 cell cultures. Cells were
immediately stimulated with IFN-γ (10 ng/ml) for 16 h, followed by LPS (1 μg/ml) stimulation
for 24 h. IL-12 p70 was assayed by ELISA. (b) Flowchart of the experimental design to test if
PGE2 secreted by 4T1 tumor cells was responsible for inhibition of IL-12. (c) Peritoneal
macrophages were cultured in the presence of NM or mixed with 3% TCM with or without
NS-398 (2×10−5 M) treatment followed by stimulation with IFN-γ and LPS. Note that in the
third bar from the top, NS-398 was added to the 4T1 cell culture, not to the macrophage culture.
Data are representative of two independent experiments. PGE2 was dissolved in ethanol and
added to a final concentration of 10−6 M in 1:1000 dilution (0.1% ethanol final). Control
cultures received ethanol.
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Fig. 4.
Dose and kinetics of PGE2-mediated inhibition of macrophage IL-12 production. (a) Dose
dependency of PGE2. Thioglycolate-elicited murine macrophages were primed with IFN-γ
(10 ng/ml) for 16 h, followed by LPS (1 μg/ml) stimulation for 24 h. PGE2 was added at various
concentrations as indicated. The production of IL-12 p70 was measured by ELISA, and the
values were normalized to that of control (without PGE2) as percentages. (b) Kinetics of
PGE2. PGE2 was added at 10−6 M to macrophage cultures stimulated as described (a) at
different times. The time-points indicate the number of hours before LPS stimulation. ELISA
was performed to measure IL-12 p40 (b) and p70 (c) production in culture supernatant. (d)
RPA. Total RNA was isolated from peritoneal macrophages stimulated with LPS or IFN-γ plus
LPS in vitro, together with PGE2 (10−6 M), added at the same time as LPS. RPA was performed
as described in Materials and Methods. Lanes 1–3, No PGE2; lanes 4–6, PGE2-treated. All
results shown here are representative of two to three independent experiments with similar
outcomes. *, Bands of incompletely digested probes.
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Fig. 5.
Transcriptional regulation of inflammatory cytokines by PGE2. The mouse IL-12 p40 promoter
and human TNF-α promoter linked to the firefly luciferase reporter gene were transiently
transfected into RAW264.7 cells by electroporation. Cells were then stimulated with IFN-γ
(16 h) in the presence or absence of PGE2 (10−5 M) or an equal volume of ethanol (solvent)
followed by LPS treatment (7 h). Cells were harvested, and lysates were prepared and used for
luciferase assay. Relative luciferase activity is calculated as fold of induction comparing LPS
or IFN-γ/LPS-stimulated promoter activity with that of unstimulated luciferase activity
(medium), which is set as 1. (a) IL-12 p40 and (b) TNF-α. Data shown are combined from two
independent experiments with SEM.
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Fig. 6.
PGE2-induced and AP-1-mediated inhibition of IL-12 p40 gene expression. (a) Endogenous
IL-12 p40 protein production is induced by A-Fos. Transient transfection into RAW264.7 cells
was performed with the control vector CMV500 (C) or A-Fos (A). Supernatants were collected
after LPS or IFN-γ plus LPS stimulation of the transfected cells. ELISA was performed to
measure mIL-12 p40 secretion. Unstimulated cells produced no detectable levels of mIL-12
p40. The detection limit was 10 pg/ml. (b) A-Fos enhances IL-12 p40 transcription. Human
IL-12 p40 promoter containing a 3.3-kb genomic sequence driving the firefly luciferase cDNA
was transiently transfected into RAW264.7 cells by electroporation together with A-Fos (A)
or its control vector CMV500 (C). Cells were stimulated with LPS or primed with IFN-γ for
15 h followed by LPS for 7 h. Cells were harvested, and lysates were prepared. Luciferase
activity was measured. A summary of five separate experiments is shown with standard
deviation. (c) A-Fos blocks the inhibition of IL-12 p40 production by PGE2 in RAW264.7
cells. Transient transfection into RAW264.7 cells was performed with an expression vector
for A-Fos in the presence or absence of PGE2 (10−6 M). Supernatants were collected for ELISA
after IFN-γ plus LPS stimulation of the transfected cells. The transfection efficiency was
approximately 20%, evaluated by β-gal staining. The results shown here are a summary of two
experiments with duplicate wells in each. (d) c-Fos and c-Jun inhibit IL-12 p40 transcription
in RAW264.7 cells. Transient transfection in RAW264.7 cells was performed as in Figure 5.
The IL-12 p40 promoter-luciferase reporter was cotransfected with c-Fos, c-Jun, or a
combination with c-Fos and c-Jun at different ratios of effector:reporter, starting at 0 (no
effector) and ending at a ratio of 0.5:1 with a constant amount of reporter. Luciferase activity
was measured from cell lysates after stimulation with IFN-γ (16 h) and LPS (7 h). The control
vector for c-Fos and c-Jun, CMV500, was used with the IL-12 p40 promoter, where no effector
was used. Data are representative of three independent experiments.
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Fig. 7.
Inhibition of 4T1 tumor growth by IL-12. (a) 4T1 tumor cells (105) were injected s.c. in the
abdominal mammary gland with 0.1 ml of a single-cell suspension containing the indicated
number of cells. Tumor growth was monitored every 2–3 days. NS-398 or IL-12 was given (1
μg) i.p. on Day 7 when the tumor size was ∼5 mm in diameter and every other day after that
until Day 21 when the mice were killed. Each group was comprised of five mice. (b) Lung
metastasis was measured at the end of this experiment (Day 21) by the 6-thioguanine
clonogenic assay [56]. (c) Peritoneal macrophages taken from the mice-bearing 4T1 tumor,
treated with or without NS-398 in vivo, were stimulated or not in vitro with IFN-γ and LPS
(IFN-γ/LPS) for 24 h. ELISA was performed to measure IL-12 p40 production in cell-free
supernatant. (d) Splenocytes from the four groups of mice (107 cells/ml) were harvested 21
days after tumor injection, cultured, and stimulated with or without Concanavalin A (ConA)
for 24 h. IFN-γ production in the supernatant was measured by ELISA.
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