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Abstract
Tristetraprolin (TTP), a mRNA-binding protein, plays a significant role in regulating the
expression of adenylate-uridylate-rich elements (AREs) containing messenger RNAs (mRNAs).
Mice deficient of TTP (TTP−/−) develop a systemic autoimmune inflammatory syndrome
characterized by cachexia, conjunctivitis and dermatitis. Interleukin-12 (IL-12) plays a crucial role
in immune defense against infectious and malignant diseases. In the present study, we found
increased production of IL-12 during endotoxic shock and enhanced Th1 cells in TTP knockout
mice. The levels of IL-12 p70 and p40 protein as well as p40 and p35 mRNA were also increased
in activated macrophages deficient of TTP. In line with these findings, overexpression of TTP
suppressed IL-12 p35 and p40 expression at the mRNA and promoter level, while surprisingly had
little effects on their mRNA stability. Our data showed that the inhibitory effects of TTP on p35
gene transcription were completely rescued by overexpression of NF-κB p65 and c-Rel but not the
p50 in activated macrophages. Our data further indicated that TTP acquired its inhibition on IL-12
expression through blocking nuclear translocation of NF-κB p65 and c-Rel while enhancing p50
upon stimulation. In summary, our study reveals a novel pathway through which TTP suppresses
IL-12 production in macrophages, resulting in suppression of Th1 cell differentiation. This study
may provide us with therapeutic targets for treatment of inflammatory and autoimmune disorders.

Introduction
IL-12 is the first heterodimeric cytokine in the IL-12 family composed of two heterologous
chains, a 35-kDa light chain (known as p35 or IL-12α) and a 40-kDa heavy chain (known as
p40 or IL-12β) (1). It is mainly produced by activated monocytes, macrophages and
dendritic cells (DCs) during innate and adaptive immune responses (2). IL-12 plays an
essential role in initiation of antigen-specific Th1 cell responses, in activation of NK cells,
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and in induction of opsonic as well as complement-fixing antibodies (3). Similar to other
pro-inflammatory cytokines, the production of IL-12 is regulated strictly by positive and
negative regulatory mechanisms. Products from microorganisms, including bacteria,
parasites, fungi, double-stranded RNA, bacterial DNA and CpG-containing
oligonucleotides, are strong inducers of IL-12 by macrophages, monocytes and DCs (2). Our
previous work demonstrate that the expression of IL-12 p35 and p40 subunit is differentially
regulated by IFN-γ signaling pathway through interferon regulatory factor 1 (IRF-1) and
IRF-8 at the level of transcription (4, 5). T cells can also enhance the production of IL-12 by
a cell-cell contact mechanism through ligands of the tumor necrosis factors (TNF) family
(6). Meanwhile, anti-inflammatory cytokines such as IL-10, transforming growth factor-β
and prostaglandin E2 suppress IL-12 production at different levels (2). Up to date, the
molecular mechanisms of transcriptional IL-12 gene expression have been studied
extensively, and some important mediators and effectors have been well identified,
including NF-κB (7–11). Our previous study also demonstrate that NF-κB, especially the
p65 and c-Rel subunit, activates IL-12 p35 gene transcription (5). NF-κB plays a variety of
roles in cell survival, differentiation and proliferation, and is known to be involved in innate
immune responses (12). Dysregulation of NF-κB activity has been linked to cancer,
inflammatory and autoimmune diseases, viral infection, and improper immune development
(13–15). Whether IL-12 is regulated at the level of post-transcription and what is the role of
NF-κB in the posttranscriptional regulation of IL-12 is currently unknown.

Messenger RNA (mRNA) decay is a critical posttranscriptional regulation step to control the
expression of many inflammation and cancer-associated genes (16). These transcripts are
targeted for rapid mRNA degradation by adenylate-uridylate-rich elements (AREs) motifs
present in the mRNA 3’ untranslated region (3’UTR). Tristetraprolin (TTP), one of the best-
characterized ARE-binding proteins, functions to mediate mRNA rapid decay (17, 18). It is
involved in the regulation of inflammatory responses at the posttranscriptional level. TTP
binds to AREs within the 3’UTR causing destabilization of mRNAs encoding tumor
necrosis factor-α (TNF-α) (19), granulocyte-macrophage colony-stimulating factor (GM-
CSF) (20), cyclooxygenase 2 (21), interleukin-2 (22), interleukin-10 (23) and the chemokine
CXCL1 (24). The mRNAs encoding TNF-α and GM-CSF are stabilized in TTP-deficient
mice and in cells derived from these deficient mice (17, 20). Overproduction of these
cytokines in TTP knockout mice results in a severe systemic inflammatory response
including arthritis, autoimmunity and myeloid hyperplasia (25, 26). Collectively, all
evidence indicates that TTP is a critical protein involved in the control of inflammation and
maintenance of homeostasis. Though TTP functions as RNA-binding protein promoting
mRNA degradation, it has been reported that TTP also regulates gene expression at the level
of transcription. Schichl et al reported that independent of its mRNA destabilizing effect
TTP inhibited several NF-κB-dependent promoter activities including IL-8 promoter and
tissue factor promoter (27). Ling et al also reported that TTP repressed NF-κB activity by
directly binding to the p65 subunit and by recruiting histone deacetylases to promoters of the
NF-κB target genes (28). Several NF-κB target genes such as IL-1β and TNF-α were also
suppressed by TTP through inhibition of NF-κB activity.

It has been reported that silencing TTP expression in mouse macrophage cell line J774A.1
cells led to an increase in IL-12 expression (29). However, it is unknown whether this is true
in primary macrophages and how TTP regulates IL-12 expression. In this study, using TTP
deficient mice, we demonstrate that the levels of IL-12 in serum are enhanced in TTP
knockout mice during endotoxic shock. There are also increased Th1 cells in mice deficient
of TTP. TTP suppresses IL-12 expression through blocking nuclear translocation of NF-κB
p65 and c-Rel while enhancing p50 in activated macrophages. Our study reveals a novel
pathway through which TTP suppresses IL-12 production in macrophages, resulting in
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suppression of Th1 cell differentiation. This study may provide us with therapeutic targets
for treatment of inflammatory and autoimmune disorders.

Materials and Methods
Mice

Conventional TTP knockout mice (26) were backcrossed into C57Bl6 mice more than 26
generations. Female TTP−/− mice and their wild type littermates at 4–6 week old were used
in the experiments. All mice were housed in cages with filter tops in a laminar flow hood
and fed food and water ad libitum at Saint Louis University Animal Facilities in accordance
with the Guide for the Care and Use of Laboratory Animals (National Institutes of Health
publication no. 85-23, 1985).

Cells
Both murine macrophage cell line RAW264.7 (RAW cells) and human macrophage cell line
THP-1 cells were obtained from ATCC (Manassas, VA) and were maintained in RPMI 1640
supplemented with 2 mM glutamine, 100 U/ml penicillin and streptomycin, and 10% FBS
(Sigma-Aldrich, St. Louis, MO; endotoxin, N-myristoyltransferase 10.0 EU/ml) (complete
medium). Mouse peritoneal macrophages were obtained by lavage 3 days after injection of
sterile 3% thioglycolate broth (1 ml i.p. per mouse) and plated in 24-well tissue culture
plates (1 × 106 cells/well) with RPMI 1640 complete medium. Mouse bone marrow-derived
macrophages (BMDMs) were generated from bone marrow cells and cultured with RPMI
1640 complete medium containing 10 ng/mL M-CSF for one week. The spleens were
sampled and single cell suspensions were prepared by mechanical mincing, as reported
previously (30).

Plasmids
Human IL-12 p35 and p40 promoters were described previously (5). The expression vectors
for TTP, CMV hTTP.HA (19) and CMV mTTP.HA (31), were originally cloned in Perry
Blackshear’s laboratory. The expression vectors for NF-κB p50, p65 and c-Rel were
originally provided by K. Murphy (Washington University, St. Louis, MO) (32). All plasmid
DNAs were prepared with Qiagen EndoFree Maxiprep kits.

Antibodies and reagents
Rabbit anti-TTP antibody (N-terminal) was purchased from Sigma-Aldrich. Mouse anti-NF-
κB p65, c-Rel and p50 monoclonal antibodies were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA). Rat anti-HA monoclonal antibody (clone 3F10) was
obtained from Roche Applied Science (Indianapolis, IN). Secondary antibodies conjugated
to Alexa Fluor 488 and Alexa Fluor 568 were obtained from Invitrogen (Eugene, OR).
Recombinant mouse IFN-γ was purchased from Genzyme (Boston, MA). M-CSF was
purchased from R&D Systems. All other chemicals if not otherwise stated were obtained
from Sigma-Aldrich (St. Louis, MO).

Quantitative real-time PCR
RNA extraction and reverse-transcription reactions were carried out as previously described
(33). Quantitative real-time PCR (qRT-PCR) was performed by a modified protocol (34).
The following primers were used for PCR amplification of the mouse p35 cDNA sense:
acctgctgaagaccacagatgaca, antisense: tagccaggcaactctcgttcttgt; mouse p40 cDNA sense:
acctgtgacacgcctgaagaagat, antisense: tcttgtggagcagcagatgtgagt; mouse TTP cDNA sense:
aatccctcggaggactttggaaca, antisense: agttgcagtaggcgaagtaggtga; mouse TNF-α cDNA sense:
agccgatgggttgtaccttgtcta, antisense: tgagatagcaaatcggctgacggt; mouse CCL5 cDNA sense:
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gatggacatagaggacacaact, antisense: tgggacggcagatctgaggg; mouse IL-27 p28 cDNA sense:
ctctgcttcctcgctaccac, antisense: ggggcagcttcttttcttct, and mouse GAPDH cDNA sense:
aactttggcattgtggaagg, antisense: acacattgggggtaggaaca. All measurements were performed in
triplicate. The average cycle threshold for untreated cells was around 38 and for no RNA
control condition above 40 cycles.

ELISAs
Supernatants from murine peritoneal macrophage and BMDMs cultures were harvested at
24 h after IFN-γ and LPS stimulation and stored at −70°C. Mouse IL-12 p70, IL-12 p40,
IL-10 and TNF-α were detected using BD OptEIA ELISA kits according to the
manufacturer’s instructions. Concentrations were calculated by regression analysis of a
standard curve.

Primary transcript measurement
To determine the primary transcript rates of IL-12 p35 and p40 gene as well as CCL5 and
IL-27 p28 gene, cDNAs were synthesized with random primers with 1 µg DNase-treated
RNA extracted from BMDMs treated with IFN-γ and LPS for different times. The primers
used for primary transcript were: mouse p35 sense (intron3): tcacctcagcttctccttatgt, antisense
(exon4): gttccagtggtaaacaggtcttc; Mouse p40 sense (intron2): tgtgtcaagacactgagtgaaa,
antisense (exon3): ccaggtgatgtcatcttcttca; Mouse CCL5 sense (intron1):
taaagagcccagcatagctggcaa, antisense (exon2): acgactgcaagattggagcacttg; Mouse IL-27 p28
sense (exon3): atctcgattgccaggagtgaacct, antisense (intron3): aaatcccagctccctctcctttgt. qRT-
PCR was performed by a modified protocol as described previously (34).

Transfection assay
Transient transfections were performed as described previously (34). Briefly, for each
condition a 1×107 RAW cell or THP-1 cell suspension were mixed with 16 µg total DNA
(including reporter, effector, internal control, and carrier DNA), and electroporated at 975
microfarad and 300 V in RPMI 1640 medium without serum. The transfected cells were
resuspended in RPMI 1640 complete medium containing 10 mM chloroquine and incubated
for 48 h prior to harvesting. To measure luciferase activity, cells were pelleted and
resuspended in lysis buffer. Luciferase activity was measured in cell lysates. We routinely
observe about 50% cell death after electroporation and about 30% transfection efficiency by
electroporation. 2～3 × 106 transfected cells were used to extract RNA for measurement of
mRNA expression.

Immunofluorescence and confocal microscopy
For immunofluorescence analyses, transfected RAW cells were grown on glass coverslips
for 48 hrs and then treated with LPS plus IFN-γ. One hour after treatment, cells were fixed
for 20 min at room temperature with 1% paraformaldehyde and permeabilized in 0.1%
Triton X-100 for 1min. After blocking in PBS containing 5% FBS, cells were co-labeled
with anti-HA and anti-NF-κB primary antibodies at 4 °C overnight. Cells were washed three
times in block buffer and subsequently incubated with the indicated fluorophore-conjugated
secondary antibodies for 1 hour. Next, cells were labeled with 4′,6′-diamidino-2-
phenylindole (DAPI) for nuclear staining, and coverslips were mounted on glass slides using
ProLong Anti-Fade mounting medium (Invitrogen). Cells were examined with a Confocal
Laser-Scanning Microscope (Zeiss LSM 510 META, Thornwood, NY), which was mounted
on an inverted microscope equipped with a 63 × Plan-pochromat oil-immersion objective
lens (1.5 NA). Images were acquired by sequential excitation at 488 nm and 568 nm laser
lines. Instrument settings were kept constant for each replicate.
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Cell extracts and Western blotting
For NF-κB p65, c-Rel and p50 nuclear translocations, cells were grown and transfected in
10-cm dishes. Forty-eight hours after transfection, cells were stimulated with LPS plus IFN-
γ for 1 h. Cells were harvested, and both cytoplasmic and nuclear extracts were prepared as
described before (34). 100 µg proteins were separated by 10% SDS-PAGE, transferred
electrophoretically to PVDF membranes and blocked in 5% nonfat milk in Tris buffer (pH
8.0). Primary antibody was added at a concentration of 1 µg/ml in blocking buffer
containing 5% milk and left overnight at 4°C. After extensive washing, secondary antibody
conjugated to horseradish peroxidase (HRP) was added at a 1:5000 dilution in 5% nonfat
milk in Tris buffer. After extensive washing, blots were subjected to ECL detection
(PerkinElmer Life Sciences, Boston, MA).

Statistical analysis
Student’s test was performed wherever applicable. Standard deviation of the mean is shown
unless otherwise indicated. *: p<0.05, **: p<0.01, ***: p<0.001 between two groups.

Results
Mice deficient of TTP are susceptible to endotoxic shock and produce more IL-12

It has been shown that TTP promotes the degradation of many proinflammatory cytokines
such as TNF-α, IL-6 and IL-1 (26) which play important roles in the pathogenesis of
endotoxic shock. Mice specifically deficient of TTP in macrophages were highly susceptible
to low dose of LPS challenge and displayed an increased in TNF-α production from
macrophages (35). However, in contrast to conventional TTP KO mice (35), macrophage-
specific TTP conditional knockout mice did not exhibit an early-onset, severe inflammatory
phenotype. To determine if the conventional TTP KO mice are also susceptible to LPS
challenge, we injected intraperitoneally LPS into WT and TTP KO mice and observed
survival. All TTP−/− mice died within 20 hours whereas WT mice survived close to 50 hours
after LPS injection (Fig. 1A), indicating that similar to macrophages-specific TTP KO mice
the conventional TTP KO mice are also susceptible to LPS challenge. We next measured the
levels of IL-12 p70 and p40 as well as TNF-α and IL-10 in sera of both WT and TTP KO
mice 18 hours after LPS injection. The levels of IL-12 p70 and p40 were significantly
increased in TTP KO mice compared to WT mice during endotoxic shock (Figs. 1B & C),
indicating that the loss of TTP results in an increase in IL-12. As expected, the levels of
IL-10 (Fig. 1D) and TNF-α (Fig. 1E) were enhanced in TTP knockout mice after LPS
injection (23, 36).

TTP suppresses IL-12 production and Th1 cell differentiation
To determine if TTP inhibited IL-12 production we isolated peritoneal macrophages from
WT and TTP KO mice and treated the cells with IFN-γ and LPS, followed by measuring
IL-12 protein and mRNA expression. In agreement with our previous studies (4, 5), IFN-γ
and LPS synergistically enhanced IL-12 p70 (Fig. 2A) and p40 (Fig. 2B) production by WT
macrophages, whereas IL-12 production was further enhanced in macrophages deficient of
TTP. Since biological IL-12 consists of two different subunits, p35 and p40, next we
measured the expression of p35 (Fig. 2C) and p40 (Fig. 2D) mRNA in peritoneal
macrophages. Consistent with the enhanced IL-12 protein production in TTP KO cells, both
p35 and p40 mRNA expression were induced by IFN-γ and LPS treatment in WT cells and
further enhanced in TTP KO cells, suggesting that TTP suppresses IL-12 p35 and p40
expression at the level of transcription. The suppression of IL-12 by TTP compelled us to
investigate if Th1 cell development was affected since IL-12 is an essential cytokine for Th1
cell differentiation and proliferation. We purified PBMCs and collected single splenic cells

Gu et al. Page 5

J Immunol. Author manuscript; available in PMC 2014 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



from peripheral blood and spleen, respectively, and then detected the IL-17-producing and
IFN-γ-producing CD4+ T cells by flow cytometry. The percentages of IFN-γ+Th1 cells were
increased about two-fold in PBMCs of TTP KO mice compared to WT mice (Fig. 2E),
which even further increased in splenic cells of TTP KO mice (1.3% Th1 cells in WT spleen
and over 9% Th1 cells in spleens of TTP KO mice). However, the patterns of Th17 cells
were different between PBMCs and spleens, with reduced Th17 cells in PBMCs and
increased Th17 cells in spleens of TTP KO mice. Nevertheless, these data suggest that the
increased Th1 cells in TTP KO mice may be due to an increase in IL-12 production.

TTP inhibits IL-12 p35 and p40 mRNA expression at the level of transcription
To further confirm the inhibitory effects of TTP on IL-12 expression we overexpressed TTP
in THP-1 cells and measured p35 and p40 mRNA expression after treatment with IFN-γ and
LPS. LPS and IFN-γ synergistically induced both p35 (Fig. 3A) and p40 (Fig. 3B) mRNA
expression in human monocytes, and overexpression of TTP significantly suppressed their
expression, indicating that TTP indeed inhibits IL-12 expression in both human and mouse
monocytes/macrophages. To explore the molecular mechanisms of TTP-mediated
suppression of IL-12 expression we co-transfected different amounts of TTP with either
human IL-12 p35 promoter- or p40 promoter-driven luciferase vector into THP-1 cells and
measured luciferase activity after treatment. Both p35 (Fig. 3C) and p40 (Fig. 4D) promoters
were activated by IFN-γ and LPS. Furthermore, overexpression of TTP dose-dependently
suppressed p35 and p40 promoter activity (Figs. 3C&D), suggesting that TTP inhibits IL-12
expression at the level of transcription. Since TTP is one of the best characterized RNA-
binding proteins important for promoting mRNA degradation, to rule out whether the
posttranscriptional mechanism was involved, we measured the half-life of p35 (Fig. 3E) and
p40 (Fig. 3F) mRNA in TTP KO macrophages after blocking de novo RNA synthesis with
Actinomycin D (ActD) and 5,6-dichlorobenzimidazole riboside (DRB), and compared it to
WT cells. The half-life of p35 and p40 mRNA was similar between WT and TTP KO cells,
further confirming that the suppression of IL-12 by TTP is regulated at the transcriptional
level.

NF-κB mediates the inhibitory effects of TTP on IL-12
Our previous study demonstrates that the expression of IL-12 is mediated through NF-κB
signaling pathway in activated macrophages (5). Since TNF-α can activate NF-κB signaling
pathway and its levels was increased in TTP knockout mice (Fig. 1E), to determine the role
of TNF-α in TTP-related IL-12 reduction, we first neutralized TNF-α and then measured the
levels of IL-12 expression in macrophages stimulated with IFN-γ and LPS. As shown in
Figures 4A&B, neutralizing TNF-α enhanced the expression of p35 and p40 mRNA
expression in WT macrophages, which is consistent with previous reports that TNF-α
inhibits IL-12 expression in macrophages and dendritic cells (37–39). Interestingly,
neutralizing TNF-α partially inhibited the expression of p35 mRNA but not the p40 mRNA
in TTP−/− macrophages, indicating that in difference of WT macrophages TNF-α
contributes partially to the overproduction of IL-12 in TTP knockout cells. To confirm the
effects of TTP on NF-κB activation, we co-transfected TTP expression vector and NF-κB-
consensus tandem repeat linked luciferase vector into RAW cells and measured luciferase
activity after treatment with LPS and INF-γ. NF-κB-driven luciferase activity was
significantly enhanced by LPS or IFN-γ and LPS in CMV empty vector transfected cells,
whereas overexpression of TTP almost completely abolished NF-κB luciferase activities
(Fig. 4C). Next, we wanted to know if the suppression of IL-12 production by TTP was
mediated through altering NF-κB signaling. Since IL-12 p40 subunit is always produced in
large quantity compared to the p35 subunit, the levels of p35 expressed in macrophages
actually determine the amount of biologically active form of IL-12. Therefore, we focused
on the effects of NF-κB on TTP-mediated inhibition of p35 transcription by co-transfecting

Gu et al. Page 6

J Immunol. Author manuscript; available in PMC 2014 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



human p35 promoter and TTP expression vector with different members of NF-κB family
into macrophages, followed by measurement of luciferase activity after treatment with IFN-
γ and LPS. Overexpression of TTP inhibited p35 promoter activation (Fig. 4D).
Interestingly, this inhibition was completely reversed when NF-κB p65 and c-Rel were
introduced into the cells but not the NF-κB p50 (Fig. 4D), suggesting that the inhibitory
effects of TTP on IL-12 expression is mediated through NF-κB p65 and c-Rel. To confirm
successful overexpression of the TTP and NF-κB family members after transfection, we
measured the protein levels of TTP and NF-κB p65, p50 and c-Rel by western blot from the
above transfected cells. As shown in the lower panel in Figure 4D, the protein expression of
TTP, NF-κB p65, c-Rel and p50 were markedly increased compared to their respective
controls. Collectively, these results suggest that TTP acts through NF-κB p65 and c-Rel to
exert its inhibitory effects on IL-12 production.

TTP blocks NF-κB nuclear translocation
TTP is known to be able to shuttle between cytoplasm and nucleus (28). We reasoned that
TTP may inhibit IL-12 production via affecting NF-κB nuclear translocation as reported
previously (27). We tracked the subcellular localizations of distinct NF-κB members in cells
with or without TTP overexpression. As shown in Fig. 5A, confocal microscopy revealed a
major nucleus distribution of NF-κB p65 in empty vector transfected cells treated with LPS
plus IFN-γ, whereas p65 nuclear translocation was almost completely blocked after
overexpression of TTP. In line with this finding, western blot results showed that IFN-γ and
LPS treatment induced nuclear p65 levels in cells transfected with empty vector but not in
cells overexpressing TTP (Fig. 5D). In addition, nuclear translocation of the NF-κB c-Rel
displayed a similar pattern as the p65 though at a less extent, in that overexpression of TTP
partially blocked c-Rel nuclear expression (Fig. 5B). Western blot also indicated that the
induction of c-Rel in nucleus was abolished in TTP-overexpressing cells upon treatment
(Fig. 5D, lower panel). Interestingly, p50 showed a different pattern compared to p65 and c-
Rel, in that the p50 was distributed in both cytoplasm and nucleus in activated cells
transfected with empty vector but appeared to be translocated into nucleus after
overexpressing TTP (Fig. 5C). To further confirm the effects of TTP on NF-κB nuclear
translocation, we examined the nuclear localization of NF-κB members in WT and TTP−/−

macrophages treated with IFN-γ and LPS. NF-κB p65 (Fig. 5E) and c-Rel (Fig. 5F) were
increased in nucleus in TTP−/− macrophages compared to WT macrophages stimulated with
IFN-γ and LPS, whereas nuclear p50 (Fig. 5G) was decreased in TTP−/− cells compared to
WT cells. Taken together, these results indicate that the inhibitory effects of TTP on IL-12
production are mediated through blocking NF-κB nuclear translocation, especially the p65
and c-Rel, in activated macrophages.

TTP suppresses NF-κB dependent gene expression
Ours and others studies demonstrate that TTP can inhibit NF-κB activity, indicating a
broader effect of TTP on NF-κB dependent gene expression. We first wanted to confirm
whether IL-12 p35 and p40 gene transcription was affected by TTP using TTP−/−

macrophages. Both p35 (Fig. 6A) and p40 (Fig. 6B) primary transcript rates were
significantly increased in cells deficient of TTP compared to WT cells. The expression of
p35 (Fig. 6C) and p40 (Fig. 6D) mRNA were also markedly enhanced in macrophages
lacking TTP. These results confirmed the overexpression data (Figs. 3A–D) that the
inhibitory effect of TTP on IL-12 was mediated at the level of transcription. To determine if
other NF-κB dependent genes were also affected by TTP deficiency, we respectively
measured the primary transcript rates (Figs. 6E&G) and mRNA expression (Figs. 6F&H) for
CCL5 and IL-27 p28 in macrophages stimulated with IFN-γ and LPS. The primary
transcript and mRNA expression of CCL5 and p28 were increased in cells deficient of TTP,
suggesting that TTP indeed has a broader effect on NF-κB dependent gene expression.
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Discussion
The IL-12 family cytokines, including IL-12, IL-23, IL-27 and IL-35, are important
mediators of inflammatory diseases (2, 40). As first member of the family, IL-12 is essential
for the differentiation and proliferation of Th1 cells important for cellular immune responses
against intracellular infection (2). Our previous studies demonstrate that IL-12 expression is
induced during endotoxic shock (41) and the induction of IL-12 from macrophages depends
on two signals, LPS/TLR4 and IFN-γ/IRFs (5, 8). In this study, we found that both IL-12
p70 and p40 proteins were enhanced in TTP KO mice during endotoxic shock (Figs. 1B&C)
and in TTP KO macrophages stimulated with LPS or LPS plus IFN-γ (Figs. 2A–D). As
described previously (42), TNF-α levels were also enhanced in TTP KO mice (Fig. 1E). We
also measured an increase of IL-10 production in TTP KO mice during endotoxic shock
(Fig. 1D). It seems that this increased production of anti-inflammatory IL-10 could not
sufficiently override the detrimental effects of the proinflammatory cytokines, such as TNF-
α and IL-12, resulting in death of the TTP knockout mice. The reduced survival of TTP KO
mice during endotoxic shock is also consistent to a recent report using conditional TTP KO
mice with specific deletion of TTP expression in macrophages, though at a less extent (35).
The suppression of IL-12 expression by TTP has also been observed previously in mouse
macrophage cell line J774 cells after knocking down TTP expression with shRNA (29).
Nevertheless, the increased IL-12 production in TTP knockout mice could lead to an
increase in differentiation and proliferation of Th1 cells (Figs. 2E & F), which may involve
in the development of autoinflammation seen in TTP knockout mice (42).

Regulation of cytokine expression can be roughly grouped into transcriptional and
posttranscriptional regulations. Posttranscriptional regulation of cytokine production is
mediated by multiple steps, including nuclear export, cytoplasmic localization, translation
initiation and mRNA decay (43). These regulatory pathways are coordinated to control the
expression of proinflammatory and anti-inflammatory cytokines to turn on or off
inflammatory responses (43). Roughly, about 5–8% of human gene transcripts are regulated
by control of mRNA stability (44). One of mRNA decay mechanisms is ARE-binding
proteins binding to the 3’UTR of target genes causing mRNA degradation. We previously
found that TTP inhibits IL-23 expression by promoting IL-23 p19 mRNA degradation (33).
Since IL-12 and IL-23 share the p40 subunit, we wondered whether TTP inhibited IL-12
expression through a similar mechanism. Surprisingly, the half-life of p35 and p40 mRNA
was similar between WT and TTP KO macrophages (Figs. 3E&F), suggesting that TTP-
mediated inhibition of IL-12 expression is not through affecting mRNA stability. Moreover,
we found that TTP inhibits both p35 and p40 gene transcription as shown by promoter assay
(Figs. 3C&D) and primary transcript measurement (Figs. 6A&B), further indicating that the
inhibition of IL-12 expression by TTP is regulated at the level of transcription, which is
different from IL-23. It is worth noting that there was a discrepancy of p40 protein (two
fold) (Fig. 2B) and mRNA expression (twenty fold) (Fig. 2D) between WT and TTP−/−

macrophages treated with IFN-γ and LPS, suggesting that translational regulation of p40
may also play a role in TTP-mediated inhibition of IL-12 production under this condition.

Transcription factor NF-κB has been shown to be able to control IL-12 expression and
numerous genes involved in inflammatory reactions and immune regulatory functions (5,
45). Since TNF-α has been known to activate NF-κB signaling, we wanted to determine if
the increased IL-12 is due to a second effect of enhanced TNF-α in TTP knockout mice.
Neutralizing TNF-α in activated macrophages confirmed previous studies that TNF-α
inhibits IL-12 expression (Figs. 4A&B). Interestingly, neutralizing TNF-α only partially
inhibited the expression of p35 mRNA but not the p40 mRNA in TTP−/− macrophages
treated with IFN-γ and LPS, indicating that in difference of WT macrophages TNF-α may
contribute partially to the overproduction of IL-12 in TTP knockout cells. It also seems that
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p40 and p35 are regulated differently by TNF-α. More study is needed to further investigate
the differential regulation of p35 and p40 mRNA by TNF-α in TTP−/− macrophages. To
confirm whether NF-κB is involved in suppression of IL-12 expression by TTP, we
overexpressed NF-κB molecules along with TTP and found that overexpression of c-Rel and
p65 but not p50 can completely recover p35 gene transcription (Fig. 4D, upper panel).
Furthermore, overexpression of TTP directly suppressed NF-κB consensus sequence-driven
luciferase activity (Fig. 4C). Our results indicate that TTP-mediated suppression of IL-12
expression acts through affecting NF-κB activity, especially the c-Rel and p65. It is not
suppressing that p50 overexpression could not rescue the inhibition of IL-12 by TTP since
p50-p50 homodimer has been shown to be able to suppress target gene transcription as a
transcription suppressor. We focused on the p35 promoter is because that the p40 subunit is
a shared subunit with IL-23 and always produced in large quantity compared to the p35
subunit. Our data further indicate that suppression of NF-κB signaling by TTP is achieved
by blocking p65 and c-Rel nuclear translocation as evidenced by confocal (Figs. 5A–C &
5E–G) and western blot (Fig. 5D) analyses, which is also in consistence with recent studies
indicating that TTP is involved in the p65 trafficking between nuclear and cytoplasm in
MEF and HEK293 cells (27, 28). To determine the specificity of TTP in inhibition of IL-12
expression, we measured two NF-κB targeted genes, chemokine CCL5 and IL-27 p28 with
both genes being previously demonstrated to be regulated by NF-κB pathway (46, 47). As
expected, both CCL5 (Fig. 6E) and p28 (Fig. 6G) primary gene transcript and mRNA (Figs.
6F&H) were induced by IFN-γ and LPS. More interestingly, their primary gene transcript
and mRNA expression were further enhanced in TTP−/− macrophages, indicating that the
inhibitory effects of TTP on NF-κB activity could have broad effects on NF-κB dependent
gene expression, which is also in consistence with the concept postulated by Martin’s group
(27).

In summary, we demonstrate, for the first time, that TTP inhibits IL-12 production through
suppression of p35 and p40 transcription via selectively blocking nuclear translocations of
NF-κB p65 and c-Rel. Suppression of IL-12 by TTP leads to increased Th1 cells which may
contribute to the chronic inflammation seen in TTP knockout mice. Our findings reveal an
important role for TTP in regulation of immune responses as a resolution molecule, which
may help us design better strategies to control chronic inflammation.

Acknowledgments
We would like to thank Deborah J. Stumpo for her technique support in performing this project and Daniel Hoft for
discussion in preparation of the manuscript.

Research reported in this publication was supported by the National Institutes of Health under Award Number
CA163808 to J.L. and HL098794 to M.F. The content is solely the responsibility of the authors and does not
necessarily represent the official views of the National Institutes of Health.

Abbreviations used in this article
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BMDMs bone marrow-derived macrophages

DC dendritic cell

qRT-PCR quantitative real-time PCR

t1/2 half life

UD undetectable
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EV empty vector

TNF-α tumor necrosis factor-α

IFN-γ interferon-γ

α-TNF TNF-α neutralizing antibody

WT wild type

KO knockout

3’UTR 3’ untranslated region

PBMC peripheral blood mononuclear cell.
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Figure 1. Mice deficient of TTP are susceptible to endotoxic shock and produce more cytokines
Ten age and gender-matched conventional TTP deficient and WT littermates were injected
with 20 mg/kg LPS in equal amount of PBS. Survival was closely monitored in every 2 h up
to 48 h (A). The sera was collected at 18 h after LPS injection and used to measure the
levels of IL-12 p70 (B), IL-12 p40 (C), IL-10 (D), and TNF-α (E) by ELISA. Each dot
represents one mouse in each group.
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Figure 2. TTP inhibits IL-12 production and Th1 cells
1 × 106 mouse peritoneal macrophages isolated from WT and TTP−/− mice were incubated
in 24-well plate with 1 ml RPMI 1640 complete medium. The cells were stimulated with
IFN-γ (10 ng/ml), LPS (1 µg/ml) or IFN-γ plus LPS for 24 hours, followed by collection of
supernatant to measure the levels of IL-12 p70 (A) and IL-12 p40 (B) with ELISA, or by
RNA extraction to quantify IL-12 p35 (C) and IL-12 p40 (D) mRNA expression with qRT-
PCR. qRT-PCR data were normalized relative to GAPDH mRNA expression levels in each
sample and further normalized to the results from the untreated group (Medium). Data
shown are mean plus SD from three independent experiments. CD4+ T cells were purified
by negative selection from PBMCs and spleens of untreated WT and TTP−/− mice. The
CD4+ T cells were stimulated with PMA and Ionomycin for 3–4 hours before staining. IFN-
γ-producing CD4+ T cell populations were analyzed by FACS in PBMCs (E) and spleens
(F) from WT and TTP−/− mice by gating on CD4+ cells. Data represent one of three
experiments with similar results.
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Figure 3. Transcriptional regulation of IL-12 p35 and p40 mRNA by TTP
Five micrograms of CMV empty or hTTP vectors were transfected into THP-1 cells by
electroporation. The transfected cells were treated with IFN-γ (10 ng/mL), LPS (1 µg/mL),
or IFN-γ plus LPS for 4 hours, followed by extraction of total RNA for measurement of
human IL-12 p35 (A) or p40 (B) mRNA expression. For promoter analysis, 10 × 106 THP-1
cells were transiently co-transfected by electroporation with 5 µg of IL-12 p35 or p40 full
length promoter-luciferase construct in together with increased ratio of TTP expressing
vector (from 1 µg to 8 µg) vs. empty vector (from 10 µg to 2 µg) as illustrated. Forty hours
later, the transfected cells were treated with IFN-γ (10 ng/mL), LPS (1 µg/mL) or IFN-γ plus
LPS for 7 h, followed by lysis of the cells and measurement of p35 (C) and p40 (D)
luciferase activity by luminometer. The average raw luciferase expression values for the
empty vector without any treatment are 2890 for p35 promoter and 1226 for p40 promoter,
respectively. Results shown are mean plus SD of three independent experiments. For
measuring mRNA half-life, 3 × 106 BMDMs differentiated from bone marrow cells of WT
and TTP−/− mice were treated with IFN-γ and LPS for 2 hrs, and then added ActD (10 µg/
ml) and DRB (50 µM), followed by collecting total RNA at 0, 30, 60, and 120 min to
measure the remaining levels of p35 (E) and p40 (F) mRNAs by qRT-PCR. Data were
normalized relative to GAPDH mRNA expression levels and further normalized to the
results obtained at 0 min after ActD/DRB treatment in each condition, which was set as 1.
Data shown are mean plus SD from three independent experiments.
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Figure 4. TTP-mediated inhibition of IL-12 is rescued by NF-κB overexpression
2 × 106 BMDMs differentiated from bone marrow cells of WT and TTP−/− mice were
pretreated with 20 µg TNF-α neutralizing antibody for 1 h, followed by treatment with IFN-
γ (10 ng/ml) and LPS (1 µg/ml) for 4 h. Total RNA was extracted for measuring p35 (A) and
p40 (B) mRNA expression by qRT-PCR. Data were normalized relative to GAPDH mRNA
expression levels and further normalized to the results obtained under untreated condition
(med) in WT BMDMs. Data shown are mean plus SD from three independent experiments.
(C) 10 × 106 RAW cells were transiently transfected by electroporation with NF-κB–
luciferase vector and TTP expression vector. Forty hours later, the transfected cells were
treated with IFN-γ (10 ng/mL), LPS (1 µg/mL) or IFN-γ plus LPS for 7 h, followed by
measurement of luciferase activity by luminometer. The raw luciferase values were
normalized to the results obtained from NF-κB-Luc and CMV empty co-transfection group.
Results shown are mean plus SD of four independent experiments. (D) 10 × 106 RAW cells
were transiently transfected with IL-12 p35 full length promoter-luciferase construct and
TTP vector along with NF-κB p65, c-Rel or p50 construct, as indicated. Forty hours later,
the transfected cells were treated with IFN-γ (10 ng/mL) plus LPS (1 µg/mL) for 7 h,
followed by lysis of the cells and measurement of luciferase activity. The raw luciferase
values were normalized to the results obtained from p35 promoter and CMV empty co-
transfection group (upper panel in D). Results shown are mean plus SD of three independent
experiments. The transfected RAW cells from each condition were lysised for Western blot
to determine the levels of TTP, NF-κB p65, c-Rel and p50 protein. β-Actin was used as
loading control (lower panel in D).
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Figure 5. TTP blocks NF-κB nuclear translocation
10 × 106 RAW cells were transiently transfected with HA-tagged TTP or control vector. 40
hrs later, the transfected cells were treated with IFN-γ (10 ng/mL) plus LPS (1 µg/mL) for 1
h, followed by immunostaining with anti-HA antibody (green) and anti-NF-κB p65 antibody
(red) (A), or anti-NF-κB c-Rel antibody (red) (B), or anti-NF-κB p50 (red) antibody (C).
DAPI labeling was used to identify the cell nucleus (blue). Scale bars = 10 µm. (D) Western
blot analysis of the endogenous p65, c-Rel and p50 protein in cytoplasmic and nuclear
extracts prepared from TTP overexpressing RAW cells stimulated with IFN-γ (10 ng/mL)
plus LPS (1 µg/mL) for 1 h. β-Actin was used for the cytoplasmic protein loading control
and PU.1 was used for the nuclear protein loading control. 1 × 106 BMDMs differentiated
from bone marrow cells of WT and TTP−/− mice were treated with IFN-γ (10 ng/mL) plus
LPS (1 µg/mL) for 1 h, followed by immunostaining with anti-TTP antibody (green), and
anti-NF-κB p65 antibody (red) (E), anti-NF-κB c-Rel antibody (red) (F), or anti-NF-κB p50
antibody (red) (G). DAPI labeling was used to identify the cell nucleus (blue). Scale bars=10
µm. Data shown represent one of three independent experiments with similar results.
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Figure 6. TTP suppresses NF-κB dependent gene expression
2 × 106 mouse peritoneal macrophages isolated from WT and TTP−/− mice were incubated
in each of 12-well plates with 2 ml RPMI 1640 complete medium. The cells were stimulated
with IFN-γ (10 ng/ml) and LPS (1 µg/ml) for different times as indicated, followed by
collection of total RNA to measure p35 (A) and p40 (B) primary transcript as well as their
mRNA expression (C&D) by qRT-PCR. qPCR data were normalized relative to GAPDH
mRNA expression levels in each sample and further normalized to the results from the
untreated group (0). CCL5 primary transcript (E) and mRNA expression (F) as well as IL-27
p28 primary transcript (G) and mRNA expression (H) were measured from the above cDNA
generated from cells treated with IFN-γ and LPS for 4 h. Data shown are mean plus SD from
three independent experiments.
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