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Abstract

In activated macrophages, the anti-inflammatory cytokine IL-10 inhibits expression of molecules
that propagate inflammation in a manner that depends on transcription factor STAT3. Expression
of IL-10 is regulated post-transcriptionally by the RNA-binding protein tristetraprolin (TTP),
which destabilizes IL-10 mRNA in activated macrophages. Using LPS-activated bone marrow-
derived murine macrophages, we demonstrate that TTP is a negative regulator of the IL-10/
STAT3 anti-inflammatory response. LPS-stimulated TTP-deficient macrophages overproduced
IL-10, contained increased amounts of activated STAT3, and showed reduced expression of
inflammatory cytokines, including cytokines encoded by TTP-target mRNAs. Thus, in LPS-
stimulated TTP-deficient macrophages, increased IL-10/STAT3 anti-inflammatory control was
dominant over the mRNA-stabilization of specific TTP targets. The TTP gene promoter contains a
conserved STAT3 binding site and IL-10 induces STAT3 recruitment to this site.
Correspondingly, STAT3 was required for efficient IL-10-induced TTP expression. Hence, by
inducing TTP expression, STAT3 activates a negative regulatory loop that controls the 1L-10/
STAT3 anti-inflammatory response.

Introduction

IL-10 plays a key role in limiting inflammation and maintaining immune homeostasis. The
anti-inflammatory function of IL-10 is demonstrated by the phenotype of IL-10-deficient
mice which develop severe inflammatory bowel disease due to spontaneous chronic
inflammation (1) and by patients with early-onset colitis who contain homozygous
mutations in IL-10 receptor subunits (2). During acute inflammation, IL-10 is primarily
produced by macrophages and dendritic cells (3) and functions to limit expression of pro-
inflammatory cytokines and chemokines (4). Although IL-10 is necessary for attenuating
inflammatory and autoimmune pathologies (1, 2, 5), negative control of IL-10 production is
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also critical, as excessive IL-10 could prevent beneficial inflammation and exert
immunosuppressive effects (6-8).

IL-10 is negatively regulated at the post-transcriptional level through c/s-acting adenine and
uridine-rich elements (AREs)3 in the 3”-untranslated region of its MRNA which act together
with the frans-acting ARE-binding protein, tristetraprolin (TTP, also known as T1S11,
ZFP36, and Nup475) to destabilize IL-10 mRNA (9, 10). TTP is encoded by the gene
ZIp-36 (referred to herein as 71p) and is expressed at very low levels in unstimulated cells
but is rapidly induced by LPS and TNF in macrophages (11). 7Zp promoter analysis
suggested that the response to mitogens is mediated by a series of cis-acting elements acting
in concert to confer fully inducible transcription (12). Among these elements, a previously
unknown cis-acting 10 base-pair sequence, termed TTP promoter element 1 (TPEL), was
identified as a key site for serum-induced TTP expression (12).

Tto knock-out ( 7to™/~) mice display a severe inflammatory phenotype that is largely
attributed to increased production of TNF, a pro-inflammatory cytokine whose mMRNA is
subject to TTP-dependent destabilization (11, 13). While TTP destabilization of pro-
inflammatory cytokine mRNAs negatively controls inflammation, the ability of TTP to
destabilize IL-10 mRNA (9, 10) suggests that TTP may also be a negative regulator of anti-
inflammatory responses, but it is not clear how TTP influences IL-10 signaling. TTP did not
appear to affect the activation of STAT3 (14), a transcription factor that is critical for the
anti-inflammatory effects of IL-10 (15, 16). Here we show that in LPS-stimulated bone
marrow-derived murine macrophages (BMDMs), TTP modulates 1L-10-STAT3 signaling by
indirectly regulating STAT3 activation through control of endogenous I1L-10 production.
Furthermore, IL-10-activated STAT3 interacts with the 7#p promoter, which contains a
consensus STAT3 binding site that overlaps with the previously reported TPE 1 sequence.
These findings identify a negative feedback loop that limits IL-10 production and STAT3
activation in LPS-stimulated BMDMs.

Materials and Methods

Reagents

Rabbit TTP antibody has been described (17). Tyr705-phosphorylated STAT3 (p-STAT3)
and phosphorylated p38 (p-p38) antibodies were from Cell Signaling. STAT3, p38, and
RNA polymerase Il (Pol 1) antibodies were from Santa Cruz Biotechnology. Actin antibody
and LPS were from Sigma-Adrich. Etanercept (Enbrel™) was purchased from a
pharmaceutical supplier. IL-10 antibody, 1gG control antibody, and recombinant I L-10 were
from eBioscience. Macrophage-colony stimulating factor (M-CSF) was from PeproTech.

Mice and bone marrow-derived macrophages

Tt~ (BL6) mice (13) were intercrossed to generate 770*/*, Tto*/~, and Tt~ mice. To
delete STAT3, Stat3/F (BL6) mice (18) (Jackson Laboratory) were crossed with MxI-
Cre*!~ (BL6) mice (19) (Jackson Laboratory) and the generated Stat3/F/Mx1-Cre and
StatF'F mice were injected 3 times with 250 g of poly(IC) (Sigma) every other day. Three
weeks after the final injection, bone marrow was collected and used to generate BMDMs in
L-cell conditioned medium (20).

3Abbreviations used in this paper: ARE, adenine and uridine-rich element; BMDM, Bone marrow-derived macrophage; ChIP,
chromatin immunoprecipitation; Pol I, RNA polymerase Il; gRT-PCR, quantitative RT-PCR, TTP, tristetraprolin; TPE1, TTP
promoter element 1
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RNA and protein analysis

ELISA

Total cellular RNA was extracted from BMDMs using TRIzol (Invitrogen) and reverse-
transcribed with a SuperScript Il First-Strand Synthesis kit (Invitrogen). gRT-PCR was
performed with a SYBR green Kit (Applied Biosystems) and cyclophilin A mRNA was used
for normalization. Primer sequences are available upon request. Proteins detected by
immunoblotting were quantified with AlphaEaseFC software.

BMDM supernatants were added to TNF ELISA (R&D Systems) and 1L-6 ELISA
(eBioscience) kits at dilutions of 1:2 and 1:50, respectively. Non-diluted supernatants were
used with IL-10, IL-12, and IL-23 ELISA Kits (eBioscience). Assays were performed as
recommended by the manufacturer.

Chromatin immunoprecipitation (ChlIP)

Results

ChlIP assay kit (Millipore) was used with slight modifications of the manufacturer’s
protocol. Immunecomplexes were collected with protein G Dynabeads (Invitrogen). Purified
DNA was analyzed by gRT PCR. Primer sequences are available upon request.

Online supplemental material—Supplementary Figure S1 shows that autocrine 1L-10 is
required for TTP-mediated control of IL-6, IL-12, and IL-23 expression. Supplementary
Figure S2 shows that exogenous IL-10 represses cytokine gene transcription and activates
STATS3 independently of TTP.

Endogenous IL-10 is critical for TTP-mediated regulation of IL-6, IL-12, and IL-23

LPS-stimulated TTP-deficient BMDMs contain elevated amounts of both TNF and IL-10
mRNAs and secrete more TNF and IL-10 than wild-type control BMDMs ((9, 14, 21),
Supplemental Fig. 14, and our unpublished data). The increased TNF and IL-10 expression
is due to the absence of TTP-mediated destabilization of TNF and IL-10 mMRNAs. By
negatively regulating 1L-10 production, TTP may limit anti-inflammatory responses in LPS-
stimulated macrophages. To investigate this potential role of TTP, the expression of
additional LPS-inducible cytokines was examined in LPS-stimulated BMDMs generated
from wild-type ( 7z0*'*) and TTP-deficient (7207/") mice and was reduced in 707/~ BMDMs
(Supplemental Fig. 1 Aand B).

The increased IL-10 production by LPS-stimulated 7z0/"BMDMs ((14) and data not
shown), and the reduced expression of IL-6, IL-12, and IL-23 in these cells (Supplemental
Fig. 1 Aand B), suggested that IL-10 may be responsible for the latter effects. Indeed, IL-10
is known to inhibit IL-6, IL-12, and IL-23 expression in macrophages (4, 22). IL-10
neutralization, but not TNF neutralization, increased the amounts of IL-6, IL-12, and 1L-23
mRNA and secreted proteins in 7zo/~ BMDMs to levels that were similar to those in
activated 7¢0*"* BMDMs (Supplemental Fig. 1 A and B). TNF and IL-10 mRNA levels
were also increased by I1L-10 neutralization, although these mMRNA levels remained elevated
in LPS-stimulated 7zo/"BMDMs (Supplemental Fig. 14), indicating that endogenous IL-10
was specifically critical for TTP-mediated control of IL-6, IL-12, and 1L-23 mRNAs in LPS-
stimulated BMDMs.

TTP modulates STAT3 activation and cytokine transcription

Since IL-10-induced activation of STATS3 is critical for the IL-10 anti-inflammatory
response (15, 16), we examined the effect of TTP on STAT3 activation by immunaoblotting

J Immunol. Author manuscript; available in PMC 2013 September 01.
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with phosphorylated STAT3 (p-STAT3) antibody. In both 7z0"* and 7707/~ BMDMs,
STAT3 activation was induced by LPS, but STAT3 phosphorylation was increased in LPS-
stimulated 770/~ BMDM s (Fig. 1 A and B). IL-10 neutralization attenuated the increased
accumulation of STAT3 phosphorylation in 720/~ BMDMs (Fig. 1 Aand B). IL-10
neutralization also reduced LPS-induced STAT3 phosphorylation in 770*/* cells, whereas
TNF neutralization had no effect on STAT3 phosphorylation in 720"+ and 7to/cells.
Therefore, autocrine production of IL-10 is a major contributor to TTP-mediated control of
STAT3 activation in macrophages.

Next, we performed chromatin immunoprecipitation (ChlIP) to test the effects of endogenous
IL-10 and TTP on RNA polymerase 11 (Pol I1) loading at the TNF, IL-6, IL-10, IL-12, and
IL-23 gene promoters in LPS-stimulated BMDMs to determine if some of the effects on
cytokine expression are transcriptionally mediated, since IL-10 may also regulate cytokine
expression by destabilizing cytokine mRNA (23-25). Consistent with previous reports that
IL-10 inhibition of cytokine gene expression is transcriptional (26, 27), Pol 1l recruitment to
the examined cytokine gene promoters was reduced in LPS-stimulated 770/"BMDM s (Fig.
2). This effect was autocrine IL-10-dependent, as IL-10 neutralization, but not TNF
neutralization, potentiated LPS-induced Pol 11 recruitment to cytokine gene promoters to
similar levels in 7zo"* and Tio/~"BMDMs (Fig. 2). To test for IL-10 autocrine-independent
effects of TTP on cytokine gene transcription, LPS-stimulated 7z*/* and 720/~ BMDMs
were treated with recombinant mouse IL-10 and ChlIP analysis was performed. Exogenous
IL-10 reduced LPS-induced Pol Il recruitment to similar levels in 7z0"* and 7107/~
BMDMs (Supplemental Fig. 2A4), indicating that the transcriptional effects of IL-10 are not
entirely TTP-dependent. Consistent with these results, exogenous IL-10 induced similar
amounts of STAT3 phosphorylation in 7z0"* and 7o/~ BMDMs (Supplemental Fig. 2 B

and O).

STAT3 mediates IL-10-induced TTP expression

To determine the role of STAT3 in LPS-induced TTP expression, STAT3-deleted (Stat3A/2)
and control (Stat3'F) BMDMs were generated. In Stat5'F BMDMs, STAT3
phosphorylation was induced by either LPS or IL-10 stimulation, whereas in Stat32/A
BMDMs STAT3 phosphorylation was not detected (Fig. 3A). Importantly, TTP protein and
mRNA amounts were substantially reduced in LPS-stimulated Stat32/A BMDM s relative to
StatFF cells (Fig. 3A and data not shown). IL-10 supplementation augmented STAT3
activation and TTP protein expression in Stat3/F BMDMs, but not in Stat322 BMDMs
(Fig. 3 A), indicating that STAT3 is required for IL-10-induced TTP expression in LPS-
stimulated BMDM:s. In Stat5F BMDMs, 1L-10 also induced TTP protein expression, albeit
to a lower extent than LPS, and that was also STAT3-dependent, as IL-10-induced TTP
expression was not detected in Stat322 BMDM s (Fig. 3A).

Analysis of the 7#p promoter for potential STAT3 binding sites identified the previously
characterized TPE1 sequence (12) as highly homologous to a STAT3 consensus binding site
(Fig. 3B8). The documented role of the TPE1 sequence in serum-induced 77p expression in
fibroblasts suggested that STAT3 interaction with the 7Zp promoter may contribute to LPS-
induced Tip transcription. To examine this possibility, we performed ChIP analyses to
measure STAT3 and Pol Il recruitment to the 7¢p promoter. p-STAT3 was detected at the
Ttp promoter in LPS-stimulated StazsF/FBMDMs, but not in Stat32/A BMDMs, and
exogenous IL-10 further enhanced p-STAT3 recruitment in LPS-stimulated Stat5/F, but not
in Stat32A, BMDMs (Fig. 3C). Pol 11 was also recruited to the 7o promoter in LPS-
stimulated Stat3/F BMDMs and IL-10 further enhanced its recruitment. In contrast to
Stat3'F BMDMs, LPS-induced Pol 11 recruitment to the 7o promoter was reduced and no
longer responsive to IL-10 in Stat3/A BMDMs (Fig. 3C), indicating that STATS3 is required
for IL-10-induced Pol Il recruitment to the 7¢p promoter in LPS-stimulated BMDMs.
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Discussion

Our studies demonstrate that TTP regulation of autocrine IL-10 production is important for
LPS-induced STAT3 activation, and one important target for STAT3 identified in our study
is the 7ip gene. Taken together, our findings indicate the existence of a negative feedback
loop in which IL-10-activated STAT3 induces TTP expression, which in turn, reduces IL-10
production and thereby negatively regulates IL-10 activation of STAT3 in LPS-stimulated
macrophages. In addition, because IL-6 and 1L-23p19 mRNAs are known TTP targets (28),
our data show that the ability of TTP to destabilize particular mMRNAS does not
automatically confer their overexpression in LPS-stimulated 770/~ macrophages. Rather,
expression of some TTP-target mRNAs is reduced in LPS-stimulated 725/~ BMDMs due to
an increased IL-10/STAT3 anti-inflammatory response that acts in a dominant manner over
the mRNA-stabilizing effect in 7zo/"BMDM:s. Basal levels for each of the TTP target
mRNAs, however, are elevated in 720/~ BMDM s (data not shown), indicating that in the
absence of LPS-stimulation and STAT3 activation, mRNA stabilization is the dominant
regulator of these MRNA levels in 770/"BMDMs. The mRNA selective effects may be
influenced by cytokine expression kinetics, since TNF and 1L-10 mRNA expression
precedes that of IL-6, IL-12, and IL-23 mRNAs (our unpublished data) and TTP regulates
cytokine mRNA stability in a temporal manner in LPS-stimulated macrophages (28). LPS-
induced TTP, which precedes that of TNF (11), may target the early expression of TNF and
IL-10 mRNAS, whereas later in the LPS response, reduced TTP activity may allow IL-6,
IL-12, and IL-23 mRNAs to be dominantly regulated by TTP control of IL-10 mRNA.

It was unknown how TTP could regulate the IL-10-induced anti-inflammatory response in
macrophages because STAT3 activation appeared unaffected by TTP expression in
macrophages stimulated with LPS for 30 min (14). In agreement with these observations,
increased STATS3 activation was detected in 7zo7/"BMDMs stimulated with LPS for 4 or
more hours, but not in 7zo”/"BMDM:s stimulated with LPS for 30 min (data not shown).
Because STAT3 activation remains low in 7z0*/* and 7to/"BMDMs after 30 min of LPS
simulation (data not shown and (14)), TTP-mediated control of STAT3 may require more
than 30 min of LPS-stimulation for efficient autocrine IL-10 activity.

In addition to STATS3, other STAT transcription factors can induce 7#p expression. IFN-y
and IL-4 activation of STAT1 and STATS6, respectively, are reported to induce 7ip
expression (29, 30). Although these studies did not investigate the effects of IFN-y and IL-4
autocrine signaling or TTP-mediated control of IFN-y and IL-4 mRNAs, they demonstrate
that STAT induction of 7ipis not limited to STAT3. Our studies raise the possibility that a
common mechanism among cytokine-activated STATs may involve the induction of 7ip
expression to feedback regulate STAT activation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.

Autocrine IL-10 is required for TTP-mediated control of STAT3 activation. A, 7z0*/* and
Tto”~ BMDMs were incubated with medium alone (-) or with (+) LPS (100 ng/ml) in the
absence or presence of 1gG control antibody (10 ug/ml), Enbrel (10 ug/ml), or anti-IL-10
antibody (1.0 ug/ml), as indicated for 4 hours. Lysates were prepared and examined for
STAT3 phosphorylation by immunoblotting. B, Relative amounts of phosphorylated STAT3
were determined relative to total STAT3. Each measurement represents the mean and SD (n
=3).
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FIGURE 2.

Autocrine I1L-10 production mediates TTP effects on IL-6, IL-12, and IL-23 expression at
the transcriptional level. BMDMs were stimulated for 2 hours with LPS (100 ng/ml) and
1gG (10 ug/ml), Enbrel (10 pg/ml), or anti-IL-10 antibody (1 pg/ml). ChIP was performed
with IgG control or anti-Pol 11 antibody using fixed and sheared chromatin from 77o*/*and
Tto”"BMDM:s. Presence of cytokine gene promoter sequences was examined by qRT-PCR.
Each measurement represents the mean and SD (/7= 4).
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FIGURE 3.

STAT3 mediates IL-10-induced TTP expression. A, TTP expression in Stat3/F and
Stat372 BMDMs. BMDM s were incubated with medium alone or with LPS (10 ng/ml),
IL-10 (10 ng/ml), or both LPS and IL-10 (LPS+IL-10), as indicated. After 4 hours, lysates
were prepared and analyzed by immunoblotting for TTP expression, STAT3
phosphorylation, and actin content. TTPL and TTP2 indicate 30 sec and 4 min film
exposures, respectively. B, STAT3 consensus binding site sequence and TPE1 sequence
alignment. The STAT3 consensus binding site sequence was obtained using TESS software
(http://www.cbil.upenn.edu/tess/). C, IL-10 promotes recruitment of activated STAT3 and
Pol Il to the 7#p promoter in Stat3/F, but not in Stat3/A, BMDMs. BMDMs were
incubated with medium alone (=) or with LPS or LPS+IL-10 for 15 min and ChIP was
performed with IgG control, anti-p-STAT3, and anti-Pol Il antibodies as described in Fig. 2.
Each measurement represents the mean and SD (/7= 3).
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