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Abstract

Interleukin-10 (IL-10) mediates an anti-inflammatory response that constrains immune responses
and limits inflammation-associated pathology. IL-10 does so, in part, by selectively inhibiting pro-
inflammatory cytokine and chemokine expression induced in macrophages in response to Toll-
like receptor (TLR) signaling. The IL-10-mediated anti-inflammatory response is executed through
the activation of STAT3 leading to induction of target genes referred to as IL-10-induced genes. As
miRNAs have emerged as important negative regulators of gene expression in various systems, we
sought to address whether the IL-10-mediated anti-inflammatory response acts through regulated
expression of miRNA genes. Using quantitative PCR-based arrays, we examined 140 miRNA genes
with putative roles in inflammation for changes in expression in response to IL-10 and lipopoly-
saccharide (LPS) in primary mouse macrophages. IL-10 stimulation resulted in the inhibition of
miR-147 expression induced in response to LPS, while having a potentiating effect on the induc-
tion of miR-455. miR-147 is the second TLR-induced miRNA, in addition to miR-155, identified to
be counter-regulated by IL-10. Its suppression by IL-10 suggests that miR-147 may have an un-
known pro-inflammatory function in TLR-triggered macrophages. The results extend the notion
that IL-10 selectively regulates expression of miRNA genes, and that miRNA-mediated pathways
are a component of the IL-10-mediated anti-inflammatory response.
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1. Introduction

Cells of the innate immune system—including macrophages, dendritic cells, and neutrophils—recognize and

“Corresponding author.

How to cite this paper: Cardwell, L.N. and Weaver, B.K. (2014) IL-10 Inhibits LPS-Induced Expression of miR-147 in Murine
Macrophages. Advances in Biological Chemistry, 4, 261-273. http://dx.doi.org/10.4236/abc.2014.44032



http://www.scirp.org/journal/abc
http://dx.doi.org/10.4236/abc.2014.4403
http://dx.doi.org/10.4236/abc.2014.44032
http://www.scirp.org/
mailto:brianweaver@missouristate.edu
http://creativecommons.org/licenses/by/4.0/

L. N. Cardwell, B. K. Weaver

respond to microbial pathogens using an array of germ-line encoded pattern recognition receptors (PRRs) [1]-[3].
PRRs are a diverse group of danger-signal sensors that fall into three major protein families: the membrane-
bound Toll-like receptors (TLRs), the cytosolic NOD-like receptors (NLRs), and the cytosolic RIG-I-like re-
ceptors (RLRs). PRRs bind to specific cognate pathogen-associated molecular patterns (PAMPs) and signal for
the activation of transcription factors that induce expression of numerous pro-inflammatory genes, including
cytokines and chemokines, that promote the host inflammatory response [4]-[6]. This is exemplified by Toll-like
Receptor 4 (TLR4) and its recognition of the prototypical PAMP lipopolysaccharide (LPS) produced by gram-
negative bacteria [7] [8]. Although integral in host defenses, unconstrained inflammation can result in patholog-
ical and even life-threatening inflammatory conditions such as septic shock. Therefore, several anti-inflamma-
tory pathways have evolved to impart negative regulation on PRR response pathways [9] [10]. The anti-inflam-
matory cytokine interleukin-10 (IL-10) has become recognized as a central player in this regulation and resolu-
tion of inflammation.

IL-10 acts on host cells by binding to the membrane-bound IL-10 receptor, a heterodimer of two polypeptide
chains, IL-10R1 and IL-10R2, that form a tetrameric receptor when bound to cytokine [11]-[13]. IL-10 receptor
engagement leads to trans-phosphorylation and activation of two JAK family receptor-associated tyrosine ki-
nases, JAK1 and TYK2, which phosphorylate specific tyrosine residues in the IL-10R1 cytoplasmic domain.
These phosphorylation events promote the recruitment, tyrosine-phosphorylation, and activation of the latent
transcription factor STAT3 [14] [15]. The IL-10/STAT3-dependent activation of target genes (referred to as
IL-10-induced genes) results in the execution of the IL-10-mediated anti-inflammatory response [16]-[18]. The
importance of the IL-10/STAT3 signaling axis in constraining inflammation has been demonstrated by studies
documenting the development of exacerbated inflammatory responses and autoimmune disease, particularly en-
terocolitis akin to human Crohn’s disease, in 1L-10-, IL-10 receptor-, and STAT3-knockout mice [19]-[21].
Consistent with this, genetic alterations leading to impaired I1L-10 responses have been linked with human dis-
eases, including Crohn’s disease (and other inflammatory bowel diseases), arthritis, asthma, and psoriasis [13]
[22]-[26]. Further studies utilizing tissue-specific knockout mice have revealed that macrophages are important
cellular targets of IL-10’s actions in vivo [21] [27] [28].

IL-10 acts on macrophages to suppress TLR responses that lead to the induction of pro-inflammatory gene
expression. However, IL-10 does not work in an encompassing manner to block all signal transduction emanat-
ing from TLRs, nor does it act to block the expression of all TLR-induced pro-inflammatory genes. Instead,
IL-10/STATS3 signaling works in a selective manner to inhibit expression of specific TLR-induced pro-inflam-
matory genes (e.g. TNF, IL-6, and IL-12), while leaving other genes unaffected (e.g. A20, IkBa, and IRF1) [10]
[17]. TLR-induced genes that are inhibited by IL-10 stimulation have been referred to as “IL-10 counter-regu-
lated genes”. IL-10 mediates the selective inhibition of pro-inflammatory gene expression via multiple mechan-
isms, including transcriptional repression, mMRNA destabilization, and translational inhibition [16] [29]-[33]. In
order to understand the mechanisms that underlie the anti-inflammatory response, researchers have worked to
identify and characterize the genes induced by the IL-10/STAT3 pathway [34]-[39]. Hundreds of IL-10-induced
genes have been identified, and a number of these, including SOCS3, BCL3, NFIL3, DUSP1, TTP, and TNIP3,
have been shown to play specific roles in the anti-inflammatory response. An interesting phenomenon revealed
by these studies, that further illustrates the selective nature of IL-10’s effects on TLR responses, is that while
certain anti-inflammatory genes can be induced by IL-10 stimulation alone, many others are only up-regulated
by IL-10 when cells are co-stimulated with a TLR agonist [36]-[38]. The term “IL-10 super-induced gene” was
coined to describe these genes because IL-10 induces their expression synergistically along with TLR stimula-
tion [37].

Over the past decade, genes encoding small regulatory RNAs known as microRNAs (miRNAS) have been
characterized as important regulators of animal development and homeostasis, including those with roles in de-
velopment of the immune system and the immune response [40]-[44]. MicroRNAs act to negatively regulate the
expression of specific protein-encoding genes largely through post-transcriptional mechanisms [45]-[48]. Partial
or exact complementary base pairing between miRNA and the 3’-UTR of a target MRNA results in either trans-
lational inhibition or mRNA destabilization [48]-[50]. Several miRNAs have been identified as being induced in
response to TLR or cytokine signaling [43]. Some of these have been characterized as having the ability to ne-
gatively regulate TLR or cytokine responses through the down-regulation of signaling proteins or cytokine gene
expression [43] [51]-[54]. Considering these emerging aspects of miRNA function together with the classically
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known ability of IL-10 to counter-regulate specific pro-inflammatory genes through post-transcriptional me-
chanisms, we hypothesized that IL-10 may do so, in part, through the activation of one or more miRNAs.

In this study, we set out to determine whether the IL-10-mediated anti-inflammatory response involves a
miRNA-mediated mechanism of counter-regulation by first attempting to identify miRNAs that could be in-
duced by IL-10 in either resting or LPS-triggered macrophages. Using low-density quantitative PCR (gPCR)-
based arrays, we screened for miRNAs that could be up-regulated in macrophages responding to 1L-10 and LPS.
As an unintended result of our screen, we identified an LPS-induced miRNA, namely miR-147, that is targeted
for counter-regulation by 1L-10. Thus, miR-147 joins miR-155 as a second miRNA known to be negatively re-
gulated by IL-10 in TLR-triggered macrophages [55]. miR-155 has been shown to have pro-inflammatory ef-
fects, and thus, it is logical that IL-10 would act to suppress its expression [43] [56]-[58]. By comparison, the
physiological functions of miR-147 are less clear. Based on its expression pattern of being induced in response
to LPS/TLR signaling and counter-regulated by IL-10, we postulate that miR-147 may also play a role in pro-
moting inflammation.

2. Materials and Methods
2.1. Cell Culture

Cell cultures were maintained in a 37°C incubator with a humidified 5% CO, atmosphere. Mouse bone mar-
row-derived macrophages (BMM) were prepared and cultured as described previously [38] [59]. In brief, femurs
from 8-week-old C57BL/6J mice were obtained from The Jackson Laboratory (Bar Harbor, ME) and bone mar-
row was eluted and plated at a density of 5 x 10° cells per 100 mm Petri dish (Fisher) in DMEM culture medium,
supplemented with 10% fetal bovine serum (Hyclone), 5% donor horse serum (Atlanta Biologicals), 20% L
cell-conditioned media, 2 mM L-glutamine (Hyclone), 1 mM sodium pyruvate (Hyclone), 50 U/ml penicillin
(Hyclone), 50 pg/ml streptomycin (Hyclone), and 1 ng/ml M-CSF (eBioscience). After 7 days of culture, adhe-
rent macrophages (6 - 8 x 10° cells per dish) were harvested and re-plated for experiments into tissue culture
plates (Corning) and fed with resting media (lacking 20% L cell-conditioned media) to allow the cells to become
quiescent.

2.2. Cell Treatments and RNA Isolation

BMM were plated at a density of 5 x 10° cells per 60 mm plate and incubated in resting media for 24 h prior to
treatments. Cells were treated with one or more of the following reagents alone or in combination: recombinant
mouse IL-10 (eBioscience), rat anti-mouse IL-10R1 neutralizing monoclonal antibody (clone 1B1.3a) (BD Bi-
osciences), and LPS derived from Escherichia coli 0127:B8 (Sigma). At specific times post-stimulation (as in-
dicated in the Results and Figures), cells were collected on ice and total RNA, including microRNAs, was puri-
fied using the miRNeasy Mini Kit (Qiagen) according to the manufacturer’s protocol. During RNA purification,
genomic DNA was removed using an on-column DNase treatment (Qiagen).

2.3. Gene Expression Analysis for mRNA-Encoding Genes

First-strand cDNA was made from 0.5 pg of DNase-treated RNA using the miScript Il RT Kit (Qiagen) accord-
ing to the manufacturer’s protocol. In brief, RNA samples were subjected to reverse transcription at 37°C for 60
min using the miScript HiFlex reaction buffer. Completed reactions were diluted with nuclease-free water to a
volume of 250 pl (~2 ng/ul), and 10 pl (~20 ng cDNA) was used as template for PCR reactions. Relative gene
expression was measured using SYBR Green-based gPCR. PCR reactions were performed in duplicate with a
final reaction volume of 25 ul consisting of 12.5 ul GoTaq qPCR master mix (Promega), 10 ul cDNA template,
PCR primers (final concentration of 200 nM each), and nuclease-free water. PCR was performed using an
Mx3005P QPCR system (Agilent Technologies). PCR amplification was performed as follows: 95°C (10 min),
followed by 40 cycles of 95°C (30 s), 60°C (60 s), and a final dissociation curve segment to monitor the speci-
ficity of amplification. PCR primer pairs targeting mouse Tnip3, Bcl3, IL-6, and Gapdh were described pre-
viously [38]. Primer pairs were designed and tested based on the following parameters: primer length of 18 - 26
nt, primer melting temperature between 58°C - 62°C, amplicon length between 75 - 250 bp, hybridization to dif-
ferent exons spanning one or more introns of the target cDNA, PCR efficiency of >85% over a linear dynamic
range of 6 logso, and correlation coefficient (r) > 0.95. The Rpl13a primer pair was purchased as part of the
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Mouse Housekeeping Gene Primer Sets from RealTimePrimers.com. Primer sequences are available upon re-
quest. Relative expression values for genes of interest in cell samples were determined relative to mock-treated/
unstimulated cells using both the standard curve method (standard curves were made from serially diluted
cDNA) and the AACt method of relative quantification. Expression values for genes of interest were normalized
against the expression values of two endogenous reference genes: Gapdh and Rpl13a.

2.4. Gene Expression Analysis for miRNA Genes

The SYBR Green-based miScript miRNA PCR Mouse Immunopathology Array (Qiagen) and Mouse Inflam-
matory Response & Autoimmunity Array (Qiagen) were carried out according to the manufacturer’s protocol. In
brief, 0.25 ug DNase-treated RNA was used to generate cDNA using the miScript Il RT Kit (Qiagen) and the
miScript HiSpec reaction buffer. Completed reactions were diluted with nuclease-free water to 200 ul (~1 ng/pl),
and 1 ng cDNA template was used per PCR reaction. Confirmation and measurement of individual miRNA
genes was performed using miScript Primer Assays (Qiagen) and the miScript SYBR Green PCR system (Qia-
gen). Reverse transcription reactions were performed with the miScript I1 RT Kit and the miScript HiSpec reac-
tion buffer using 0.25 ug DNase-treated RNA and incubation at 37°C for 60 min. Completed reactions were di-
luted with nuclease-free water to a final volume of 200 ul (~1 ng/ul), and 2.5 pl (~2.5 ng cDNA) was used as
template for PCR reactions. PCR reactions were performed in duplicate with a final reaction volume of 25 pl
consisting of 12.5 pl Quantitect SYBR Green master mix (Qiagen), 2.5 ul cDNA template, 2.5 pl of miScript
Universal Primer, 2.5 ul miScript Primer Assay, and nuclease-free water. PCR amplification was performed as
follows: 95°C (15 min), followed by 40 cycles of 94°C (15 s), 55°C (30 s), 70°C (30 s), and a final dissociation
curve segment to monitor the specificity of amplification. Expression levels for miRNA genes of interest in cell
samples were determined relative to mock-treated/unstimulated cells using the AACt method of relative quanti-
fication. Expression values for genes of interest were normalized against the expression levels of two endogen-
ous reference genes: Snord68 and Snord72.

3. Results
3.1. Identification of MiRNAs Regulated in IL-10 and LPS Stimulated Mouse Macrophages

SYBR Green-based low-density miRNA gPCR arrays were used in an attempt to identify miRNAs that are up-
regulated by IL-10 in macrophages, and thus, that might play a role in the cytokine’s known anti-inflammatory
effects. First, to ensure that cellular RNA samples were of suitable quality and to ensure that the macrophages
had responded appropriately to the stimulations, we examined the expression of known IL-10- and LPS-induced
protein-encoding genes: Bcl3 and Tnip3 [38] [60]. Primary mouse bone marrow-derived macrophages (BMM)
were stimulated with IL-10, LPS, or the combination of IL-10 and LPS for 2, 8, and 16 h. When BMM were
stimulated with 1L-10 for 2 h, the induced expression of Bcl3 was observed as expected (Figure 1(a)). The in-
duction of Bcl3 by IL-10 was blocked by the inclusion of a neutralizing monoclonal antibody against the
IL-10R1 receptor chain. When cells were stimulated with LPS, Bcl3 expression was also induced. However, the
induction by LPS was largely due to the autocrine effects of IL-10, as the inclusion of the neutralizing an-
ti-1IL-10R1 antibody blocked most of the effect. Cells stimulated with the combination of IL-10 and LPS dis-
played induction of Bcl3 comparable to that observed with either IL-10 or LPS stimulation. The second quality
control gene examined, Tnip3, is known to have a different expression response pattern from that of Bcl3; Tnip3
had been identified as a gene that could be modestly induced by LPS alone, and not induced by 1L-10 alone, but
it could be synergistically induced by IL-10 in cells that were co-stimulated with LPS (i.e. an IL-10 super-in-
duced gene) [38]. In accord, when BMM were stimulated with IL-10 for 2 h, Tnip3 expression was unchanged
(Figure 1(a)). Stimulation with LPS led to an increase in Tnip3 expression, but this was largely due to the auto-
crine effects of IL-10 working in concert with the LPS/TLR4 signals, as shown by reduced induction when the
neutralizing IL-10R1 antibody was added along with LPS. In agreement with previous reports, LPS stimulation
in the absence of I1L-10 induced modest levels of Tnip3 expression, and those levels were synergistically in-
duced when IL-10 was combined with LPS (Figure 1(a)) [38] [61]. These results indicated that the reagents and
cells were working properly and that the RNA samples were of appropriate quality to allow for the identification
of novel IL-10-induced miRNA genes (akin to Bcl3) or 1L-10 super-induced miRNA genes (akin to Tnip3).

As we were undertaking this project, another group reported on the identification of miRNAs induced in
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Figure 1. Validation of RNA/cDNA samples for the identification of miRNAs regulated by IL-10 and LPS in mouse
macrophages. (a) Primary mouse bone marrow-derived macrophages (BMM) were either mock treated (media), or treated
with IL-10 (10 ng/ml) alone, IL-10 plus an anti-IL-10R1-neutralizing antibody (Ab) (0.5 pg/ml), LPS (100 ng/ml) alone,
LPS plus an anti-IL-10R1-neutralizing Ab, or IL-10 plus LPS together for 2 h. Total RNA was isolated and analyzed by
RT-gPCR in duplicate. Relative expression values for genes of interest are presented as the mean + s.d. of duplicate reactions
after normalization against the reference genes Gapdh (in the case of Bcl3 and Tnip3) and Snord72 (in the case of miR-455).
Results are representative of two independent experiments. (b) As described for panel (a) except that total RNA was
analyzed from BMM stimulated for 2 h (white bars), 8 h (gray bars), and 16 h (black bars).

mouse macrophages in response to Candida albicans [62]. In addition to being regulated in response to C. albi-
cans, that report also showed that miR-146b and miR-455 could be up-regulated by IL-10. In particular, miR-
455 was shown to be super-induced by IL-10 in LPS-triggered macrophages, in a manner analogous to the ex-
pression pattern observed with Tnip3. Therefore, we attempted to confirm that finding for miR-455 and use it as
another positive control to verify the fidelity of our RNA samples. However, no induced expression was ob-
served for miR-455 in BMM after 2 h of IL-10 and LPS stimulation (Figure 1(a)). Since inducible expression of
miRNA genes in various systems often displays delayed kinetics, we examined miR-455 expression at later time
points of IL-10 and LPS stimulation. Indeed, miR-455 was observed to be induced by LPS alone and super-in-
duced by IL-10 in concert with LPS in cells at 8 h post-stimulation (Figure 1(b)). Therefore, an 8 h stimulation
time was selected for use in the qPCR arrays aimed at identifying other 1L-10-regulated miRNAs.

Results from the miRNA PCR arrays, which included 140 unique miRNAs with known or putative roles in
the immune response, indicated a number of miRNAs as either induced or repressed > 3-fold in IL-10 plus LPS
stimulated macrophages relative to resting (media) macrophages (Figure 2(a)). Of note was the marked
up-regulation observed for miR-155 (induced ~50-fold), which had been previously reported to be induced in
both mouse and human monocytes/macrophages in response to TLR-stimulation, and also to be coun-
ter-regulated by IL-10 [55] [63]. In addition, miR-146b was also observed to be induced (~3-fold) by IL-10 and
LPS, in accord with previous reports [62] [64]. A third miRNA found to be up-regulated in IL-10 plus LPS
treated macrophages was miR-147 (induced ~4-fold). This miRNA had been previously reported to be
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Figure 2. Identification of miRNAs regulated by IL-10 and LPS in mouse macrophages. (a) RNA/cDNA samples derived
from BMM that were either mock treated (media) or treated with IL-10 (10 ng/ml) plus LPS (100 ng/ml) together for 8 h
were analyzed using low-density SYBR Green-based miScript miRNA PCR arrays: Immunopathology Array (left panel) and
Inflammatory Response & Autoimmunity Array (right panel). Relative expression values are presented as arbitrary units on a
log scale after normalization against the six included reference genes: Snord61, Snord68, Snord72, Snord95, Snord96A, and
RNU6-2. Each dot represents the relative expression level for an individual miRNA gene. Results are representative of two
independent experiments. (b) BMM were either mock treated (media), or treated with IL-10 (10 ng/ml) alone, 1L-10 plus an
anti-IL-10R1-neutralizing antibody (Ab) (0.5 pg/ml), LPS (100 ng/ml) alone, LPS plus an anti-1L-10R1-neutralizing Ab, or
IL-10 plus LPS together for 8 h. Total RNA was isolated and analyzed by RT-qPCR in duplicate for the expression of
miR-455 and miR-147. Relative expression values are presented as mean + s.d. of duplicate reactions after normalization
against two reference genes: Snord68 and Snord72. Results are representative of three independent experiments.

induced by TLR stimulation, however whether or not it could be regulated by IL-10 remained unknown [65].
Of the 10 other miRNAs observed to be induced >3-fold using the arrays, none of them could be reproduci-
bly confirmed to be induced by LPS, IL-10, or the combination of LPS and IL-10 in independent experi-
ments using individual miRNA-targeted qPCR assays (data not shown).

During our analyses, miR-187 was reported to be induced by IL-10 in a species- or cell-type-specific
manner: induced in human monocytes but not in mouse macrophages [66]. In agreement, no increase was
observed for miR-187 in our array results using mouse macrophages. One miRNA, namely miR-200c, ap-
peared to be markedly repressed in IL-10 and LPS treated cells (Figure 2(a)); however, this was not found
to be a reproducible result in independent experiments using individual miRNA-targeted gPCR assays (data
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not shown). The only miRNA, other than miR-155, identified in the array experiments that could be repro-
ducibly observed to be induced in IL-10 and LPS treated macrophages was miR-147. The effects of LPS,
IL-10, or the combination of IL-10 and LPS stimulation for 8 h on miR-147 expression are presented in
Figure 2(b). For comparison, miR-455 expression could be observed to be modestly induced in response to
LPS alone, unaffected by IL-10 alone, but super-induced by IL-10 acting in concert with LPS (Figure 2(b)).
miR-147 was induced by LPS stimulation in a manner that was independent of the autocrine effects of IL-10.
IL-10 stimulation alone or in concert with LPS did not induce the expression of miR-147. Instead, IL-10
appeared to partially repress the induction of miR-147 in response to LPS (Figure 2(b)). These results sug-
gested that miR-147 may be a novel IL-10 counter-regulated miRNA gene. In this respect, it would join a
list of specific pro-inflammatory genes known to be counter-regulated by IL-10, including the cytokines
IL-1, IL-6, IL-12, TNF, and the one other miRNA miR-155.

3.2. Temporal Analysis of MiR-147 in LPS-Treated Macrophages and Its
Counter-Regulation by IL-10

In order to confirm and extend the result that LPS-induced miR-147 expression could be partially inhibited by
IL-10 observed at 8 h of stimulation (Figure 2(b)), we performed a time-course analysis of mouse macrophages
stimulated from 0 to 36 h (Figure 3). The extended temporal analysis confirmed that miR-455 behaves as an
IL-10 super-induced miRNA gene with somewhat delayed induction kinetics, whose expression is induced by
LPS alone and potentiated by IL-10 in the presence of LPS. In this respect, miR-455 behaves similarly to the
known IL-10 super-induced gene Tnip3 (Figure 3, left panels). In contrast, miR-147 was induced robustly by
LPS alone with relatively delayed kinetics, continuing to increase in expression up to 36 h post-stimulation.
IL-10 stimulation alone had no effect on miR-147. But, IL-10 markedly repressed the LPS-induced expression
of miR-147 over the extended time-course. For comparison, induction of a known IL-10 counter-regulated cyto-

miR-455 miR-147
10 30 1
= =
=] =}
‘2 81 2
w w
2 2 204
0 6 9 o
e »
= =
o 41 o
2 2 10
N N’
< 24 =
K E
0 0 4
026 9121624362 6 9121624362 6 9 12162436 (h) 026 9121624362 6 9121624362 6 9 12162436 (h)
| J L J L J L 1 1 J
LPS + IL-10 LPS + LPS + IL-10 LPS +
IL-10R Ab IL-10 IL-10R Ab IL-10
Tnip3 1L-6
50 9 200 9
= =
= 2
2 40 1 2 160
%) D
St St
£ 30 1 2120
= =
w 20 9 o 804
2Z Z
N R
= 10 1 =40
é ‘fl'l'l'!'l'rl'rl'r.'r.'r"l"r.'r"r"r"r‘r sz Lv—v—v—v—v—v—v—v—r‘v"v"r"v—l
0 0 oy i A BN,
024691216242 4 6 91216242 4 6 9121624 (h) 024691216242 4 6 91216242 4 6 9 121624 (h)
| J L J L J L ]l 1 J
LPS + IL-10 LPS + LPS + IL-10 LPS +
IL-10R Ab IL-10 IL-10R Ab IL-10

Figure 3. IL-10 inhibits LPS-induced expression of miR-147. BMM were stimulated over a time-course from 0 to 36 h with
LPS (100 ng/ml) in the presence of an anti-IL-10R1-neutralizing Ab (0.5 pg/ml), IL-10 (10 ng/ml), or LPS plus IL-10
together. Total RNA was harvested from cells at the indicated times (h), and analyzed by RT-gPCR in duplicate. Relative
expression values are presented as mean * s.d. of duplicate reactions after normalization to two reference genes: Gapdh and
Rpl13a (in the case of Tnip3 and IL-6), and Snord68 and Snord72 (in the case of miR-455 and miR-147). Results are

representative of two independent experiments.
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kine gene, IL-6, was also observed to be markedly inhibited by IL-10 (Figure 3, right panels). Thus, the LPS/
TLR-induced expression of miR-147 is counter-regulated by the anti-inflammatory cytokine IL-10.

4. Discussion

In this study, we sought to address the hypothesis that IL-10 could induce the expression of one or more miR-
NAs that would then act in an anti-inflammatory manner to selectively suppress expression of certain pro-in-
flammatory genes. Although we were unable to identify a novel IL-10-induced miRNA, studies reported by oth-
ers in recent years have begun to support this hypothesis. First, miR-455, miR-146a, and miR-146b were identi-
fied as genes that could be induced in mouse macrophages in response to Candida albicans or LPS, and also in-
duced/super-induced by IL-10 [62]. At that time, the roles that these miRNAs might play in the IL-10-mediated
anti-inflammatory response remained unknown. A subsequent report identified a functional role for miR-146b in
the IL-10-mediated anti-inflammatory response in human monocytes, in which its induction suppressed LPS-
dependent expression of several cytokines and chemokines [64]. Secondly, miR-187 was reported as being in-
duced in response to IL-10 alone, and also super-induced by IL-10 acting in concert with LPS in human mono-
cytes [66]. The induction of miR-187 by 1L-10 appeared to be species-specific, occurring in human monocytes
but not in mouse macrophages. miR-187 was shown to have an anti-inflammatory activity, as it negatively re-
gulated the expression of the cytokines TNF, IL-6, and IL-12 [66]. We were able to confirm that IL-10 induces
the expression of miR-455 and miR-146b, but not miR-187 in mouse macrophages (Figure 2). It remains to be
determined whether miR-455, miR-146b, or other as yet unidentified miRNAs, play a functional role in the
IL-10-mediated anti-inflammatory response in the mouse system, as has been suggested for the human system.

As an unplanned result of our exploration into IL-10-induced miRNAs, we found that the known LPS-in-
duced miR-147 is counter-regulated by IL-10. In this respect, it joins miR-155, a well studied miRNA with es-
tablished roles in lymphoid and myeloid oncogenesis, as well as in the inflammatory response [41] [58] [67].
TLR signaling induces miR-155 expression in macrophages and 1L-10 is able to counter-regulate that induction
[55] [68]. Thus, IL-10 constrains the pro-inflammatory actions of miR-155, which include: increasing TNF
production, enhancing PI3K-dependent activation of NF-kB and MAPKSs, enhancing cytokine responses through
JAK-STAT signaling, and potentiating Th1/Th17 cell polarization [41] [53] [55] [58] [69]. Compared with
miR-155, little is known about miR-147 and its role(s) in the immune response.

miR-147 was originally identified as a miRNA that could be induced in macrophages in response to TLR sti-
mulation [65]. The miR-147 precursor transcript is expressed as part of the NMES1 (normal mucosa esophagus
specific 1) gene primary transcript, from which it is processed into the mature miRNA. TLR signals were found
to induce the expression of the miR-147/NMES1 primary transcript via a transcriptional mechanism that de-
pends on both NF-kB and IRF3 activation [65]. Use of miR-147 mimics and inhibitors indicated that this miR-
NA can act to suppress the production of certain pro-inflammatory cytokines, including TNF and IL-6 [65]. The
mechanism by which miR-147 acts to limit the production of these cytokines remains unknown, and thus far, no
TLR signaling proteins have been identified as miR-147 targets. Since miR-147 is expressed with delayed and
prolonged kinetics, it has been proposed to be more likely important in suppressing inflammatory cytokine pro-
duction at late time points after TLR stimulation [65]. If miR-147 is indeed acting as a TLR-induced negative
feedback regulator of inflammatory cytokine production, it would be uncharacteristic of 1L-10 to target it for
down-regulation as observed herein (Figure 3). Therefore, it is reasonable to hypothesize that miR-147 may
have some presently unknown pro-inflammatory function(s). Alternatively, as miR-147 is up-regulated by TLR
signaling at the transcriptional level along with NMES1, it is possible that IL-10 is actually aimed at targeting
NMES1 for down-regulation.

As with miR-147, a function for NMES1 in the immune response is not presently known. NMES1 was first
identified as a gene down-regulated in human esophageal squamous cell carcinoma, suggesting that it may act as
a tumor suppressor [70]. Recently, suggestive of a role in the immune system, NMES1 was identified as a gene
expressed highly in dendritic cells with an activated/effector phenotype, but not in ones with a regulatory/tole-
rogenic phenotype [71]. Consistent with the aforementioned result regarding NMES1 gene expression being
modulated in cancer, miRNA profiling experiments have revealed miR-147 to be up-regulated in human gastric
cancer cells [72]. Another recent study corroborated this proposed role for miR-147 as a tumor suppressor, as it
was found to down-regulate expression of proteins in the EGFR/cell-cycle network, thereby inhibiting G1/S
transition and proliferation of breast cancer cells [73]. These results were followed by others showing that ex-
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pression of miR-147 could reverse epithelial-to-mesenchymal transition, and inhibit both colon and lung cancer
cell proliferation [74]. Given the links between chronic inflammation and cancer, a persistence of IL-10 leading
to a reduction of miR-147 (and NMES1) over a long period of time may act to promote oncogenesis. Likewise,
miR-147 counter-regulation may play a role in the known effect of IL-10 in promoting B cell proliferation and
lymphoma [11] [13] [75].

In addition to ascertaining the physiological role miR-147 might play in the inflammatory response and/or in
the 1L-10-mediated anti-inflammatory response, future research should be aimed at determining the mechanism
by which IL-10 inhibits LPS/TLR-induced miR-147 expression. For several decades there has been an active
research focus on understanding how IL-10 selectively counter-regulates TLR-induced protein-encoding genes.
Although the complete picture continues to be elucidated, IL-10 is known to act through multiple 1L-10-induced
gene products that work in specific ways to selectively inhibit pro-inflammatory gene expression at both tran-
scriptional and post-transcriptional levels [10] [13] [17]. One might expect the mechanisms that 1L-10 employs
to counter-regulate miRNA induction to be comparably complex. This question has begun to be addressed with
miR-155. First, the mechanism by which IL-10 inhibits TLR-induced miR-155 expression was shown to be me-
diated at the level of transcriptional inhibition [55]. This result was followed by work showing that IL-10 coun-
ter-regulates miR-155 by first down-regulating the expression of the Ets2 transcription factor, which is required
for the LPS-induced transcription of miR-155 [76]. Reminiscent of the complexities regarding how IL-10 coun-
ter-regulates protein-encoding genes, another group reported that IL-10’s inhibitory effect on TLR-induced
miR-155 was mediated at a post-transcriptional level via destabilizing the pri-miR-155 and pre-miR-155 tran-
scripts [68]. It is certainly possible that IL-10 is acting on miR-155 at multiple levels, as has been shown for the
mechanisms by which IL-10 can inhibit cytokine and chemokine gene expression [30]-[32] [60] [77]. The regu-
lation of the cytokine TNF is a good example, as IL-10 antagonizes induction of this gene at the levels of tran-
scriptional repression, mMRNA destabilization, and translational repression. It remains to be seen whether IL-10
is acting to inhibit miR-147 at a transcriptional and/or post-transcriptional level. Furthermore, it will be impor-
tant to identify the 1L-10-induced gene(s) responsible for suppressing miR-147, and for that matter, the gene(s)
responsible for suppressing miR-155.

5. Conclusion

In conclusion, we have shown that miR-147 is an LPS/TLR-induced gene that is counter-regulated by IL-10 in
mouse macrophages. Despite its being reported as an anti-inflammatory miRNA, its suppression by IL-10 sug-
gests that it may play additional unidentified roles in promoting TLR responses and inflammation. A better me-
chanistic understanding of how IL-10 counter-regulates miR-147 may help to elucidate the physiological con-
sequences to the inflammatory response if this regulatory mechanism is abrogated. For example, if mice could
be engineered so that IL-10 was specifically unable to suppress miR-147, the effect of overproduction of this
miRNA in response to TLRs could be examined to test for a promotion of inflammation and associated exacer-
bated pathology. Given the putative role this miRNA plays in cancer, such an animal model system could also
be used to test whether chronic overproduction of miR-147 might promote oncogenesis in models of inflamma-
tion-induced cancer. Finally, as miR-147 is only the second miRNA known to be counter-regulated by IL-10, it
will be important to extend this work by using whole miRNome-based array platforms to characterize the full
extent to which miRNA genes are counter-regulated by IL-10.
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