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Abstract
Human TLRs are critical sensors for microbial components leading to the production of
proinflammatory cytokines that are controlled by various mechanisms. Monocytes pretreated with
LPS exhibit a state of hyporesponsiveness, referred to as cross-tolerance, to both homologous and
heterologous ligands, which play a broader role in innate immunity. To date, LPS-induced cross-
tolerance has not been examined regarding microRNA expression kinetics. In this study, THP-1
monocytes treated with various inflammatory ligands showed a continuous amplification of
microRNA (miR)-146a over 24 h that is inversely correlated to TNF-α production. In contrast,
inhibition of miR-146a showed a reciprocal effect. Thus, the characteristic upregulation of
miR-146a in LPS-exposed THP-1 monocytes was studied for cross-tolerance. Strikingly, in LPS-
tolerized THP-1 monocytes, only miR-146a showed a continuous overexpression, suggesting its
crucial role in cross-tolerance. Similarly, peptidoglycan-primed THP-1 cells showed homologous
tolerance associated with miR-146a upregulation. Subsequently, interchangeable differential
cross-regulation was observed among non-LPS ligands. TLR2 and TLR5 ligands showed both
homologous and heterologous tolerance correlated to miR-146a overexpression. More
importantly, inflammatory responses to TLR4, TLR2, and TLR5 ligands were reduced due to
knockdown of miR-146a targets IL-1R-associated kinase 1 or TNFR-associated factor 6,
suggesting the regulatory effect of miR-146a on these TLRs signaling. Transfection of miR-146a
into THP-1 cells caused reduction of TNF-α production, mimicking LPS-induced cross-tolerance.
Aside from individual ligands, a whole bacterial challenge in LPS-primed THP-1 monocytes was
accompanied by less TNF-α production, which is conversely correlated to miR-146a expression.
Our studies have thus demonstrated that miR-146a plays a crucial role for in vitro monocytic cell-
based endotoxin-induced cross-tolerance.

Innate immunity is the primary defense mechanism that recognizes, responds to, and
resolves invading infectious microbes or their conserved components, known as pathogen-
associated molecular patterns (PAMPs). During microbial invasion, danger signals are
effectively recognized by the host’s innate immune system through several conserved
pattern-recognition receptors. TLRs represent one of the best characterized pathogen-
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detection systems. Once they are activated by PAMPs, they signal to transcription factors
NF-κB to produce proinflammatory cytokines. TLRs possess an extracellular leucine-rich
repeat domain (type 1 membrane protein) and cytoplasmic conserved Toll/IL-1R domain.
The extracellular domain recognizes microbial ligands (1), whereas the cytoplasmic portion
responds by recruiting adaptor kinases to enable signal transduction, most notably through
activation of NF-κB transcription factor (2). Therefore, activation of NF-κB by TLRs is a
critical event on the road to inflammation, as in LPS-induced systemic inflammation
mediated by TLR4.

To date, many TLRs (TLR1–TLR13) have been identified in mammals (3, 4) based on their
microbial cell wall specificity or pathogen-specific nucleic acids. TLRs recognize the
ligands as being either homodimeric or heterodimeric (2). For example, TLR4 binds to LPS,
TLR1/2 or TLR2/6 to lipopeptides, TLR5 to flagellin (subunits of bacterial flagella), and
TLR3, TLR7, or TLR9 to nucleic acid. Several PAMPs, including LPS, can stimulate TLR4.
However, LPS is the fundamental pathogenic cell wall component of Gram-negative
bacteria and is considered one of the most potent immunostimulatory components. The
immune system responds to LPS with a systemic production of pro- and anti-inflammatory
cytokines (via activating transcription factor NF-κB), such as TNF-α, IL-6, and IL-10,
primarily aimed to control growth and dissemination of invaders and subsequently curtail
the immune response as needed (5). On the contrary, pathological dysregulation of NF-κB is
linked to substantial systemic inflammatory damage that gives rise to sepsis, multiorgan
failure, autoimmune diseases, and possibly cancer (6–8). Interestingly, during bacteremia,
neutrophils and monocytes from septic patients assume a refractory state to subsequent LPS
challenges and no longer produce inflammatory mediators (9, 10). This phenomenon,
referred to as endotoxin tolerance (also called LPS hyporesponsiveness or refractoriness), is
a host mechanism aimed at limiting inflammatory damage caused by overactivation of the
immune system to continuous exposure to Gram-negative bacteria or their products. LPS
refractoriness to subsequent LPS challenges (homologous tolerance) has been investigated
extensively in vitro using monocytes/macrophage primary cells and cell lines and in vivo
using animal models as well as being observed in humans (9, 11–16). Besides homologous
tolerance, LPS priming of the immune cells results in diminished cytokine response after
subsequent stimulation with non-LPS heterologous TLR ligands (11, 12, 17, 18). This is
known as LPS-induced cross-tolerance and has also been observed in association with cells
from septic patients (19). Similarly, such other TLR ligands as peptidoglycan (PGN),
lipoteichoic acid (LTA), Pam3CSK4CysSerLys4 (Pam3CSK4), and flagellin, plus such
cytokines as TNF-α or IL-1β, have been shown to induce homologous tolerance in
monocytes/macrophages and, interestingly, they can substitute for each other and sometimes
mediate cross-tolerance both in vitro and in vivo (20). LPS-induced tolerance and/or cross-
tolerance are thought to play a broader role in host innate immunity, but how it is established
is still not completely understood. Therefore, the study of the TLRs regulation in LPS-
primed immune cells will help to explicate its role against various microbial insults or whole
bacteria, although no detailed or consensus mechanism has been identified to demonstrate
how LPS-primed immune cells become hyporesponsive to homologous and/or heterologous
ligands, a phenomenon also known as differential cross-regulation (5).

MicroRNAs (miRNAs) have emerged as a new layer of gene expression regulators that act
at the posttranscriptional level via the RNA interference mechanism (21). In mammals, the
progression of miRNA biogenesis involves the initial transcription of genomic DNA by
RNA polymerase II into primary miRNAs, which are sequentially processed by two RNase
III enzymes, Drosha (in the nucleus) and Dicer (in the cytoplasm), to become ~23-
nucleotide noncoding dsRNA duplexes (22). Eventually, the duplex is loaded into the RNA-
induced silencing complex with a guide strand to target mRNAs primarily at their 3′-
untranslated regions. This consequence leads to inhibition of translation and/or a decrease in
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mRNA stability as a result of accelerated decapping and deadenylation (23, 24). miRNAs
have been revealed to play important roles in many biological systems, ranging from the
development and differentiation of cells to tumors (21), including those in the mammalian
immune system (25, 26). During an inflammatory response to microbial insults, many of the
miRNAs, including miRNA (miR)-146a induced by TLRs, can negatively regulate the
activation of inflammatory pathways in myeloid cells (27–31), although during the course of
their expression kinetics, their biological activities in innate immunity are largely unknown.
In initial studies on miR-146a expression kinetics, observed in response to cognate ligands
for TLRs, the cytoplasmic sensor retinoic acid-inducible gene I (also known as DDX58) and
proinflammatory cytokines, including IL-1β, represent the role of miR-146a in innate
immunity against pathogenic insults as well as inflammatory diseases (27, 31). Further
analysis to determine the biological significance of miR-146a reveals that its expression is
NF-κB–dependent, consistent with the presence of an NF-κB binding site in the promoter
region, and regulates production of such cytokines as IL-1β and TNF-α in innate immunity
by affecting signaling molecules (31). IL-1R–associated kinase-1 (IRAK-1) and TNFR-
associated factor 6 (TRAF6) are known to be important signaling adaptor kinases in the
downstream of TLR4 signal transduction, and they promote inflammation sustained by
proinflammatory cytokines, including TNF-α. Interestingly, these two adaptor kinases are
the direct molecular targets for miR-146a, as shown by Taganov et al. (31). Subsequently,
our recent in vitro study has demonstrated the mechanistic role of miR-146a in endotoxin
tolerance. During this study of LPS tolerance, miR-146a was shown to increase
continuously and remain at a high level, exerting negative effects on IRAK-1 and TRAF6
mRNA at the posttranscriptional level (32). Previously Li et al. (33) and Boone et al. (34),
respectively, observed LPS tolerance in monocytes due to impairment of IRAK-1 and
TRAF6 kinase activity in TLR4 signaling. Interestingly, IRAK-1 and TRAF6 are not only
used by TLR4 for signaling, but also by other TLRs, such as TLR2, TLR5, TLR7, TLR8,
and TLR9, as well as the IL-1β receptor (35). Therefore, they are considered the common
and central adaptor kinases, and should their activity be diminished, cellular refractoriness
may happen by other TLRs (except TLR3) signaling. This leads to the speculation that
increased miR-146a expression during an LPS-primed state might play a part in a negative
feedback pathway for other ligand–TLRs interactions. Considering the ability of miR-146a
to regulate TRAF6 and IRAK-1, shared by all TLRs (except TLR3), we hypothesize that it
is involved in endotoxin-induced cross-tolerance against various microbial cargo sensed by
all other TLRs. Thus, the aim of this study was to investigate the effect of the unique
expression pattern of miR-146a in LPS-primed monocytic cells on differential TLR cross-
regulation. Our findings suggest that overexpression of miR-146a contributes to controlling
proinflammatory cytokine production and confers cross-tolerance to innate immune cells
and thus modulates our innate immunity to evade recurrent similar or different bacterial
infections or both.

Materials and Methods
Cell culture and innate immune ligand stimulation

Human THP-1 cells, an undifferentiated promonocytic cell line, were obtained from the
American Type Culture Collection (Manassas, VA). Cells were maintained by twice weekly
passage in RPMI 1640 medium containing 25 mM HEPES and L-glutamine (BioWhittaker,
Walkersville, MD), 10% FBS (Mediatech, Manassas, VA), and 100 U/ml penicillin-
streptomycin (Mediatech) at 37°C with 5% CO2. Log phase cells were used in all
experiments and cultured at the density of 106 cells/ml. To determine the kinetics of ligand-
induced cytokine production in vitro, fresh THP-1 monocytes were suspended in complete
RPMI 1640 culture medium and seeded at 106 cells/ml in a 24-well plate. Cells were
stimulated with the following innate immune ligands: 100 ng/ml LPS (TLR4 ligand) from
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Salmonella enterica serotype Minnesota Re595 (LPS Se; Sigma-Aldrich, St. Louis, MO),
100 ng/ml Pam3CSK4 (a synthetic bacterial lipoprotein and proinflammatory ligand for
TLR2/TLR1), 500 ng/ml PGN (Escherichia coli 0111:B4, TLR2 ligand), 1 μg/ml LPS from
Porphyromonas gingivalis (LPS Pg, TLR2 ligand), 1 μg/ml LTA (TLR2 ligand) from
Staphylococcus aureus, 100 ng/ml recombinant flagellin (TLR5 ligand) from S.
typhimurium, 10 μg/ml muramyl dipeptide (MDP), 10 ng/ml TNF-α, 100 ng/ml IL-1β, and
10 ng/ml IFN-γ (BD Biosciences, Franklin Lakes, NJ). Additionally, to observe the similar
TLR ligand stimulatory effect in primary cells, mouse peritoneal-derived macrophages were
obtained from 3-mo-old female C57BL/6 mice, which were injected with 0.5 ml 4% sodium
thioglycollate, 3 d prior to sacrifice. Primary cells were seeded at 1 × 106/ml in complete
DMEM containing 10% FBS in 24-well plates followed by washing after 5 h, using
complete growth DMEM to remove nonadherent cells. Adherent macrophages were
stimulated with LPS and PGN (0–10 μg/ml) for 6, 12, and 24 h. All of the TLR1, TLR2, and
TLR5 ligands were obtained from InvivoGen (San Diego, CA). Ligands were used at
concentrations previously reported to induce mediators. Stocks were prepared in tissue
culture-grade PBS and preserved at −20°C until needed. Cells were harvested and culture
supernatants were collected at various time points over 24 h and stored at −80°C until
assayed for cytokines levels. Cell pellets were washed in PBS and stored in RNAlater
(Ambion, Austin, TX) at 4°C or frozen at −80°C for total RNA isolation in subsequent
analysis.

In vitro induction of homologous tolerance and cross-tolerance
An LPS-induced tolerance and cross-tolerance cell model using monocytic cell line THP-1
was adapted from methods described previously (32, 36, 37), with some minor
modifications. Briefly, before starting tolerance and/or cross-tolerance assays, THP-1 cells
were cultured for 4 d until cells were in log phase and concentration at 106 cells/ml and
viability was checked to be >99% by trypan blue staining. THP-1 cells were transferred to
fresh complete medium in new 5- or 25-ml flasks at 5 × 105 cells/ml. Cells were incubated
with a low dose of LPS (10 ng/ml) for 18 h. In some cross-tolerance experiments, cells were
primed for 18 h with PGN, Pam3CSK4, or flagellin. After two washes with tissue culture-
grade PBS, cells in complete culture medium alone (untolerized negative control) or with
the same or a different ligand were cultured in a 24-well plate. For observing LPS-induced
cross-tolerance against bacteria as a secondary challenge, E. coli DH10B and P. gingivalis
strain 33277 were grown until mid-log phase, then harvested and placed in sterile saline,
followed by killing at 65°C for 30 min as described previously (38). Heat-killed bacteria
were then washed three times with sterile saline and used at a final concentration equivalent
to 1 × 106 CFU/ml. Similarly, to observe the TLR ligand tolerance efficiency in primary
cells, mouse peritoneal macrophages were primed with LPS or PGN (100 ng/ml) in 24-well
plates followed by washing and challenged with PGN, Pam3CSK4, or LPS. After incubation
for 5 h at 37°C in 5% CO2, supernatants were harvested by centrifugation (1500 × g at 4°C,
5 min) and immediately stored at −80°C until assayed for inflammatory mediators TNF-α,
IL-1β, or IL-6.

Quantification of miRNA and mRNA expression level by quantitative real-time PCR
Total RNA of TLR ligands in treated and untreated THP-1 cells were prepared using the
mirVana miRNA isolation kit (Ambion) following the manufacturer’s protocol. RNA yield
and purity were determined using the NanoDrop ND-1000 spectrophotometer (NanoDrop
Technology, Wilmington, DE), and equal amounts of each RNA (A260/A280 ≈ 2.0, 6.7 ng
for miRNA) were used for quantitative stem-loop reverse transcription and real-time PCR
(qRT-PCR) analysis. Quantification of mature miRNAs expression was performed using the
TaqMan microRNA reverse transcription kit, TaqMan Universal PCR Master mix, and
TaqMan microRNA assay primers of interest for human miRNAs (Applied Biosystems,
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Foster City, CA). For mRNA analysis, a High Capacity cDNA RT kit (Applied Biosystems)
and TaqMan mRNA assay primers for IRAK-1, TRAF6, and TLR4 were used with 33 ng
total RNA per reaction. The cycle threshold (Ct) values, corresponding to the PCR cycle
number at which fluorescence emission reaches a threshold above baseline emission, were
determined, and miRNA expression values were calculated using the abundant and virtually
pure RNU44 as an endogenous control (Applied Biosystems) following the 2−ΔΔCt method
(39). mRNA for gene expression values were quantified in the same way after normalization
to mammalian 18S rRNA.

THP-1 cell transfection
miR-146a functional analyses were performed using synthetic miR-146a mimic and
miR-146a inhibitor (anti-miRNA inhibitor) obtained from Ambion and reconstituted in
nuclease-free water at a concentration of 20 μM. Stocks were stored in aliquots at −80°C
prior to use. One day before the transfection, cells were transferred to fresh culture medium
at a concentration of 5 × 105 cells/ml. The following day, THP-1 cells adjusted to 5 ×
105cells/well were transfected with miR-146a mimic (20 nM) or inhibitor (40 nM) using
Lipofectamine 2000 (Invitrogen), according to the manufacturer’s instructions. miR-146a
mimic-transfected THP-1 cells were incubated for 24 h, followed by washing twice with
complete growth medium. The washed cells were treated with different ligands at the
abovementioned concentration for 5 h. For miR-146a inhibitor experiments, transfected
THP-1 cells were incubated for 24 h, followed by washing with complete growth medium.
Cells were then challenged with various ligands for 5 h. Supernatants from cell cultures
were collected and assayed for cytokines secretion, and cell pellets were used for RNA
isolation and qRT-PCR analysis.

ELISA for cytokine assay
Supernatants were collected from cell cultures at different time points after being induced
with various stimuli. Secreted cytokines TNF-α, IL-1β, and IL-6 in the supernatants were
measured by ELISA using OptEIA cytokine kits as recommended by the manufacturer (BD
Biosciences). Absorbance was measured at 405 nm using a microplate reader (model 680;
Bio-Rad, Hercules, CA). A405 was converted to protein concentrations (pg/ml) using
standard curves of recombinant human or mouse cytokines.

Western blot analysis
LPS-primed and unprimed THP-1 cells (5 × 106/condition) were collected 2 h after LPS Se,
LTA, Pam3CSK4, PGN, LPS Pg, and flagellin challenge, pelleted at 1000 × g for 10 min,
and lysed on ice for 10 min in 1 ml lysis buffer (50 mM HEPES [pH 7.6], 150 mM NaCl, 1
mM EDTA, 1% Nonidet P-40, 20 mM β-glycerophosphate, 1 mM Na3VO4, 1 mM NaF, 1
mM benz-amidine, 5 mM para-nitrophenyl phosphate, 1 mM DTT, 1 mM PMSF, and
complete protease inhibitor mixture from Roche Diagnostic, Indianapolis, IN). Supernatants
were collected after centrifugation at 13,000 rpm for 20 min at 4°C. Similarly, PGN- and
Pam3CSK4-primed THP-1 cell lysates were prepared 2 h after homologous or LPS
challenge. Soluble lysates were quantitated for protein concentration using a Bio-Rad
protein assay kit, separated by SDS-PAGE (10% acrylamide; Bio-Rad) along with Precision
Plus Protein standards (Bio-Rad), and electrotransfered to a polyvinylidene difluoride
membrane (Bio-Rad). The membranes were blocked for 1 h at room temperature or
overnight at 4°C with 5% nonfat milk in PBS/0.05% Tween 20 (PBS-T) and were probed
with primary rabbit anti–IRAK-1 or anti-TRAF6 Ab at a concentration of 1:200 (Santa Cruz
Biotechnology, Santa Cruz, CA). The membranes were washed three times with PBS-T and
incubated for 1 h with goat anti-rabbit IgG-HRP at a concentration of 1:5000
(SouthernBiotech, Birmingham, AL). After washing in PBS-T, reactive protein bands were
visualized by SuperSignal Pico chemiluminescent reagent (Pierce).
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Statistical analysis
Data are presented in figures as mean ± SD. For multiple group comparisons, one-way
ANOVA (p < 0.05) was performed, followed by the two-sided, unpaired Student t test as
described by Shaffer (40). An unpaired, two-tailed Student t test was used to compare two
independent groups. For all statistical analysis, Prism for Windows, version 5.0 (GraphPad
Software, San Diego, CA) was used, and p < 0.05 was considered statistically significant.

Results
Analysis of innate immune ligand-induced TNF-α secretion and miRNA expression kinetics
in monocytic THP-1 cells

Microbial ligands (or PAMPs) are recognized by innate immune receptors, such as
lipopeptides and lipoproteins by TLR2 (41, 42), double-stranded viral RNA by TLR3 (43),
LPS by TLR4 (41), and bacterial flagellin from both Gram-positive and Gram-negative
bacteria by TLR5 (44). These ligands have been shown to produce a diverse array of
inflammatory mediators, including TNF-α in vitro, as well as in vivo or ex vivo conditions
(12, 36, 45–47). To observe TNF-α production in vitro, the most commonly employed acute
monocytic leukemia cell line THP-1 (6) was used in the current study. After TLR ligand
stimulation of THP-1 cells, kinetics of TNF-α production were examined. As shown in Fig.
1A, log phase THP-1 cells were treated with agonists for TLR2 (or TLR1), TLR4, TLR5,
and NOD2, or cytokines IL-1β and IFN-γ, and TNF-α production in supernatants at 8 or 24
h was assessed by ELISA. In supernatants from ligand-stimulated THP-1 cell culture, TNF-
α was detected at a significant level in response to all ligands except MDP, IL-1β, and IFN-
γ (Fig. 1A). TNF-α protein levels at 8 and 24 h were also correlated with mRNA levels
(data not shown).

LPS induces upregulation of miR-146a in THP-1 monocytes, as described by Taganov et al.
(31) and Bazzoni et al. (48), through microarray analysis and independently confirmed by
our laboratory (32). miR-146a is also induced in response to various other components from
both Gram-positive and Gram-negative bacteria, as well as proinflammatory cytokines (31).
Following these observations and considering the subsequent experimental purposes of this
study, expression of miR-146a, miR-155, miR-132, and miR-16 were determined by qRT-
PCR analysis on the same RNA samples (Fig. 1B–E). The fold changes in miRNA
expression were calculated by comparing the value of TLR ligand-treated cells to that of
untreated samples cultured in parallel. miR-146a showed significant expression after 8 h
exposure of THP-1 cells to LPS Se, PGN, Pam3CSK4 (TLR2-TLR1 ligand), and to LPS Pg,
flagellin (a major component of the bacterial flagellar filament and agonist of the TLR5
receptor), and IL-1β. In contrast, stimulation of LTA, NOD2 ligand MDP, or IFN-γ induced
little or no miR-146a expression. Interestingly, there was a substantial increase at 24 h that
reached up to 26-fold for LPS Se, 15- to 17-fold for Pam3CSK4, PGN, and LPS Pg, 10-fold
for flagellin, and 7-fold for IL-1β (Fig. 1B). In contrast, after 8 h, miR-155 showed an
increase of 3-fold for LPS Se, 4- to 5-fold for Pam3CSK4, PGN, and LPS Pg, and 3-fold for
IL-1β (Fig. 1C). Similarly, after 8 h, miR-132 expression showed increases of 10-fold for
LPS Se, 15-fold for Pam3CSK4 and PGN, 6-fold for LPS Pg, and 3-fold for flagellin (Fig.
1D). No significant change in the expression of miR-16 was observed (Fig. 1E). This last
result could serve as a control miRNA that is regulated independently from TLR ligand
stimulation together with the internal control RNU44. Notably, in response to the TLR
ligands and IL-1β, among those examined, only miR-146a showed an increase between 8
and 24 h (Fig. 1B) and this was negatively correlated to TNF-α release.

Primary mouse peritoneal macrophages were also used to observe the relationship between
TNF-α and miR-146a expression stimulated by different doses of LPS or PGN for 6, 12, and
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24 h (Supplemental Fig. 1A–D). Interestingly, LPS- or PGN-treated primary cells showed
dramatic TNF-α production at 6 h, either peaking at 6 or 12 h, and reduced by 24 h
(Supplemental Fig. 1A, 1C). In contrast, miR-146a showed gradual increase for all the time
points shown (Supplemental Fig. 1B, 1D). Note that at the highest concentration of 10 μg/
ml LPS or PGN, the levels of miR-146a were actually lower than when 1 μg/ml LPS or
PGN was used, indicating that an upper limit could be reached with these primary cells.

Inhibition of miR-146a increases TNF-α production in TLR ligand-stimulated THP-1 cells
As shown in Fig. 1A versus Fig. 1B, there is a general inverse correlation between
miR-146a expression and TNF-α production. To examine whether miR-146a has any direct
effect on TNF-α production, THP-1 cells were transfected with miR-146a inhibitor and then
24 h later stimulated with various TLR ligands. Because the level of miR-146a is very low
in unstimulated THP-1 cells, the knockdown effect in the cells transfected with the
miR-146a inhibitor might not be easily appreciated (32). Results shown in Fig. 2A confirm
that transfection of miR-146a inhibitor prior to LPS stimulation could efficiently block and/
or downregulate miR-146a expression by >90% compared with mock-transfected cells
primed with LPS. Fig. 2B illustrates how THP-1 cells transfected with miR-146a inhibitor
showed a 52 and 60% increase in the level of TRAF6 and IRAK-1 mRNA, respectively,
whereas an unrelated gene, lamin A/C, was unaffected. Increases of IRAK-1 and TRAF6
protein levels were confirmed by Western blot analysis (Fig. 2C), consistent with the
changes in mRNA levels and previous reports (27, 32). Cells transfected with miR-146a
inhibitor showed increased TNF-α production in response to LPS Se (62%), Pam3CSK4
(53%) PGN (52%), LPS Pg (42%), and flagellin (40%) (Fig. 2D). These data show the level
to which miR-146a and adaptor kinases TRAF6 and IRAK-1 affected TNF-α production in
response to LPS, Pam3CSK4, PGN, and flagellin, but not LTA and other ligands known to
not affect miR-146a production.

LPS-induced miR-146a may account for cross-tolerance to a panel of innate immune
ligands in THP-1 cells

Involvement of LPS in homologous tolerance (32) as well as cross-tolerance to other TLR
stimuli (12, 49–51) has been shown in vitro and/or in vivo or ex vivo. Fig. 3 shows the
extent of LPS-induced cross-tolerance to a panel of innate immune ligands associated with
miRNA expression in terms of proinflammatory cytokines using the THP-1 cell model.
THP-1 monocytes were primed with 10 ng/ml LPS for 18 h, followed by washing with PBS
and challenging with various agonists, as described in Materials and Methods. After 5 h
incubation with challenged ligands, TNF-α protein level was analyzed by ELISA (Fig. 3A).
TNF-α levels decreased significantly (p < 0.01) after secondary challenges with Pam3CSK4,
PGN, LPS Pg, and flagellin in comparison with the same stimulation of naive THP-1 cells.
MDP (NOD2 ligand), IL-1β, and IFN-γ did not induce TNF-α (Fig. 1A) regardless of the
LPS priming. Analysis of TNF-α mRNA levels by qRT-PCR (Fig. 3B) showed levels
consistent with the changes in protein data of cross-tolerized THP-1 cells, and reduction of
TNF-α mRNA was significant compared with the untolerized control. Previously, LaRue
and McCall (52) reported that neutrophils from septic patients showed less LPS-induced
IL-1β mRNA and protein synthesis, which was supported by their in vitro studies using
THP-1 monocytes. Production of other proinflammatory cytokines, such as IL-6, is also
known to be reduced in LPS-primed cells (53). Consistent with these reports, LPS-primed
cells showed reduced IL-6 and IL-1β production in response to the innate immune stimuli,
as shown in Fig. 3C and 3D. The reduced production of IL-6 and IL-1β was similar to the
pattern observed for TNF-α production.

Because miR-146a was shown to be responsible for LPS tolerance (32), its levels in the
cross-tolerized conditions were confirmed as it was postulated to have a role in LPS-induced
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cross-tolerance (Fig. 3E). As expected, miR-146a in the cross-tolerized sample showed
higher expression during 18 h initial LPS-priming incubation plus 5 h ligand challenge, but
little or no changes in the expression of miR-16 (Fig. 3F) were observed compared with
unprimed controls. For Fig. 3E, the open bars (untolerized) depict miR-146a levels
challenged by different ligands for a total of only 5 h, as there was no priming at 0–18 h.
These results are consistent with data already presented in Fig. 1B for exposure of 8 and 24
h. The filled bars (tolerized) represent miR-146a levels after 18 h LPS priming and 5 h
challenge with different ligands. There are no statistical differences among the filled bars for
all LPS-primed cells, but they are clearly different from untreated cells.

Figs. 3G and 3H show the mRNA expression of known miR-146a targets IRAK-1 and
TRAF6 in both cross-tolerized and untolerized cells, respectively. The mRNA levels of
IRAK-1 and TRAF6 were not affected significantly between cross-tolerized and untolerized
cells; this is not unexpected, as miR-146a regulates these adaptor molecules via primarily
translational repression (31, 32). Fig. 3I shows Western blot analysis of IRAK-1 and TRAF6
protein levels comparing LPS cross-tolerized cells to control untolerized cells demonstrating
moderate reductions of ~50–75% in all cases, as expected. This level of reduction in
IRAK-1 and TRAF6 was consistent with “medium alone” control (untolerized cells versus
cross-tolerized cells) when cells were tolerized by LPS priming but not exposed to
secondary challenge. Consequently, miR-146a may play an important role in LPS-induced
cross-tolerance based on the inverse correlation with proinflammatory cytokine production
and the repressed levels of IRAK-1 and TRAF6.

To support that the THP-1 cell-based model of endotoxin cross-tolerance can be observed in
primary cells, mouse primary macrophages were also tolerized with LPS or PGN.
Supplemental Fig. 1E shows decrease in TNF-α production by 50% in LPS–LPS
homologous tolerance (priming challenge) and by 75% in PGN–PGN homologous tolerance.
Heterologous tolerance varies between 40% reduction in TNF-α for PGN–LPS to 52%
TNF-α reduction for LPS–PGN. Supplemental Fig. 1F shows a 5- to 10-fold increase in
expression of miR-146a in LPS-tolerized cells, consistent with its potential role in endotoxin
tolerance in primary cells as well.

Previously, highly elevated miR-146a expression was shown to be dependent on the
continuous presence of LPS in the medium as demonstrated by its decreasing levels after 22
h LPS withdrawal (32). Accordingly, THP-1 monocytes were primed with PGN
continuously for 18 h, then washed twice with PBS, and cultured in complete growth
medium for an additional 0, 12, or 22 h (PGN withdrawal). With 18 h continuous PGN
priming and 5 h PGN challenge, the same condition used in Fig. 3A, negative correlation
between TNF-α secretion and miR-146a expression, was observed as expected (Fig. 3J,
3K). However, after 12 h PGN withdrawal, cells started to regain PGN responsiveness and
almost completely recovered from tolerance after 22 h PGN withdrawal (Fig. 3J). Thus,
upregulated miR-146a from PGN priming, similar to LPS priming (32), is important for
maintaining tolerance and cross-tolerance. The t1/2 of miR-146a estimated from this
expertiment was ~9–10 h.

LPS- or PGN-primed THP-1 monocytes show effective homologous tolerance with higher
priming dose correlating with higher miR-146a levels

The effectiveness of endotoxin tolerance in THP-1 cells correlated with an increase in
priming dose up to 1000 ng/ml LPS was reported in our earlier study with secondary
challenge LPS doses of up to 1000 ng/ml (32). Thus, to further advance our understanding
of whether homologous tolerance can be achieved with even higher doses of LPS, a range of
challenge concentrations of LPS up to 10,000 ng/ml (or PGN up to 2,000 ng/ml) was
employed to primed THP-1 cells. Priming with 10 ng/ml LPS or higher concentrations
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resulted in an 80–90% decrease (p < 0.01) in TNF-α production, even at the highest dose of
LPS challenge (10,000 ng/ml, Fig. 4A). Fig. 4B shows the results of gradual augmentation
of miR-146a correlated with degree of tolerance observed in Fig. 4A. These data are
uniformly consistent with our previous report, which found that the increase in miR-146a
expression and reduction in its target IRAK-1 and TRAF6 protein levels were LPS dose-
dependent (32), with the exception that the current experiment further reinforces the
previous conclusion that LPS tolerance was maintained even when up to a 10 times higher
secondary challenge dose of LPS was employed. A similar homologous tolerance
phenomenon was observed for the TLR2 ligand PGN. Fig. 4C illustrates how THP-1 cells
primed with 10 ng/ml or a higher concentration of PGN were significantly resistant to
secondary PGN challenges of up to 2000 ng/ml, and this homologous tolerance was
correlated with respective priming doses and upregulation of miR-146a (Fig. 4D).

Cross-regulation between TLR2, TLR4, and TLR5 ligands in THP-1 cells
Fig. 5A shows that priming with 100 ng/ml PGN (TLR2 ligand) resulted in significant
hyporesponsiveness to PGN (500 ng/ml), as well as to heterologous ligand LPS (100 ng/ml)
where TNF-α protein production dropped by >90% compared with unprimed controls
observed in ELISA. In Fig. 5F, qRT-PCR analysis showed an ~12-fold increase of
miR-146a expression in the PGN-primed cells (similar to Fig. 1B), indicating again a
negative correlation with TNF-α production, as shown in Fig. 5A. Similar cross-tolerance
and correlation of TNF-α and miR-146a expression was observed for another TLR2 ligand,
Pam3CSK4 (Fig. 5B, 5G). Flagellin is a potent simulator of innate immunity and is
recognized by TLR5, which triggers defense responses both at epithelial surfaces and
systemically. Fig. 5C showed that priming with 100 ng/ml flagellin diminished TNF-α
production by 95% in a flagellin secondary challenge, as well as in challenges with
heterologous ligands Pam3CSK4 (50%) and PGN (70%). In contrast to these results, there
was no significant change of TNF-α production between flagellin-primed and control
unprimed THP-1 cells against LPS (Fig. 5C), and this observation is consistent with data
reported by Mizel and Snipes (47). Note that miR-146a expression was induced in flagellin-
primed cells (Fig. 5D). To obtain further understanding of why flagellin-primed THP-1 cells
did not show hyporesponsiveness to LPS, it was postulated that an increased expression of
TLR4 in stimulated cells, as reported by Siedlar et al. (54), might override miR-146a
activity. Fig. 5E shows that TLR4 mRNA expression measured by qRT-PCR was higher in
flagellin-primed cells than in unprimed controls. A moderate reduction of IRAK-1 and even
less for TRAF6 was observed by Western blot analysis in PGN- and Pam3CSK4-primed
THP-1 monocytes (Fig. 5H, 5I). Consequently, these in vitro data suggest cross-talking
among TLRs, and may be attributed in part to miR-146a overexpression, affecting TNF-α
production in primed cells against subsequent stimulation by homologous and heterologous
ligands. The fact that flagellin-primed THP-1 cells did not affect TNF-α production in the
LPS challenges served as an interesting control for observed specificity; the mechanism
underlying it remains unclear even with the observed increase level of TLR4 and will be a
subject of future studies.

IRAK-1 and TRAF6 knockdowns reduce inflammatory response to TLR ligands
IRAK-1 and TRAF6, the known molecular targets for miR-146a, are important adaptor
kinases that help to amplify the initial signal transduction response by all TLRs except
TLR3. The absence and/or inhibition of these kinases cause reduced inflammatory response
by TLR ligands both in vivo and in vitro, indicating that these molecules mediate major
mechanism of endotoxin tolerance (16, 32, 33, 36, 54, 55). To directly examine the
importance of IRAK-1 and TRAF6 for other TLRs signal transduction in THP-1 monocyte
activation, IRAK-1 and TRAF6 mRNA expression was targeted by specific siRNA
transfection (Fig. 6). Twenty-four hours after transfection of THP-1 cells with 40 nM small
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interfering (si) RNA targeting IRAK-1 (siIRAK-1) resulted in a 60% decrease in IRAK-1
mRNA level but no affect on the mRNA of TRAF6 or lamin A/C (Fig. 6A). Similarly, the
TRAF6 mRNA level was reduced by 80% following transfection with siRNA targeting
TRAF6 (siTRAF6, Fig. 6B) confirming successful transfection and knockdown. Transfected
cells were treated with various ligands, and culture supernatants were collected after 24 h
incubation for cytokine production analysis. THP-1 cells deficient in IRAK-1 showed a
reduction in TNF-α production in response to LPS Se (80%), Pam3CSK4 (50%), PGN
(57%), LPS Pg (78%), and flagellin (60%) compared with mock-transfected cells, with LTA
serving as a negative control (Fig. 6C). Similarly, Fig. 6C also shows that TRAF6
knockdown diminished TNF-α production by THP-1 cells in response to LPS Se (70%),
Pam3CSK4 (52%), PGN (33%), LPS Pg (53%), and flagellin (35%). Similar effects were
observed for IL-1β (Fig. 6D) and IL-6 production (Fig. 6E). These data are consistent with
the report by Baltimore et al. (25) that IRAK-1 and TRAF6 are the central adaptor kinases,
the absence of which greatly affects the ability to transmit subsequent TLRs signal
transduction.

Upregulation of miR-146a alone can mimic LPS priming to induce cross-tolerance
LPS has been shown to induce the expression of a few regulatory miRNAs, including
miR-146a (31, 48, 55), which is critical for endotoxin-induced tolerance (32). LPS-
pretreated THP-1 cells showed cross-tolerance to a panel of innate immune ligands linked to
miR-146a expression (Fig. 3A). Following this, to determine the direct functional role of
miR-146a in endotoxin-induced cross-tolerance, THP-1 cells were transfected with 20 nM
miR-146a mimic followed by challenges with various TLR ligands. After 24 h, miR-146a
showed significantly higher expression (p < 0.01) in miR-146a mimic-transfected cells
compared with mock-transfected cells, confirming the successful transfection (Fig. 7A). In
Fig. 7B, TNF-α production by transfected THP-1 cells 5 h after challenges by LPS Se
(76%), Pam3CSK4 (54%), PGN (30%), LPS Pg (64%), and flagellin (43%) was significantly
reduced compared with the mock-transfected cells. The effect of overexpression of
miR-146a on TRAF6 and IRAK-1 was validated by monitoring their mRNA levels (Fig.
7C), which were reduced by 60 and 55%, respectively, compared with mock-transfected
cells. An unrelated human gene, lamin A/C, showed no significant changes in expression
level between miR-146a mimic-transfected and mock-transfected controls. Reduction of
TRAF6 and IRAK-1 protein levels was documented by Western blot analysis (Fig. 7D),
consistent with previous reports (27, 32). Taken together, these data demonstrate that LPS-
induced miR-146a upregulation plays a pivotal role in providing cross-tolerance against a
range of innate immune ligands.

miR-146a expression links to cross-tolerance against heat-killed whole bacteria
In the preceding experiments, LPS-induced cross-tolerance was observed in TLR1, TLR2,
and TLR5 ligands where miR-146a played a dominant role. However, in nature, individuals
are exposed to whole bacteria rather than a single microbial ligand. Fig. 8 shows LPS-
induced cross-tolerance demonstrated using heat-killed whole bacteria. Priming THP-1 cells
with low-dose LPS (10 ng/ml) resulted in significant (p < 0.01) reduction of TNF-α
production following the secondary challenge with heat-killed E. coli (75%) or P. gingivalis
(57%) at 1 × 106 CFU/ml (Fig. 8A). Similar hyporesponsiveness by human leukocytes has
been observed by de Vos et al. (12). To demonstrate the role of miR-146a alone in this
cross-tolerance, TNF-α production by miR-146a mimic-transfected THP-1 cells that were
subsequently challenged with heat-killed E. coli at 1 × 106 CFU/ml for 5 h was examined. In
Fig. 8B, miR-146a mimic-transfected THP-1 cells showed hyporesponsiveness to heat-killed
E. coli, and this sensitivity is miR-146a mimic dose-dependent. Thus, miR-146a plays an
important role in providing cross-tolerance in the in vitro THP-1 cell model against various
TLRs ligands, as well as whole heat-killed bacteria.
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Discussion
While involvement of miR-146a in innate immunity has previously been reported in
response to various microbial components and cytokines, much is still not known about its
biological significance. In this study, the kinetics of TLR ligand-induced miR-146a
expression were analyzed to elucidate its broader role in innate immunity. Consistent with
previous findings, exposure of THP-1 monocytes to various bacterial inflammatory insults,
such as LPS, PGN, and flagellin, resulted in rapid and continuous expression of mature
miR-146a. Similar kinetics were not observed, however, for other LPS-induced miRNAs,
such as miR-155 and miR-132 (Fig. 1). Owing to low basal levels of miR-146a in THP-1
monocytes, production of proinflammatory cytokines such as TNF-α takes place
continuously once LPS stimulation occurs. As miR-146a expression starts to rise, the
expression of IRAK-1 and TRAF6 are putatively inhibited via translational repression and
mRNA degradation and thus remove the amplification effectors in TNF-α production (32).
A similar negative correlation in TLR2, TLR4, and TLR5 microbial ligands-induced
cytokine release and miR-146a overexpression was also observed in this study. TNF-α
production was increased in response to the same ligands after blocking miR-146a activity,
indicating its direct or indirect effect on TLR signaling. The new data in this article are thus
focused on defining the role of miR-146a in endotoxin-induced cross-tolerance to those
ligands, many of which, except LTA, MDP, and IFN-γ, also induce miR-146a upregulation.

Endotoxin tolerance is known to prevent inflammatory response to homologous or
heterologous ligand challenge. Upon pre-exposure to other TLR ligands from Gram-positive
or Gram-negative bacteria, monocytes acquire similar hyporesponsiveness to unrelated
ligands. In the case of LPS-induced tolerance, a number of mechanisms have been proposed,
including downregulation of TLR4 expression (41), degradation of such adaptor proteins as
IRAK-1 or TRAF6 (32, 33, 36) decreasing the association of TLR4 and MyD88 (56),
suppression by IRAK-M and TRIM30α (57, 58), downregulation of NF-κB activity,
disruption of chromatin remodeling, expression of anti-inflammatory cytokines, and, more
recently, by the post-transcriptional silencing of adaptor kinase mRNA through the action of
miR-146a (32). In most cases, LPS-induced cross-tolerance is thought to occur by way of a
similar mechanism involved in homologous tolerance. The key regulator of cross-tolerance
is poorly understood, unfortunately, and thus our study of the mechanistic role of miR-146a
in LPS-induced cross-tolerance is novel.

Our proposed model for the mechanistic role of miR-146a in LPS-induced cross-tolerance in
THP-1 monocytes is as follows. In this THP-1 cell model, LPS/TLR4 signaling is facilitated
by LPS-binding protein and CD14 and is mediated by a TLR4/MD-2 receptor complex. The
downstream of the TLR4 signaling cascade is initiated after the binding of the Toll/IL-1R
domain with adaptor protein MyD88. This binding acts as a bridge between TLR4 and
incoming IRAK-1 adaptor kinase, which further recruits TRAF6. This series of interactions
triggers overall signal amplification, activation, and translocation of the transcription factor
NF-κB, which quickly initiates the expression of immune-responsive genes and such
proinflammatory cytokines as TNF-α at mRNA and protein levels peaking at 2 and 4 h,
respectively (32). Although miR-146a transcription is also known to be regulated by NF-κB
(31), there appears to be a delay of between 2 and 4 h in its expression, with the level clearly
elevated at 8 h (32), and it remains at a high level (from 30- to 100-fold) for up to 72 h (data
not shown). The increase in the miR-146a level has negative effects on mRNA expression of
IRAK-1 and TRAF6, which are shared in the TLR4, TLR1/6, TLR2, and TLR5 pathway.
Thus, the progression of these signal transductions are controlled or inhibited by miR-146a
upregulation in LPS-primed THP-1 cells. In nature, individuals are exposed to various doses
of different TLR ligands at the primary or secondary level. Notably, LPS-tolerized cells can
resist 100-fold higher doses of homologous secondary challenges as measured by the
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reduction in TNF-α production (32). Similarly, TLR2 ligands such as PGN showed
hyporesponsiveness to higher doses of homologous secondary challenges where miR-146a
was upregulated while adaptor kinases were downregulated. Thus, once miR-146a
upregulation takes place, THP-1 monocytes then become hyporesponsive to higher doses of
secondary challenges of many known TLR ligands.

Biological significance of LPS-induced cross-tolerance contributed by miR-146a
In this article, the ability of LPS-primed THP-1 monocytes to induce cross-tolerance to other
TLR agonists is congruent with previous in vitro and in vivo findings (12, 50). Monocytes or
macrophages pretreated with LPS showed hyporesponsiveness to TLR2 ligands (LTA, PGN,
Pam3CSK4, LPS from P. gingivalis) (36, 59, 60) or flagellin, as reported in this study and by
others (47). Similarly, in this study, Pam3CSK4, PGN, and flagellin demonstrated both self-
tolerance and cross-tolerance to LPS, which is consistent with previous findings (20, 36, 61).
Jacinto et al. (36) observed that LPS priming caused disruption of IRAK kinases and
development of cross-tolerance to LTA. However, LTA did not show cross-tolerance to LPS
at a significant level; the present studies suggest this is true in part because LTA does not
induce high levels of miR-146a. Consistent with these in vitro findings, Lehner et al. (61)
and Dalpke et al. (20) observed that LPS-primed mice were hyporesponsive to LTA and
CpG DNA. Although LPS cross-tolerized cells to flagellin (Fig. 3E), flagellin did not
prevent a strong response to LPS (Fig. 5C). This finding raises the possibility that flagellin
and LPS tolerance may be mediated by different, distinct mechanisms. Regarding this idea,
Mizel and Snipes (47) observed that flagellin tolerance was not due to decreased surface
expression of TLR5 or IRAK-1 degradation. Interestingly, flagellin-primed cells showed an
increase of TLR4 expression (Fig. 4E), a finding corroborated by van Aubel et al. (62).
Although it is not still clear why flagellin does not induce cross-tolerance against LPS, the
latter finding provides additional evidence that there is a difference between flagellin and
LPS tolerance.

Note that cross-tolerization also occurs between LPS and cytokines such as TNF-α and
IL-1. Repeated injections or infusions of TNF-α in rats were shown to protect against an
LD50 injection of LPS (63), suppressing LPS-induced fever (64) and cytokine production by
bone marrow-derived adherent cells (65). TNF-α and LPS do not induce reciprocal
tolerance in murine macrophages (16). However, THP-1 cells pretreated with TNF-α
showed a partial repression of LPS-induced cell signaling, as reported by Ferlito et al. (49).
This may be linked to the miR-146a expression observed in this study. The difference
between murine macrophages and human cells, including THP-1 monocytes, to various
ligands has been elucidated by Bowie (58). Following this observation, Bowie concluded
that TLR expression patterns are not entirely equivalent in humans and mice. Previously,
however, De Nardo et al. (66) observed that LPS-primed primary mouse macrophages
showed tolerance due to IRAK-1 protein degradation. Accordingly, in this study, LPS- or
PGN-primed mouse peritoneal macrophages showed homologous or heterologous tolerance
where miR-146a showed elevated expression in LPS-tolerized cells that can regulate the
adaptor kinases. IL-1β was shown to be involved in the induction of homologous tolerance
and in limiting the response of THP-1 cells to LPS, as shown by others both in vivo and in
vitro (67). This new finding regarding cross-tolerance (except flagellin to LPS) is linked to
miR-146a overexpression. As expected, IRAK-1 or TRAF6 adaptor kinase expression was
inhibited by PGN, and Pam3CSK4-tolerized cells provide additional support for miR-146a
involvement in cross-tolerance. Interestingly, our study (data not shown) and Perry et al.
(68) both found continuous miR-146a expression in IL-1β treated A549 cells, which showed
negative effect on IRAK-1 and TRAF6 at the posttranscriptional level. In their study,
miR-146a alone has been shown to negatively regulate the release of proinflammatory
chemokines, including IL-8 and RANTES in IL-1β–treated A549 cells.
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IRAK-1 and TRAF6, known as the proximal protein kinases in TLR signaling pathways
(69), are the molecular targets for miR-146a. TLR signaling is impaired due to the
degradation or translation inhibition of these adaptor kinases during innate immune
activation, giving rise to endotoxin tolerance (16, 32, 36, 54, 70). Similarly, silencing of
adaptor kinases rendered THP-1 monocytes hyporesponsive to a set of innate immune
ligands and resulted in lower cytokine production, namely TNF-α, IL-1β, or IL-6. However,
silencing of either IRAK-1 or TRAF6 did not cause complete suppression of cytokines in
response to the TLR ligands used in this study (Fig. 6). A similar pattern of LPS response
was observed after knockdown either of the adaptor kinases in monocytes or macrophages,
as reported by others (66, 71). These findings imply that IRAK-1 and TRAF6 translational
inhibition by miR-146a in LPS-primed cells contributes to homologous and heterologous
tolerance at a significant level, but not in a complete manner. Such a conclusion is consistent
with the failure of complete resistance to LPS-induced death in IRAK-deficient mice (66).
Additionally, a deficiency of IRAK-1 impairs, but does not completely eliminate, IL-1
actions as reported by Thomas et al. (72). This suggests that other members of the IRAK
family may compensate in part for the functions of IRAK-1.

Notably, during LPS stimulation of THP-1 cells, a few miRNAs, including miR-146a, are
upregulated. The biological significance of such miRNAs as miR-132 (31), miR-9 (48), and
miR-155 (31) to LPS-induced cross-tolerance is not clear. They may participate directly or
indirectly to LPS-induced cross-tolerance. The activation of NF-κB by TLRs is critical to
inflammation. Among the LPS-induced miRNAs, only miR-146a has been shown to be NF-
kB–dependent, and inhibition of NF-κB by PDTC, an NF-κB inhibitor, decreased miR-146a
expression (27, 31). Consequently, in this report, miR-146a overexpression by miR-146a
mimic transfection caused THP-1 monocytes to be less responsive to various ligands,
including LPS. Krützfeldt et al. (73, 74) introduced the usage of chemically modified
miRNA inhibitors, known as antagomirs, to define the biological functions of miRNAs. In
this study, miR-146a knockdown in THP-1 cells showed more inflammatory response to
non-LPS ligands. Interestingly, PGN-primed THP-1 monocytes recovered responsiveness
correlating with the reduced levels of miR-146a in the PGN withdrawal experiment (Fig. 3J,
3K) demonstrated its role to maintain immune homeostasis.

In addition to purified ligands, LPS-induced cross-tolerance against whole bacteria was also
shown in vitro (Fig. 8). Accordingly, Cavaillon et al. (75) first reported that LPS-tolerized
human monocytes were hyporeactive in TNF-α production, to heat-killed Streptococcus
pyogenes, S. aureus, and zymosan (a TLR2 ligand). Reduced ex vivo responsiveness to
whole heat-killed Gram-positive bacteria, such as S. pyogenes and S. aureus (75), has been
also reported in severe sepsis. Similarly, in this report, LPS-primed monocytes showed
significant reduction of TNF-α after challenging with E. coli and P. gingivalis. Interestingly,
miR-146a expression showed a negative correlation with TNF-α production, indicating its
role in hyporesponsiveness to whole bacteria. This has also been supported by transfection
of miR-146a mimic alone. Thus, this finding fully supports the dominant role of miR-146a
in LPS-induced cross-tolerance compared with other negative regulators previously
suggested.

Implication of differential cross-regulation in innate immunity
Various PAMPs from both Gram-positive and Gram-negative bacteria have been shown to
interact with particular TLRs. Thus, while sepsis is more commonly caused by Gram-
positive bacteria, it can also be caused by Gram-negative bacteria. Moreover, LPS from
Gram-negatives is one of the best studied immunostimulatory components of bacteria and
can induce systemic inflammation and sepsis if excessive signals occur without proper
regulation. In our previous report, miR-146a was upregulated in LPS-stimulated THP-1
cells, showing it to be a regulator of proinflammatory cytokine production by establishing

Nahid et al. Page 13

J Immunol. Author manuscript; available in PMC 2013 March 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



tolerance against LPS (32). Interestingly, both we and Taganov et al. (31) observed elevated
miR-146a expression in response to TLR2 or to TLR5 stimulation by bacterial and fungal
components or following exposure to TNF-α or IL-1β. Following this, the ligands that
showed miR-146a expression were primarily considered in our LPS-induced cross-tolerance
study. This upregulated miR-146a caused by LPS provided cross-tolerance in THP-1 cells.
Analogous to LPS, both TLR2 and TLR5 ligands showed cross-tolerance to unrelated
ligands provided by miR-146a expression. miR-146a induction, however, was not observed
in response to a nucleic acid analog, such as polyinosinic-polycytidylic acid (31), although,
in a recent study, Hou et al. (27) observed overexpression of miR-146a in response to
vesicular stomatitis virus infection in a mouse infection model. In that study, miR-146a was
shown to regulate type 1 IFN by inhibiting retinoic acid-inducible gene I signaling
molecules IRAK-1, IRAK-2, and TRAF-6 (27). Interestingly, a report by Tang et al. (76)
showed the downregulation of miR-146a in a subset of human lupus patients with elevated
expression of type 1 IFN. In THP-1 monocytes, NOD2 is highly expressed and is a receptor
for PGN or its break-down product MDP. In our study, MDP alone was unable to stimulate
proinflammatory cytokine production in THP-1 cells, but, in combination with LPS,
produced a synergistic effect, as shown by others (77). After 18 h MDP treatment, THP-1
cells did not show cross-tolerance to TLR2 or TLR4 ligands (data not shown), although after
prolonged treatment of primary monocyte-derived macrophages with MDP, Hedl et al. (78)
observed cross-tolerance against Pam3CSK4 and lipid A (TLR4 ligand). This discrepancy
might be due to cell type differences or treatment period or both. In another study, Gutierrez
et al. (79) observed that NOD2-induced NF-κB activation involving IRAK-1 is likely to
activate cytokine production. Thus, miR-146a is likely to downregulate NOD2 activity by
affecting IRAK-1 and contributes to maintaining a state of hyporesponsiveness toward
commensal microflora. In any case, TNF-α can be produced through activation of all TLRs,
except TLR3, and all of these pathways involve miR-146a target molecules TRAF6 and
IRAK-1 adaptor kinases (35). Recently, de Vos et al. (12) observed LPS-induced cross-
tolerance against all TLR ligands, including TLR3 and TLR7, in human volunteers.
Similarly, LPS-induced cross-tolerance was observed in THP-1 cells against TLR3 ligands,
such as polyinosinic-polycytidylic acid, in terms of TNF-α production (data not shown).
Whether innate immunity involving miRNAs, including miR-146a, directly or indirectly
regulates TLR3 and TLR7 signaling remains to be determined. Therefore, endotoxin-
induced cross-tolerance associated with upregulated miR-146a may have a broader role in
regulating TNF-α, a key player in the cytokine network, induced by a number of pattern
recognition receptors in innate immunity. In the future, however, in vivo investigations, such
as the phenotypic analysis of mice with targeted deletion of miR-146a, will be necessary to
fully explore the role of this miRNA in innate immunity. It is interesting to speculate
whether all of these TLRs involving TRAF6 and IRAK-1 were regulated by miR-146a in a
comparable manner. During LPS induction, some of the miRNAs have been reported to be
downregulated, including let-7i, which is thought to target TLR4 itself (80), and miR-125b,
which is known to target TNF-α (81). Sometimes miRNAs are dysregulated in cancer (82)
or aberrantly expressed in such inflammatory diseases as rheumatoid arthritis (83). Thus,
miRNAs may form a key link between inflammation and cancer; however, the induction of
specific miRNAs by TLRs, including miR-146a, as a key step in tumor progression is still
unclear.

In summary, multiple lines of evidence reported in this study substantiate the indispensable
role of miR-146a in endotoxin-induced cross-tolerance. miR-146a expression involved in
LPS-induced cross-tolerance operates as a negative regulatory feedback (or tuning)
mechanism to prevent the destructive consequences of uncontrolled inflammatory reaction
caused by overactivation of TLR signaling. Modulation of miR-146a level can have an
opposite effect, notably on the levels of adaptor kinases, leading to the attenuation of TLRs
signaling. This finding highlights the importance of further investigations on whether
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miR-146a can be used as a therapeutic intervention for boosting or limiting TLR activation
to maintain a controlled immune response.
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FIGURE 1.
TNF-α protein secretion and miRNA expression kinetics in response to a panel of innate
immune ligands in THP-1 monocytes. THP-1 cells were incubated with various ligands for 8
or 24 h, as indicated at the foot of the graphs. TNF-α in culture supernatants was measured
by ELISA (A). Total RNAs were purified from the respective cell pellets, and the
expressions of miR-146a (B), miR-155 (C), miR-132 (D), and miR-16 (E) were analyzed by
qRT-PCR. miRNA expressions were normalized with RNU44. All results are expressed as
mean ± SD from three independent experiments. *p < 0.05; **p < 0.01 compared with
untreated cells.
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FIGURE 2.
Inhibition of miR-146a expression increases TNF-α response to TLR ligands. THP-1 cells
transfected with 40 nM of miR-146a inhibitor for 24 h, along with mock-transfected
controls, were washed with complete growth medium. Cells were then challenged with the
various ligands for 5 h. A. Total RNA from cell pellets of mock- and miR-146a inhibitor-
transfected cells were analyzed by qRT-PCR for miR-146a expression. B, Total RNAs were
analyzed for TRAF6, IRAK-1, and unrelated lamin A/C (LMNA, negative control) mRNA
expression in both mock- and miR-146a inhibitor-transfected cells by qRT-PCR. C, Western
blot analysis for IRAK-1, TRAF6, and tubulin in the cell lysates collected 24 h after with or
without (mock) miR-146a inhibitor transfection. D, TNF-α protein in supernatants of mock-
transfected and miR-146a inhibitor-transfected cells and challenged with the various ligands
shown at the foot of the graph were measured using ELISA. Data are expressed as mean ±
SD of three independent experiments. *p < 0.05; **p < 0.01 compared with mock-
transfected cells.
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FIGURE 3.
High levels of LPS-induced miR-146a may account for cross-tolerance to non-LPS agonists
in the THP-1 cell model. THP-1 cells primed with 10 ng/ml LPS for 18 h (cross-tolerized,
filled bars) and untreated controls incubated for the same time period (untolerized, open
bars) were washed twice with PBS, then challenged with various ligands or medium alone
for 5 h. Culture supernatants and total RNA were analyzed for cytokines using ELISA (A,
C, D), or miRNA (E, F, J) and mRNA expression (B, G, H) by qRT-PCR, as described in
Materials and Methods. Changes in IRAK-1 and TRAF6 protein levels in LPS-primed and
unprimed THP-1 cells challenged with various TLR ligands or medium alone for 2 h were
analyzed by Western blot with tubulin expression shown as loading controls (I). Serial
dilutions of untreated THP-1 cell lysates (100, 50, 25%) were included in the Western blot
to document the semiquantitative measurement for IRAK-1 and TRAF6 expression. THP-1
monocytes were cultured with or without 100 ng/ml PGN continuously for 18 h followed by
washing and cultured in complete medium for another 0, 12, or 22 h (PGN withdrawal). At
each time point, 6 × 105 cells were challenged with 500 ng/ml PGN for 3 h prior to analysis
of TNF-α production by ELISA (J) and miR-146a expression by qRT-PCR analysis (K). All
results are expressed as mean ± SD from three independent experiments. *p < 0.05; **p <
0.01 compared with untolerized THP-1 cells.
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FIGURE 4.
LPS- and PGN-tolerized THP-1 cells show efficient tolerance to high doses of respective
ligands with dependency on priming dose and are inversely correlated to induced levels of
miR-146a. THP-1 cells primed with 0, 10, 100, or 1000 ng/ml LPS Se (1’LPS) or PGN
(1’PGN) continuously for 18 h were washed twice with PBS, then challenged with high
doses of LPS Se up to 10,000 ng/ml (2’LPS) or PGN up to 2,000 ng/ml (2’PGN).
Supernatants and cell pellets were collected 5 h after start of challenge to measure TNF-α
protein by ELISA (A, C) and miR-146a expression analysis by qRT-PCR (B, D). Data
points and error bars represent mean ± SD of three independent experiments. *p < 0.05; **p
< 0.01 compared with unprimed THP-1 cells.
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FIGURE 5.
Peptidoglycan (PGN)-, Pam3CSK4 (Pam)-, and flagellin (Flag)-induced miR-146a
contributes to cross-tolerance in THP-1 cells. THP-1 cells were primed with 100 ng/ml
PGN, Pam3CSK4, or flagellin for 18 h, washed twice with PBS, then challenged with LPS
Se (100 ng/ml), PGN (500 ng/ml), Pam3CSK4 (100 ng/ml), or flagellin (100 ng/ml).
Supernatants and cell pellets were collected 5 h later for analysis of TNF-α protein by
ELISA (A–C), miR-146a (D, F, G), and TLR4 mRNA expression in total RNA by qRT-
PCR (E). Data points and error bars represent mean ± SD of three independent experiments.
*p < 0.05; **p < 0.01 compared with untolerized THP-1 cells. PGN- and Pam3CSK4-primed
THP-1 cells were challenged with various homologous or LPS for 2 h, and then cell lysates
were analyzed for IRAK-1, TRAF6, and tubulin expression compared with control by
Western blot (H, I).
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FIGURE 6.
IRAK-1 and TRAF6 knockdown results in decreased inflammatory response to microbial
ligands. siRNA targeting IRAK-1 (A) or TRAF6 (B) were transfected into THP-1 cells, and
knockdown efficiency was determined using qRT-PCR; lamin A/C (LMNA) was used as an
unrelated mRNA control. Twenty-four hours after transfection, mock-transfected, IRAK-1–
deficient, or TRAF6-deficient THP-1 cells were stimulated for 24 h with the indicated
ligands shown at the foot of the graph (C–E). Cytokines released in the culture supernatants
were determined by ELISA. Data are representative of three independent experiments and
expressed as mean ± SD. *p < 0.05; **p < 0.01 compared with mock-transfected cell.
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FIGURE 7.
Transfected miR-146a alone mimics LPS-induced cross-tolerance to various innate immune
TLR ligands. THP-1 cells were transfected with 20 nM miR-146a mimic. They and mock-
transfected cells were incubated for 24 h, washed with complete growth medium, and then
challenged with indicated ligands for another 3 h. A, RNA isolates were prepared from cell
pellets of mock and transfected cells followed by qRT-PCR for miR-146a expression
normalized to RNU44. B, TNF-α protein measured using ELISA in supernatants from
mock- and miR-146a-mimic-transfected cells. C, The RNA samples were also analyzed by
qRT-PCR for mRNA expression of miR-146a targets TRAF6, IRAK-1, and unrelated lamin
A/C (LMNA, negative control). Data are representative of three independent experiments
and expressed as mean ± SD. *p < 0.05; **p < 0.01 compared with mock-transfected cells.
Western blot analysis for IRAK-1, TRAF6, and tubulin in the cell lysates collected 24 h
after with miR-146a-mimic transfection (D) or without (mock).
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FIGURE 8.
Elevated levels of LPS-induced miR-146a contribute to resistance to heat-killed bacteria in
the THP-1 cell model. A, THP-1 cells primed with 10 ng/ml LPS Se for 18 h (cross-
tolerized, filled bars) and untreated controls incubated for the same time period (untolerized,
open bars) were washed twice with PBS, then challenged with heat-killed E. coli or P.
gingivalis at 1 × 106 CFU/ml for 3 h. B, THP-1 cells transfected with miR-146a mimic (40,
60, or 80 nM), followed by incubation for 24 h, and mock-transfected cells were washed
with complete growth medium and challenged with heat-killed E. coli (1 × 106 CFU/ml).
TNF-α protein in supernatants from mock-transfected and miR-146a mimic-transfected cells
was measured using ELISA. Data are representative of three independent experiments and
expressed as mean ± SD. *p < 0.05; **p < 0.01 compared with untolerized or mock-
transfected cells.

Nahid et al. Page 27

J Immunol. Author manuscript; available in PMC 2013 March 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


