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Abstract

Toll-like receptors (TLRs) are key molecules in innate immu-
nity that recognize a variety of pathogen-associated molec-
ular patterns. Activation of TLRs by their agonists initiates
several signaling cascades, which eventually result in the ex-
pression of immune modifiers. Despite the fact that MCPIP1
is reported as an important immune regulator involved in
macrophage activation, modulation of its expression by all
known TLR agonists has never been documented. In this
study, we present for the first time that in human monocyte-
derived macrophages all TLR agonists, except CpG, marked-
lyinduced the expression of MCPIP1. The level of the induced
transcript, as well as the protein and time of their appearance
varied depending on the agonist. Furthermore, we con-
firmed the strong and differential upregulation of MCPIP1
during bacteria, virus and fungus infection. MCPIP1 belongs
to a group of early-response genes; however, in the present
study, we show for the first time the sustained high level of
MCPIP1 expression during long-term Staphylococcus aureus
infection. Taken together, our results implicate MCPIPT as a
potent regulator of innate immunity, which can be strongly
engaged in the pathogenesis of acute and chronic infective
diseases. Copyright © 2012 S. Karger AG, Basel

Introduction

Toll-like receptors (TLRs) are a group of pattern rec-
ognition receptors that play an essential role in host de-
fense against a wide range of pathogenic microorganisms
[1]. TLRs are thought to function by detecting the pres-
ence of distinct components unique to microorganisms
and subsequently activate different gene programs, which
promote various innate and adaptive immune responses.
Thus far, ten TLRs have been identified in humans; how-
ever, their distribution is varied. TLRs are members of the
interleukin (IL)-1R superfamily and share a similar sig-
naling cascade. The cascade involves activation of the
adapter molecule MyD88, which forms an initial signal-
ing complex with IRAK4 and TRAF6. Formation of this
complex results in activation of a signaling cascade that
leads to activation of the MAP kinases, such as ERK, JNK
and p38, as well as transcription factors such as nuclear
factor (NF)-kB and activator protein 1. Despite shared
signaling pathways, engagement of different TLRs elicits
a spectrum of immune responses because TLRs differ in
their cellular localization and ligand specificity, as well as
in the rate, intensity and/or efficiency of activation of tar-
get genes, some of which involve as yet unidentified
mechanisms. Therefore, the investigation of TLR-induc-
ible genes is important for clarifying the control mecha-
nisms of innate immune reactions.
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The MCPIPI gene (also called ZC3HI2A), originally
described as a gene activated by monocyte chemoattrac-
tant protein 1 (MCP-1), belongs to a group known as
CCCH zinc finger genes that encompasses 55 members
described in humans [2]. MCPIPI contains a putative nu-
clear localization signal sequence, a single zinc finger do-
main with three cysteines, and one histidine for RNA
binding; therefore, this protein was described originally
as a transcription factor that induces expression of apop-
totic gene families [2]. Further studies showed, that
MCPIP1 has a PilT N terminus domain with RNase prop-
erties and regulates the stability not only of its own tran-
script but also of IL-6, IL-1 and IL-12p40 mRNA [3, 4].
Furthermore, recent data revealed that MCPIP1 can act as
a deubiquitinase for tumor necrosis factor receptor
(TNFR)-associated factors, thus negatively regulating
JNK- and NF-«kB-dependent signaling [5-7]. The newest
data identify MCPIP1 as a broad suppressor of miRNA
activity and biogenesis, which counteracts Dicer, a central
ribonuclease in the miRNA processing system [8]. Such
features predispose MCPIPI to play an important role in
both physiological and pathological processes related to
inflammation. MCPIPI gene transcription is rapidly and
potently induced upon stimulation with proinflammato-
ry molecules such as TNF-a, MCP-1, IL-1B and lipopoly-
saccharide (LPS) [2, 9]. This process is regulated via NF-
kB and MAP kinase pathways [5, 7, 10]. Commitment of
such crucial components of the inflammatory cell-signal-
ing network suggests, that MCPIPI can be upregulated by
different ligand-receptor pairs, including TLRs. However,
this remains to be fully elucidated, since MCPIP1 itself is
a factor which critically regulates inflammation [3].

In this study, we report the first comparative analysis
of the differential effects of TLR agonists on MCPIP1
mRNA and protein expression in human primary mac-
rophages, which are reported to express all TLRs [11]. We
used either natural or synthetic TLR agonists and also
examined the role of viable pathogens (Staphylococcus
aureus, Escherichia coli, Candida albicans, adenovirus
type 1) on short- and long-term MCPIPI regulation in
infected macrophages.

Materials and Methods

Reagents

Gentamycin, SYBR Green JumpStart Taq Ready Mix, tryptic
soy agar, tryptic soy broth, endotoxin (LPS), lipoteichoic acid
(LTA) and poly(I1:C) were from Sigma. Fetal calf serum, RPMI-
1640, calcium- and magnesium-free PBS (without Ca** and Mg?**)
and lymphocyte separation medium were obtained from PAA.
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Flagellin, R848 and Pam3CSK4 were purchased from Enzo Life
Science. CpG was from Hycult Biotechnology. Macrophage-acti-
vating lipopeptide (MALP-2) was obtained from Imgenex. The
purity of TLR agonists was estimated for CpG 85% (HPLC), fla-
gellin 95% (SDS-PAGE), LPS 80%, MALP-295% (HPLC), poly(1:C)
99% (thin layer chromatography) and LTA 97% according to the
manufacturer’s statement. All agonists, except LPS, were endo-
toxin free.

Cell Culture

Human monocyte-derived macrophages (hMDMs) were dif-
ferentiated from peripheral blood mononuclear cells (PBMCs), as
described previously [12]. Blood was obtained from the Red Cross,
Krakow, Poland. The Red Cross de-identified blood materials as
appropriate for human subjects confidentiality assurance. Thus,
the current manuscript adheres to appropriate exclusions from
human subjects approval. Briefly, PBMCs were isolated from hu-
man blood using a lymphocyte separation medium density gradi-
ent yielding the fraction highly enriched in monocytes (90%
CD14 positive), as described previously [12]. Cells were plated at
3 X 10%/well in 24-well plates (Sarstedt) in RPMI-1640 supple-
mented with 2 mM L-glutamine, 50 pug/ml gentamycin and 10%
autological human serum. After 24 h, non-adherent PBMCs were
removed by washing with complete medium, and adherent cells
were cultured in this medium for 7 days with fresh medium
changed every 2 days.

Incubation of h(MDMs with TLR Agonists

hMDMs were incubated for various lengths of time in 0.5%
human serum RPMI with PBS or the following TLR agonists: LPS
(100 ng/ml), LTA (10 pg/ml), R848 (10 wm), CpG-DNA (12 uMm),
Pam3CSK4 (1 pwg/ml), MALP-2 (10 ng/ml), poly(I:C) (10 pg/ml)
and flagellin (100 ng/ml).

Bacterial, Fungus and Virus Preparation

S. aureus strains ATCC 29213 and Newman (kindly provided
by Dr. T. Foster, Trinity College, Dublin, Irland) and E. coli strain
(ATCC 25922) were inoculated from stocks into 10 ml tryptic soy
broth media and grown to the stationary growth phase at 37°C
overnight under constant rotation (180 rpm). C. albicans (ATCC
10231) were cultured in pepton-yeast extract medium with 4% of
glucose at 25°C overnight under constant rotation (180 rpm). Pri-
or to each inoculation, the bacterial and fungus cells were col-
lected by centrifugation (5,000 g, 5 min), washed with PBS and
resuspended in PBS to the desired ODgg . For some experi-
ments, numbers of vital staphylococci in samples were verified by
plating dilutions on agar plates and counting colonies to deter-
mine colony-forming units (CFU)/ml according to a previously
published protocol [13]. Adenovirus type 1 stock (kindly provided
by Dr. K. Pyr¢, Jagiellonian University, Krakow, Poland) was gen-
erated in A549 cells. Cells were lysed at 3 days after infection by
three freeze-thaw cycles. A control A549 cell lysate from mock-
infected cells was prepared in the same manner as the virus
stocks.

Short-Term Infection of Macrophages

Macrophage infection was performed using S. aureus ATCC
29213 (multiplicity of infection, MOI 1:5), E. coli (MOI 1:5), ade-
novirus 1 (2,000 TCIDsg) and C. albicans (MOI 1:20). Phagocyto-
sis assays were carried out for 2 h at 37°C at an indicated MOL
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After that cells were rinsed 4 times with ice-cold PBS and infected
cells were cultured in medium containing gentamycin (50 pg/ml)
for an additional 2 h.

Long-Term Infection of Macrophages

Two models of long-term infection of macrophages were per-
formed. In the first model, we used S. aureus ATCC 29213 or E.
coli at the low MOI 1:5, and the level of MCPIPI mRNA was
qualitatively determined in infected cells. In the second model,
hMDM:s were infected with the Newman strain at the high MOI
of 1:50, and we analyzed the MCPIPI expression until S. aureus
escaped from macrophages several days after infection. In both
models, 2 h after phagocytosis, cells were rinsed 4 times with
ice-cold PBS. Any remaining non-phagocytized bacteria were
killed by culturing in medium containing gentamycin (50 g/
ml) for 24 h. The medium was then replaced with fresh media
without antibiotics, and cultures were maintained for the de-
sired time.

Quantitative Reverse Transcription PCR

Total cellular RNA was extracted from cultured hMDMs us-
ingan RNeasy Mini Kit (Qiagen), according to the manufacturer’s
instructions. RNA samples were DNase treated and cDNA was
prepared by reverse transcription (RT) using the RevertAid™
First Strand cDNA Synthesis Kit (Fermentas). Five hundred nano-
grams of RNA from each sample was used for cDNA synthesis
reaction with oligo(dT) primers, according to the manufacturer’s
instructions. Quantitative PCR (qPCR) reaction was performed
with a SYBR Green method in a reaction volume of 20 .1, contain-
ing 1 pl of cDNA sample, 0.5 uM of each primer and 1 X SYBR
Green JumpStart Taq Ready Mix. qRT-PCR forward and reverse
primers for MCPIPI (ZC3H12A) and for housekeeping EF2 gene
(used for normalization) were used previously [4]. After 5 min of
initial denaturation at 95°C, reactions were carried out for 40
cycles at the given conditions: denaturation, 95°C, 30 s; anneal-
ing, 62°C, 30 s; extension, 72°C, 30 s, followed by a final elonga-
tion step at 72°C for 10 min. All the reactions were performed in
duplicates. Means for threshold cycle (Ct) values were calculated
and analyzed using the ‘delta-delta Ct’ quantification method
[14]. Routinely, for the evaluation of quality of qRT-PCR reactions,
samples were resolved on non-denaturing 1.5% agarose gels and
visualized by staining with ethidium bromide.

Cytokine Assay

Five hundred microliters of cell culture supernatants were col-
lected and stored at -80°C until analysis. The level of IL-6 and/or
interferon (IFN)-vy was determined by using commercially avail-
able ELISA kits, according to the manufacturer’s instructions (BD
Bioscience).

Protein Isolation and Immunoblotting

Whole cellular extracts from control and stimulated cells
were prepared using 100 pl of RIPA-lysis buffer (0.25% Na-de-
oxycholate, 0.5% Nonidet P-40, 0.05% SDS, protease inhibitor
cocktail, 2.5 mM EDTA in PBS) and stored at -20°C. Equal
amounts of protein (40 wg/well) were separated using SDS-PAGE
10% gels and electrotransferred onto nitrocellulose membranes
(nitrocellulose BioRad) in buffer composed of 25 mM Tris, 0.2 M
glycine, 20% methanol (30 V, overnight). Non-specific binding
sites were blocked with 3% BSA in TTBS buffer (20 mM Tris,
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0.5 M NaCl, pH 7.5 with 0.05% Tween-20) for 1 h, followed by 1-
2 h incubation with the relevant primary antibody: 1,000-fold
diluted rabbit anti-MCPIP1 (Genetex) or 10,000-fold diluted
mouse anti-B-actin (BD Bioscience). Membranes were washed
extensively in TTBS buffer and incubated with secondary horse-
radish peroxidase-conjugated antibodies, 10,000-fold diluted
donkey anti-rabbit IgG or 20,000-fold diluted sheep anti-mouse
IgG, for 1 hin TTBS buffer containing 1% BSA. Membranes were
washed (4 X 15 min) in TTBS buffer and blots were developed
using ECL detection (Western blotting detection reagents; Am-
ersham Biosciences).

Densitometric Analyses

Densitometric analyses of Western blots were performed us-
ing Kodak Digital Software. Results are presented as increases
over levels in non-stimulated cells.

Statistics

All experiments were performed at least in triplicate, and re-
sults are expressed as means * SD. Results were analyzed for sta-
tistical significance using the non-parametric Student t test. Dif-
ferences were considered significant when p < 0.05.

Results

Effects of TLR Agonists on MCPIP1 Expression in

Macrophages

A strong increase in MCPIPI expression in macro-
phage cell lines (Raw 264.7 and THP-1) in response to
treatment with LPS was recently described [6]. To estab-
lish an equivalent and relevant human primary cell mod-
el for the evaluation of MCPIPI expression upon activa-
tion of other TLRs, hMDMs were stimulated with 100
ng/ml LPS. qRT-PCR analysis (fig. 1a) revealed increased
MCPIPI expression after 1 h of LPS treatment, which
reached its maximum at 4 h (6.09 * 0.84 fold above the
control level). Since each TLR recognizes a distinct
pathogen-associated molecular pattern (PAMP), prima-
ry macrophages were challenged with: LTA from S. au-
reus, synthetic lipoprotein (palmitoylated N-acyl-S-dia-
cylglycerylcysteine, Pam3CSK4), MALP-2, dsRNA
[poly(I:C)], bacterial flagellin, imidazoquinoline phar-
maceutical compound (R848), unmethylated CpG-
DNA, which are TLR2, TLR1/2 heterodimer, TLR2/6
heterodimer, TLR3, TLR5, TLR7/8 heterodimer and
TLRY-specific stimuli, respectively. The analysis per-
formed by RT-PCR revealed differential upregulation of
MCPIP] atthelevel of transcription (fig. 1b-h). Although
initial gene induction was observed 1 h after treatment,
with the majority of TLR ligands, the timing of maximal
MCPIP] expression level varied from agonist to agonist.
A similar pattern was observed for Pam3CSK4, LTA and
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Fig. 1. Time-dependent modulation of MCPIPI expression by TLR
agonists. hMDMs were incubated with PBS or TLR ligands: LPS,
100 ng/ml (a); Pam3CSK4, 1 pg/ml (b); LTA, 10 pg/ml (c); MALP-2,
10 ng/ml (d); poly(I:C), 10 pg/ml (e); flagellin, 100 ng/ml (f); R848,
10 pM (g), and CpG-DNA, 12 uM (h). After the indicated time, to-
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tal RNA was isolated and RT-PCR was performed to estimate the
level of the MCPIPI transcript. Data represent the mean values cal-
culated from the results of 3-5 independent experiments using
hMDMs derived from different donors. Rel. = Relative; C = control.
Bars represent the mean relative expression * SD. * p <0.05.

Blazusiak/Florczyk/Jura/Potempa/Koziel



Fig.2. The changes in MCPIP1 protein lev- C
els upon hMDMs treatment with TLR ago-
nists. After the stimulation with TLR ago- —
nists, cells were cultured for 4 and 16 h, 4h
and then protein fractions were prepared
as described in Materials and Methods. A
representative immunoblot out of 3 sepa-
rate experiments performed on hMDMs
derived from different donors is shown.

MCPIP1 was visualized by immunoblot 16h
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flagellin (fig. 1b, c, f), where maximal MCPIPI expres-
sion peaked at 17.23 * 7.4,10.89 * 4.7 and 39.10 £ 14.1
(mean value * SD), respectively, after 2 h. In the case of
stimulation with LTA, the maximal expression was sus-
tained up to 4 h. Conversely, the level of MCPIP1 mRNA
decreased 4 h after stimulation with Pam3CSK4 and fla-
gellin. The second profile with the highest induction of
the MCPIPI gene after 4 h was observed when cells were
treated with MALP-2, poly(I:C) and R848. These TLR2/6-,
TLR3- and TLR7/8-specific agonists caused a fold in-
crease in MCPIPI transcript of 22.57 £ 8.4 (MALP-2),
38.5 = 23.9 [poly(I:C)] and 31.2 *+ 14.2 (R848), respec-
tively, above the basic mRNA level in unstimulated cells
(fig. 1d, e, g). Interestingly, MCPIPI expression was not
changed upon CpG stimulation (fig. 1h). Furthermore,
the MCPIP1 protein level determined by specific anti-
body 4 and 16 h after agonist stimulation resembled the
mRNA expression profile (fig. 2). The strongest increase
was observed 4 h after cells were treated with R848 and
flagellin (5.33 * 3.1 and 5.98 * 3.2 fold increase above
the control level, respectively). However, the profile of
the MCPIP1 protein level varied 16 h after cell stimula-
tion with agonists. At that time, the most potent MCPIP1
inducers were LPS, poly(I:C), Pam3CSK4 and MALP-2.
Interestingly, CpG increased MCPIP1 slightly (1.69 *

0.51 fold) but only 4 h after macrophage stimulation.
Collectively, these results clearly show that all TLR ago-
nists, except CpG, induce strong MCPIP1 expression in
human macrophages.

To validate the macrophage activation by the tested
TLR agonists, the level of secreted inflammatory media-
tors was assessed. IL-6 and/or IFN-vy were measured in
cell culture medium after stimulation with TLR ligands.
Results presented in figure 3 clearly indicate macrophage
activation with all ligands tested.

MCPIPI Regulation by TLR Agonists

Induction of MCPIPI1 during Short-Term Macrophage

Infection

We next investigated whether MCPIPI induction in
hMDMs occurs during infection with live carriers of
PAMPs. Therefore, macrophages were infected with
Gram-positive (S. aureus) and Gram-negative (E. coli)
bacteria, DNA virus (adenovirus type 1) and fungus (C.
albicans). The results shown in figure 4 confirmed the
observation with pure PAMPs, since in comparison to
non-infected cells, each pathogen potently induced
MCPIP] expression within 4 h after infection. The stron-
gest effect was observed during S. aureus and E. coli in-
fection (14.28 * 3.9 and 26.4 £ 4.8 fold stimulation, re-
spectively). The bacterial intracellular load in infected
hMDMs was estimated for S. aureus and E. coliat 192,000
+ 3,421 and 451 * 89 CFU per 300,000 macrophages,
respectively. C. albicans and adenovirus type 1 induced
MCPIP] at a significantly lower level (4.8 * 2.29 and 4.36
+ 2.08 fold, respectively).

MCPIPI Regulation during Long-Term Bacterial

Infection

A lot of attention has been focused on the role of
MCPIPI in the immediate cellular response to proinflam-
matory stimulation, but little is known about its function-
ing in long-term responses induced by pathogens. We
previously described that phagocytosis of S. aureus by
hMDMs led to prolonged, silent intracellular survival (up
to 7 days) of this pathogen in phagocytes without affecting
the viability of host cells [13]. In addition, global analysis
of the changes in gene expression in S. aureus-infected
hMDMs revealed a significant increase in the expression
of the MCPIPI gene in comparison to 18S rRNA after 8 h
(3.0 fold), 24 h (3.4 fold) and 48 h after phagocytosis (2.4
fold) [12]. Therefore, the hMDMs infection model was ap-
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Fig. 4. The expression of MCPIPI in hMDMs infected with differ-
ent pathogens. MCPIPI expression in macrophages non-infected
and infected with S. aureus (ATCC 29213), E. coli, C. albicans or
adenovirus type 1 for 4 h was monitored by qRT-PCR. Data rep-
resent the mean values calculated from the results of 3 indepen-
dent experiments using hMDM:s derived from different donors.
Rel. = Relative; NS = not significant. Bars represent the mean rel-
ative expression £ SD. * p <0.05; ** p <0.01.

plied to explore MCPIPI expression in response to intra-
cellular persistence of the pathogen established by infec-
tion of hMDMs with a low dose of S. aureus ATCC 29213
(MOI 1:5). For comparison, E. coli (ATCC 25922)-infected
hMDMs (MOI 1:5) were used, since this strain is efficient-
ly killed inside phagolysosomes shortly after phagocytosis

20 J Innate Immun 2013;5:15-23

sayed for the presence of IL-6 (a) or IFN-vy (b), respectively, by
ELISA, as described in Materials and Methods. Bars represent the
mean concentration of secreted cytokines * SD. * p < 0.05; ** p
<0.01; *** p < 0.001.

(fig. 5a). MCPIPI expression was determined by quantita-
tive real-time PCR at different time points after infection
(fig. 5b). After rapid and strong upregulation of MCPIPI
upon infection with both pathogens, a significant decrease
in expression was observed only in E. coli infected macro-
phages (fig. 5b). In contrast, the elevated expression of
MCPIPI was sustained or only slightly decreased during
the course of infection, yet at 72 h, it was still 10-fold high-
er than in mock-infected control cells (fig. 5b). Since we
have shown that intracellular survival of S. aureus stimu-
lated a sustained high level of the MCPIPI mRNA in the
infected cells, it was tempting to determine whether S. au-
reus escaping from macrophages may also modulate
MCPIP]I expression. Thus, the second model of long-term
staphylococci infection was used. This model allows the
observation of pathogen escape from the host cell within
several days after infection. Macrophages were infected
with a high dose (MOI 1:50) of S. aureus Newman strain.
At consecutive days after infection, extracellular bacteria
(CFU) were enumerated by plating the medium and count-
ing the CFU, and the MCPIPI transcript level was deter-
mined. Interestingly, a dramatic spike in the level of the
MCPIP]I transcript was observed coincident with S. aureus
escape from macrophages and massive amplification of
bacteria in the growth media (table 1). Taken together,
these results clearly show that high expression of MCPIPI
is sustained during long-term bacterial infection and im-
plies that MCPIPI can serve as a highly sensitive marker
of intracellular bacterial infection by S. aureus.
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Table 1. Correlation between MCPIPI expression and S. aureus escape from macrophages

Time after Donor 1 Donor 2 Donor 3
infection extracellular MCPIP1/EF2 extracellular MCPIP1/EF2 extracellular MCPIP1/EF2
h bacteria, CFU/ml relative expression bacteria, CFU/ml relative expression bacteria, CFU/ml relative expression
24 0 7.71 0 5.41 0 4.45
48 0 2.59 7.4 x 10* 22.94 0 4.71
72 0.64 x 10° 32.64 ND ND 0 0.64
96 ND ND ND ND 0 0.97
120 ND ND ND ND 9.9 x 10° 344.4

Macrophages were allowed to engulf S. aureus (Newman
strain) at an MOI of 50 for 2 h, were washed, and then extracel-
lular bacteria were killed by gentamycin. Macrophages were cul-
tured in media without antibiotics. At consecutive days after in-
fection, media were aspirated and plated onto TSA for enumera-
tion of extracellular bacteria (CFU). Simultaneously, total RNA

was isolated and qRT-PCR reaction was performed to estimate the
level of the MCPIPI transcript. The data illustrate results obtained
in 3 representative experiments in which intracellular S. aureus
escaped from macrophages at different time points after infec-
tion. ND = Not defined.

Discussion

MCPIPI is regulated by a broad range of proinflam-
matory cytokines (TNF-a, IL-18, MCP-1) and also by
bacterial antigen LPS [2, 4, 7]. Despite the fact that
MCPIPI is described as a TLR-inducible gene [3], the
complex modulation of its expression on the mRNA and
protein levels upon stimulation with known TLR ago-
nists has never been documented. Here, we described for
the first time the broad analysis of MCPIPI regulation by

MCPIPI Regulation by TLR Agonists

different TLR ligands. Our results clearly show that with
the exception of CpG, all TLR agonists can strongly po-
tentiate MCPIP1 expression at the level of mRNA and
produce protein in human macrophages. To minimize
the autocrine and paracrine stimulations by secreted cy-
tokines that may contribute to MCPIP1 expression, the
duration of the experiments was limited to 4 h. Within
2 h after stimulation, the level of secreted cytokines was
negligible; therefore, we suggest that the observed MCPIP]I
induction is the direct consequence of TLR activation.

J Innate Immun 2013;5:15-23 21



The initial induction occurred within an hour of treat-
ment with agonists, but further time-dependent response
varied for different pattern recognition receptor agonists.
For Pam3CSK4 or flagellin after rapid MCPIPI induc-
tion, the mRNA levels declined in a time-dependent
manner, whereas for the rest of the tested ligands, includ-
ing LPS, the level of the MCPIPI transcript peaked at4 h
after stimulation. A similar effect was noticed previously
in human and mouse macrophages stimulated with LPS
(100 ng/ml) [6]. The effect of the sustained high-level
MCPIPI transcript may be a consequence of mRNA sta-
bilization, which has already been documented for some
other cytokine gene transcripts after LPS stimulation.
Furthermore, the high level of the MCPIP1 protein de-
tected 16 h after stimulation with several TLR agonists
may not only confirm the above notion but it also strong-
ly suggests protection of the MCPIP1 protein from intra-
cellular degradation. Taking into account the response to
other TLR ligands, it must be underlined that the maxi-
mal MCPIPI expression induced by endotoxin during the
time course of experiments was significantly lower (6.09
* 0.85) compared to the effect induced by other TLR
agonists (26.77 * 5.6). Interestingly, these findings do
not correlate with much stronger induction of MCPIPI by
E. coli infections comparing to other pathogens (S. aure-
us, C. albicans and adenovirus 1). This discrepancy is
probably due to the fact that many signaling pathways in
addition to TLRs are involved in MCPIPI induction dur-
ing infection with live bacteria. Secondly, the difference
in induction of MCPIP1 by LPS and other agonists may
result from a relatively low dose of endotoxin used in our
study. In the case of CpG, which among all tested agonists
exerts only slight induction of MCPIP1 at the protein lev-
el, such observation can be explained by insufficient ex-
pression and, in consequence, by activation of the TLR9
receptor on hMDMs.

The observed difference in MCPIPI mRNA induction
by TLR agonists does not correlate with cellular localiza-
tion of their receptors [15]. TLRs can be classified into two
groups based upon cellular location. TLRs 1, 2, 4, 5 and 6
are found on the cell membrane and can be activated by
extracellular PAMPs. By contrast, the presence of TLRs 3,
7, 8 and 9 in membranes of intracellular compartments,
such as endosomes and lysosomes, allows detection of nu-
cleic acids (i.e. DNA or RNA) released from viruses or
bacteria that are degraded within endosomes and lyso-
somes inside the cell [15]. MCPIPI possesses RNase activ-
ity that regulates its own transcript 3, 4]. Thus, one may
suspect that the decline in MCPIPI mRNA 4 h after
Pam3CSK4 or flagellin stimulation is a consequence of
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enhanced self-degradation. However, such contention is
contradicted by sustained increase in MCPIPI transcript
in the case of hMDM stimulation with R848 and LTA.
Therefore, the mechanism of differential activation of
MCPIP] expression needs further examination.

The tissue distribution of MCPIPI transcript revealed
the highest expression of the MCPIPI gene in leukocytes,
suggesting an important role for MCPIP1 in the func-
tioning of the immunological system [4]. In this study, we
show that hMDMs present the perfect model to study
MCPIPI regulation upon stimulation of different TLRs,
as well as during macrophage interactions with different
pathogens. In keeping with the latter suggestion, we
showed that MCPIPI is induced in hMDMs upon the in-
teraction with different live pathogens and that this most
likely mimics the situation during the infection process
in vivo. Much attention is paid to rapid, short-term up-
regulation of MCPIPI [3], whereas little is known about
long-term effects. Macrophages play a vital role in host
defense against invading pathogens; however, they can
provide a safe niche for silent intracellular survival of
bacteria as illustrated by S. aureus [13]. Using hMDMs
from selected donors, we documented sustained MCPIP1
expression during prolonged S. aureus persistence in
macrophages over the course of several days. Since
MCPIPI negatively controls oxidative killing mecha-
nisms and directs macrophages towards the anti-inflam-
matory phenotype, one may suspect that sustained
MCPIPI expression during infection would support pro-
longed intracellular survival of S. aureus in cells with
compromised antibacterial activity. In contrast to this
Gram-positive pathogen, the infection with E. coli leads
to stronger upregulation of MCPIPI shortly after patho-
gen engulfment, but the level of MCPIPI decreases
parallel to pathogen eradication. The initial strong
induction of MCPIPI upon infection with E. coli may rep-
resent a defense strategy against invading pathogens,
since MCPIP1 stimulates expression of a variety of pro-
apoptotic genes. It should be underlined that at equiva-
lent MOI, E. coli is more potent in inducing cell death
than S. aureus (online suppl. fig. 1, see www.
karger.com/doi/10.1159/000339826). The decline in
MCPIPI mRNA level in E. coli infected macrophages
within days after infection may suggest the silencing of
inflammatory reaction in response to bacterial eradica-
tion. Therefore, we propose that depending on the patho-
gen, the precise regulation and the level of MCPIP1 during
infection can be beneficial for either the host or an invader.

The regulation of macrophage activation in response
to LPS is suggested as the main MCPIPI function. How-
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ever, new data suggest that this protein can play a role in
protection against overstimulation of the innate immune
response by other TLR agonists. Matsushita et al. [3] dem-
onstrated, in macrophages from Zc3hl2a(-/-) [MCPIP
(=/-)] mice, a highly increased production of IL-6 and IL-
12p40 in response to poly(I:C), LPS, R848 and CpG. How-
ever, this study did not distinguish whether the anti-in-
flammatory effect of MCPIPI was the consequence of a
constitutively high endogenous level of MCPIPI in leuko-
cytes [4], or whether the observed effect was the result of
the MCPIPI expression induced by TLR signaling. In this
context, our data complement this significant observa-
tion by showing that instant, strong upregulation of
MCPIPI mRNA expression via signaling through TLRs
is essential for the control of macrophage activation.
The majority of the data showing MCPIPI regulation
and function have been obtained using cell lines or mu-
rine models. By contrast, all experiments presented here
were carried out on human primary macrophages. The
study revealed that the level of induction of MCPIPI by
TLR agonists appeared to be donor dependent. Neverthe-
less, despite the variable degrees of MCPIPI expression in
hMDMs from different donors, the general time-depen-
dent profile of MCPIPI induction by each agonist was
preserved. Significantly, the overall activation of macro-
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