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MicroRNAs have well-established roles in eukaryotic host
responses to viruses and extracellular bacterial pathogens.
In contrast, microRNA responses to invasive bacteria have
remained unknown. Here, we report cell type-dependent
microRNA regulations upon infection of mammalian
cells with the enteroinvasive pathogen, Salmonella
Typhimurium. Murine macrophages strongly upregulate
NF-xB associated microRNAs; strikingly, these regulations
which are induced by bacterial lipopolysaccharide (LPS)
occur and persist regardless of successful host invasion
and/or replication, or whether an inflammatory response
is mounted, suggesting that microRNAs belong to the first
line of anti-bacterial defence. However, a suppression of
the global immune regulator miR-155 in endotoxin-toler-
ant macrophages revealed that microRNA responses also
depend on the status of infected cells. This study identifies
the let-7 family as the common denominator of Salmonella-
regulated microRNAs in macrophages and epithelial cells,
and suggests that repression of let-7 relieves cytokine
IL-6 and IL-10 mRNAs from negative post-transcriptional
control. Our results establish a paradigm of microRNA-
mediated feed-forward activation of inflammatory factors
when mammalian cells are targeted by bacterial pathogens.
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Introduction

MicroRNAs are a class of genome-encoded small RNAs, of
~22nt in length, that govern post-transcriptional repression
of target mRNAs in a wide range of biological processes
including development, cellular differentiation, apoptosis,
fat metabolism and growth control. They also have important
roles in human disorders including cancer, neurodegenera-
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tive and cardiovascular diseases (Filipowicz et al, 2008;
Stefani and Slack, 2008; Bartel, 2009). Regarding the host
response to pathogens, microRNAs have well-established
roles in viral infections (Ding and Voinnet, 2007; Umbach
and Cullen, 2009). Several host microRNAs such as miR-29a
and miR-32 exert direct anti-viral activity by downregulating
viral mRNAs (Lecellier et al, 2005; Pedersen et al, 2007,
Nathans et al, 2009). Conversely, some DNA viruses encode
microRNAs and utilize the host machinery to regulate either
host or viral mRNAs for their own benefit (Pfeffer et al, 2004;
Gottwein et al, 2007; Umbach and Cullen, 2009).

A 1ole of microRNAs in bacterial infections was first
discovered in plants where Arabidopsis miR-393 contributed
to resistance against the extracellular pathogen Pseudomonas
syringae, presumably by repressing auxin signalling (Navarro
et al, 2006). In addition, P. syringae was shown to secret
effector proteins (Navarro et al, 2008) that similarly to virus-
encoded suppressor proteins (Burgyan, 2008; de Vries and
Berkhout, 2008) antagonize the small RNA-directed basal
immunity of the host.

Before the work in plants, mammalian microRNAs were
implicated in bacterial infections because of associations with
immunity and inflammation (Baltimore et al, 2008; Lindsay,
2008). That is, recognition of pathogen-associated molecular
patterns (PAMPs) by Toll-like receptors (TLRs) was found to
differentially regulate several microRNAs, for example, TLR4-
mediated sensing of bacterial lipopolysaccharide (LPS) and
downstream NF-«xB activity induced miR-146a/b and miR-155
(Taganov et al, 2006; O’Connell et al, 2007; Tili et al, 2007;
Androulidaki et al, 2009; Ceppi et al, 2009; Liu et al, 2009).
Moreover, mice deficient in miR-155 display an altered im-
mune response, and fail to be immunized by an attenuated
bacterial pathogen (Salmonella) (Rodriguez et al, 2007).
Subsequently, miR-155 was also shown to be induced by
Helicobacter pylori (Xiao et al, 2009; Fassi Fehri et al, 2010), a
pathogen of the human stomach.

Whereas P. syringae and H. pylori remain extracellular
during infection, many bacterial pathogens actively invade
host cells or become intracellular after ingestion by phago-
cytic immune cells such as macrophages. During their
multistage infection, intracellular pathogens extensively ma-
nipulate the signalling and gene expression cascades of the
host for survival and replication (Diacovich and Gorvel,
2010). Whether and how host microRNAs are regulated by
invasive and intracellular bacteria remained unknown.

Salmonella enterica serovar Typhimurium (henceforth,
Salmonella) is an intensely investigated intracellular bacterial
pathogen that causes gastroenteritis in humans and lethal
typhoid fever in mice (Cossart and Sansonetti, 2004;
Mastroeni et al, 2009). Both host-cell invasion and intracel-
lular replication by Salmonella can be recapitulated in de-
fined cell lines in vitro (Valdez et al, 2009). Pathogenesis is
mediated by secreted effector proteins that Salmonella injects
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into eukaryotic cells via the two type 3 secretion systems
(T3SS) that are encoded by the major pathogenicity islands,
SPI-1 (invasion) or SPI-2 (intracellular survival). These effec-
tors act in concert to subvert the host cell cytoskeleton, signal
transduction pathways, membrane trafficking and pro-in-
flammatory responses, by directly interacting with host pro-
teins (Galan, 2009; McGhie et al, 2009).

This paper reports microRNA responses of phagocytic (RAW
264.7) and non-phagocytic (HeLa) cells during the course of
infection with Salmonella. Using defined bacterial mutants
impaired in invasion, intracellular survival or both, we show
that bacterial LPS through the innate immune response induces
long-lasting microRNA programs that prevail during the course
of infection. While these programmes vary considerably de-
pending on cell type and status, downregulation of the let-7
microRNA family appears to be a generic and consistent
response, even in endotoxin-tolerant macrophages with mute
TLR4-based innate immunity. We provide evidence suggesting
that let-7 family members post-transcriptionally repress produc-
tion of the major cytokine, interleukin-10 (IL-10), via multiple
pairing sites in the 3’ UTR of IL-10 mRNA. Collectively, our data
suggest that differential expression of microRNAs caused by
bacterial infection results in cell type-dependent feed-forward
activation of cytokine expression.

Results

Salmonella infection regulates host microRNAs

We identified differentially regulated microRNAs by compara-
tive deep sequencing of a total of 14 cDNA libraries prepared
from the small RNA population (19-34 nt) of host cells before
or after Salmonella infection, or in mock-treated -cells.
Experiments were performed in two of the most commonly
used cell lines for in vitro study of Salmonella infections, that
is, murine RAW 264.7 cells due to their macrophage-like
characteristics and human HeLa cells as a common epithelial
infection model. In addition to infecting both cell types with
wild-type bacteria (Figure 1), we determined microRNA
changes in RAW 264.7 cells after challenge with Salmonella
mutants deleted for the SPI-1 or SPI-2 major virulence regions
(Supplementary Figure S1). On average, ~50000 cDNAs
were sequenced per library, and typically >70% of all
cDNAs in a library matched the known or predicted
microRNAs (Supplementary Table S1) compiled by mirBASE
version 14 (Griffiths-Jones et al, 2008).

Calculation of microRNA expression changes in RAW 264.7
cells as detected by 454 sequencing at 24 h p.i. (post infec-
tion) with wild-type Salmonella versus mock treatment
(Figure 1A; Supplementary Table S2) readily detected the
expected upregulation of miR-21 (3.4-fold), miR-146a/b (4.0-
fold) and miR-155 (25.7-fold), all of which are known to
accumulate following stimulation of macrophages with bac-
terial LPS (Taganov et al, 2006). Intriguingly, we observed
significant downregulation of several let-7 family members,
namely let-7a/c/d/f/g/i and miR-98. All of the above regula-
tions were validated in independent northern blot (Figure 2A)
and quantitative real-time PCR (qQRT-PCR; Figure 2B) assays.
Analysis of additional time points (4 and 8h p.i.) by both
cDNA sequencing and qRT-PCR showed that the upregula-
tion or downregulation of miR-155 and the let-7 family,
respectively, is a fast response and most dramatic within
the first 4 h of infection (Supplementary Figure S2).
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Figure 1 Salmonella infection regulates host microRNA expression
in (A) RAW 264.7 and (B) HeLa cells. Small RNA libraries of
uninfected cells at 0h, cells infected with wild-type Salmonella at
24h p.i. and mock-treated cells at 24 h p.i., were analysed by 454
sequencing, and microRNA expression changes were calculated by
comparison of cDNA hits in the libraries (24 h infection versus 0 h
and 24 h mock versus 0h). The graphs show log2 fold changes in
infected cells (y axis) versus log2 fold changes in mock-treated cells
(x axis).

In HeLa cells, a significant upregulation of microRNAs
by Salmonella was limited to miR-1308 (Figure 1B;
Supplementary Table S3), a candidate microRNA of unknown
function that derives from tRNA (tRF-5005; Lee et al, 2009).
In contrast, miR-21, miR-146a/b or miR-155 remained unaf-
fected, which is in accord with a lack of expression of the LPS
sensing components TLR2 or the TLR4 co-factor MD-2 in this
epithelial cell type (Wyllie et al, 2000; Taganov et al, 2006;
O’Connell et al, 2007). Intriguingly, our sequencing data
suggested that downregulation of let-7 microRNAs also oc-
curred in HeLa cells (Figure 1B; Supplementary Table S3),
and this was further validated by qRT-PCR and northern blot
analyses (Supplementary Figure S3B and C). Taken together,
these results suggest that Salmonella impacts on microRNA
expression in a cell type-dependent manner and generically
promotes downregulation of the let-7 family in both phago-
cytic and non-phagocytic cells.

Extracellular stimulus, rather than invasion, drives the
microRNA response to Salmonella

Previous studies of mammalian microRNA alterations in-
duced by bacterial pathogens were limited to extracellular
stimulation of TLR4 by treatment with purified LPS or by
non-invasive H. pylori (Baltimore et al, 2008; Zhang et al,
2008; Xiao et al, 2009). To evaluate the contributions of
extracellular versus intracellular bacteria, we sequenced
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Figure 2 Expression of let-7 microRNAs is downregulated upon Salmonella infection. (A) Northern blot analysis of let-7a, miR-155, miR-146a
and miR-21 expression in RAW 264.7 cells after 24 h of mock treatment or infection with Salmonella wild type, or with mutants defective in
invasion (ASPI-1), intracellular replication (ASPI-2) or both (ASPI-1/2). (B) qRT-PCR analysis of expression changes of let-7a, miR-155 and
miR-146a in RAW 264.7 cells as above. Mean values £ s.d. from three independent experiments are shown. (C) Invasion/infection assays
performed in RAW 264.7 cells with Salmonella wild type and the three virulence mutants. Bacteria were enumerated at 4 and 24 h p.i. Mean
values * s.d. from three independent experiments are shown. “Significant difference between wild-type infection and mock control (P-value
<0.05). *No significant difference compared with wild-type infection (P-value >0.05).

small RNA populations of RAW 264.7 cells infected with
Salmonella mutants defective in invasion (ASPI-1), intracel-
lular replication (ASPI-2) or both (ASPI-1/2). Invasion/infec-
tion assays confirmed the expected behaviour in RAW 264.7
cells (Figure 2C): ASPI-1 bacteria were poorly internalized yet
then replicated at the same rate as the wild type (compare 4
and 24 h p.i.); the ASPI-2 strain showed normal uptake at 4 h
p.i. followed by intracellular clearance as evident from re-
duced bacterial load at 24h p..; only few intracellular
bacteria were recovered for the ASPI-1/2 strain at either
infection time point. These infection defects notwithstanding,
the three mutants induced alterations to the levels of
miR-21, miR-146, miR-155 and the let-7 family similar to
those induced by wild-type Salmonella (Figure 2A and B).
Importantly, downregulation of the let-7 microRNAs proceeds
at the same speed with the wild-type or the ASPI-1/2
strain as determined by qRT-PCR at 4 h p.i. (Supplementary
Figure S2E).

©2011 European Molecular Biology Organization

To further distinguish the effects of intracellular and extra-
cellular bacterial stimuli, RAW 264.7 cells were infected with
Salmonella expressing green fluorescent protein (GFP), and
the fraction of cells which had internalized bacteria were
separated from the uninfected fraction by fluorescence-acti-
vated cell sorting (FACS). Using an MOI of 1, ~10% of the
host cells contained Salmonella at 24h p.i. (Figure 3A).
Comparison of let-7, miR-146 and miR-155 levels between
the two fractions revealed no difference in the regulation of
these microRNAs (Figure 3C).

Salmonella may induce apoptosis and cytotoxicity in
macrophages by the activity of its secreted SipB protein
(Hersh et al, 1999). The congruent patterns of microRNA
changes by Salmonella strains that do (wild type, ASPI-2)
or do not encode SipB (ASPI-1 and ASPI-1/2) argued,
however, against a significant contribution of apoptosis
or cytotoxicity to the altered microRNA levels observed
upon Salmonella infection. To assess this further, we
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Figure 3 An extracellular Salmonella stimulus is sufficient to induce a microRNA response in the host cells. (A) Naive (N) and (B) endotoxin-
tolerant (ET) RAW 264.7 cells were infected with Salmonella expressing GFP. At 24h p.i., the fraction of cells with internalized bacteria
(GFP + ) were sorted from the uninfected cells (GFP—) by FACS. (C) qRT-PCR analysis of expression changes of let-7a, miR-155 and miR-146a
in the infected (GFP +) and uninfected (GFP—) RAW 264.7 cells. Mean values *s.d. from three independent experiments are shown. “No

significant difference between GFP 4+ and GFP— fraction (P-value>0.05).

quantified the apoptosis and cytotoxicity levels by Annexin V
and propidium iodide (PI) staining, and by measurement
of LDH release. At 4 and 24 h p.i., the invasive wild-type
and ASPI-2 strains caused a mild increase in the fraction of
apoptotic cells and in cytotoxicity, while no significant
apoptosis or cytotoxicity was observed in infections with
ASPI-1 and ASPI-1/2 bacteria (Supplementary Figure S4).
Moreover, as shown below, non-pathogenic Escherichia coli
K12 bacteria impact on miR-155 and let-7 microRNAs
similar to Salmonella, which further argues that apoptosis
or cytotoxicity effects have little if any role in the regulations
reported here. Thus, the sensing of extracellular bacterial
antigens sets the microRNA response to Salmonella, at least
for the first 24 h of infection.

Repression of let-7 in macrophages is triggered by LPS
Whereas the induction of miR-21, miR-146 and miR-155
through TLR signalling had been well established, the signal
to downregulate let-7 was unknown. Since extracellular
bacteria were sufficient, we hypothesized that TLR sensing
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of main surface antigens of bacteria might as well mediate the
repression of let-7. To test this hypothesis, RAW 264.7 cells
were exposed to purified LPS or FliC flagellin—sensed by
TLR4 or TLRS, respectively—for 4 or 24h, and miRNA
expression was analysed by qRT-PCR. In line with previous
reports (O’Connell et al, 2007), LPS strongly induced miR-155
expression in RAW 264.7 cells (Figure 4A). Intriguingly, LPS
also fully recapitulated the let-7 repression observed with
Salmonella (Figure 4B). By contrast, the TLR5 ligand FliC
impacted neither on miR-155 nor let-7 (Figure 4A and B). To
ascertain that TLR4 signalling mediates let-7 repression, we
treated bone marrow-derived macrophages from TLR4 + / +
and TLR4—/— mice with heat-killed Salmonella; as predicted,
the downregulation of let-7 was only observed in TLR4 + / +
cells (Supplementary Figure S5).

Taken together, our experimental data suggest the reduc-
tion of let-7 expression during Salmonella infection occurs by
TLR4 sensing of bacterial LPS. Importantly, we determined
that this regulation is not limited to Salmonella but is also
observed after exposure of RAW 264.7 cells to two other

©2011 European Molecular Biology Organization



A miR-155
40 #
A = Mock
2 g 30 o Salmonella
g E 20 o LPS 1 ug/ml
o3 o LPS 10 pg/ml
22 # 4 ® FliC 0.1 ug/ml
Lo 10 = FliC 1 ug/ml
0
4h 24 h
C miR-155
=
§> 8 = Mock
S £ o Salmonella
G g = EPEC
Ta m E. coliK12
O o
L2

4h 24 h

MicroRNA and bacterial infection

LN Schulte et al

B
s % = Mock
c 9 ~ mSalmonella
SE alPS 1 ug/ml
o 8 oLPS 10 pug/ml
T s FliC 0.1 pg/ml
£e = FiiC 1 pg/ml
D let-7

=
5% = Mock
SE o Salmonella
G 9 sEPEC
% @ m E. coliK12
2

4h 24h

Figure 4 Regulation of miR-155 and let-7 can be recapitulated with purified Salmonella LPS and pathogenic/non-pathogenic Escherichia coli.
Expression changes of (A) miR-155 and (B) let-7a upon stimulation of RAW 264.7 cells with the indicated concentrations of LPS and FIliC or
wild-type Salmonella as determined by qRT-PCR. Expression changes of (C) miR-155 and (D) let-7a upon challenge of RAW 264.7 cells with
wild-type Salmonella, enteropathogenic E. coli (EPEC) or non-pathogenic E. coli K12 as determined by qRT-PCR. Mean values + s.d. from three
independent experiments are shown. “No significant difference compared with Salmonella infection (P-value>0.05). *“Significant difference

compared with Salmonella infection (P-value <0.05).

gram-negative species, non-pathogenic E. coli K12 and en-
teropathogenic E. coli (EPEC) (Figure 4C and D).

Endotoxin-tolerant macrophages also exhibit a robust
microRNA response

Under physiological conditions, macrophages can become
less susceptible to extracellular bacterial stimuli, for example,
after pre-exposure to LPS; this desensitized state protecting
against septic shock is referred to as endotoxin tolerant and
results from a loss of MyD88 recruitment to TLR4 and thus
NF-xB activity (Biswas and Lopez-Collazo, 2009).

We evaluated the robustness of the microRNA response by
infection of endotoxin-tolerant RAW 264.7 macrophages.
Wild-type Salmonella invaded naive and endotoxin-tolerant
cells at comparable rates (with a slight drop in replication in
the latter), and the ASPI-1, ASPI-2 and ASPI-1/2 showed the
same phenotypes as in naive macrophages (compare
Figure 5A versus Figure 2C). Nonetheless, global microarray
analysis confirmed that the endotoxin tolerance altered the
strength of NF-xB activation by extracellular microbial sti-
mulation (Figure 5B). That is, whereas naive macrophages
responded with the activation of well-established NF-«xB-
dependent mRNA genes to wild-type and ASPI-1/2 bacteria
alike, endotoxin-tolerant macrophages mounted a full NF-xB
response only when infected with wild-type Salmonella. In
contrast, the strictly extracellular ASPI-1/2 strain only mar-
ginally activated NF-kB-dependent genes in endotoxin-toler-
ant macrophages. In other words, when TLR4 signal trans-
duction was impaired, an upregulation of NF-kB-dependent
mRNAs relies upon the sensing of intracellular Salmonella.

By contrast, the NF-kB-dependent microRNAs still re-
sponded to extracellular stimuli. That is, miR-21, miR-146
and let-7 levels were invariably altered in endotoxin-tolerant
macrophages by wild-type Salmonella and any of the three
mutants (northern blot and qRT-PCR results in Figure 5C and
D; additional data with sorted macrophage populations for
wild-type Salmonella in Figure 3B and C). The exception was
miR-155, which showed a similar pattern as the NF-xB-
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dependent mRNAs, being poorly induced by the three
Salmonella mutants in endotoxin-tolerant cells. The induc-
tion levels of miR-155 also indicated a requirement for
intracellular sensing such that the invasive ASPI-2 mutant
caused higher (~5-fold) upregulation of miR-155 than
the non-invasive ASPI-1 or ASPI-1/2 mutants (~2-fold).
Regardless of the deviant behaviour of miR-155, the macro-
phage desensitization experiment shows that there is a core
set of microRNAs that respond to Salmonella in a very robust
manner; this set includes the let-7 family.

let-7 targets the major immune-modulatory cytokines
IL-6 and IL-10

Macrophages are central players in the regulation of the
immune response to systemic bacterial infection, part of
which is achieved by the secretion of interleukins for inter-
cellular communication. To obtain evidence of a physiologi-
cal relevance of let-7 downregulation in this process, we
focused on potential targeting of cytokine mRNAs by this
microRNA family. Bioinformatic analysis had predicted the
let-7 family members to repress several important immune-
related genes (Krek et al, 2005; Lewis et al, 2005; Asirvatham
et al, 2008) including IL-6 and IL-10, two major cytokines of
the acute innate immune response. To test whether let-7 post-
transcriptionally regulates the mouse IL-6 and IL-10 genes via
predicted RNA-RNA complementarity (Figure 6A), the corre-
sponding full-length 3’ UTRs were cloned downstream of the
Renilla luciferase ORF in a reporter vector that also expresses
firefly luciferase (our internal reference). The reporters were
introduced into mouse embryonic fibroblast (MEF) cells, a
highly transfectable murine fibroblast line. Co-transfection of
synthetic oligo-ribonucleotides mimicking let-7a or let-7d
caused 1.8-fold (IL-6) or 3.5-fold (IL-10) downregulation of
the reporters, as compared with transfections with no or
control microRNA (Figure 6B and C). Regulations were
considered specific since neither microRNA regulated
Renilla luciferase expression in the parental vector (Figure
6B and C).
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IL-6 and IL-10 mRNAs contain let-7 binding sites in their
3’ UTRs

The 3’ UTR of the mouse IL-6 gene was predicted to contain
one binding site (positions 318-324) complementary to the
seed sequence (7 nt) of all let-7 family members; the interac-
tion would be stabilized by an additional seven base-pair
complementarity with the 3’ region of let-7 microRNAs

The EMBO Journal VOL 30 | NO 10 ] 2011

(Figure 6A). Deletion of or point mutations in the anti-seed
region in the IL-6 reporter abrogated repression by let-7a and
let-7d (Figure 6B and data not shown), supporting the pre-
diction that let-7 directly targets the IL-6 mRNA.

In contrast to IL-6, deletion of the single let-7 binding site
initially predicted in the IL-10 reporter (3’ UTR positions
144-150) only slightly reduced repression by let-7a or let-

©2011 European Molecular Biology Organization



IL-6 3" UTR (306-325) 5’ AUGUAUAAGU--UUACCUCAA 3"
lelle|| o o[l
let-7a 3’ UUGAUAUGUUGGAUGAUGGAGU 5’

IL-10 3" UTR (89-119) 5’ CAACUCCUUGGARAACCUCGUUUGUACCUCU
(LA I I

let-7a 3’ UUGAUAUG----UUGG----AUGAUGGAGU 5’
IL-10 3’ UTR (122-141) 5’ CCGAAAUAUUUAUUACCUCU 3’
leo o] [I]1]
let-7a 3’ UUGAUAUGUUGGAUGAUGGAGU 5’
IL-10 3’ UTR (131-151) 5’ UUAUUACCUCUGAUACCUCAG 3’
Ile [111 [RERNAN
let-7a 3’ UUGAUAUGUUGGAUG--AUGGAGU 5’
Vector IL-10 IL-10-let7mut

>

=

2

=

o

©

o

3

L

o

E]

o

> A2 A 2 A0 /O A% A
miRNA \&° L SN N

N
mimic ¢ ¢ ¢ oo° & ¢ S e

MicroRNA and bacterial infection
LN Schulte et al

Vector IL-6 IL-6-let7mut

Rluc/Fluc activity
o o o
N £ (=2 ® (=] n &
o o o o o o o

0
N
miRNA .¢°\,"" A ‘0 A2, '\° LA N
mimic 6% @ & oo“ & ¢ S ¥

D

Vector IL-10 IL-10-let7mut

240
220
200
180
160
140
120
80
60
40
20

Rluc/Fluc activity

0
miRNA .¢° A% é’: ‘o /(o g: °\\' o\‘g:
inhibitor °o° \°&Q~ 0° \°&Q‘ o ¢ &\Q‘

Figure 6 let-7 microRNA family targets the cytokines IL-6 and IL-10. (A) Schematic representation of let-7a complementarity to the 3’ UTRs of
IL-6 or IL-10. Shaded regions denote the IL-6 or IL-10 sequences that were deleted or mutated in the reporter vector below. (B, C) MEF cells
were transfected with a mixture containing the psicheck2 plasmid (vector) or the Renilla luciferase reporter plasmids carrying the 3’ UTRs of
IL-6 or IL-10, or mutants thereof (indicated above the graphs), in combination with microRNA mimics. (D) Same experiment as in (C) but using
microRNA inhibitors instead of mimics. Renilla luciferase activity is normalized to that of the Firefly luciferase and set to 100 in cells with no
microRNA mimic or inhibitor. Mean values + s.d. from three independent experiments are shown.

7d, to ~2-fold as compared with 3.5-fold of the parental IL-10
reporter (Supplementary Figure S6A). Since some microRNAs
were shown to act at multiple sites in the same mRNA, we
used the RNAhybrid algorithm (Rehmsmeier et al, 2004) to
predict additional let-7 binding sites. Using this approach, we
identified two potential let-7 binding sites that are comple-
mentary to 6nt of the seed sequence of the let-7 family
members (positions 113-118 and 135-140) in the 3’ UTR of
IL-10 (Figure 6A). Similar to the first binding site, individual
deletions of these two additional sites reduced but did not
abolish repression of the IL-10 reporter by let-7; however,
simultaneous deletion or mutation of all three sites rendered
it refractory to the action of let-7a as well as let-7d (Figure 6C;
Supplementary Figure S6A), suggesting that the targeting of
all three binding sites is essential for post-transcriptional
repression of IL-10. The identified let-7 binding sites in the
IL-6 and IL-10 mRNAs are conserved in sequence throughout
mammalian genomes, suggesting an evolutionary conserved
targeting mechanism (Supplementary Figure S6B and C).
The post-transcriptional control of IL-10 was further con-
firmed with a let-7 anti-sense LNA (anti-let-7), which acts to
repress the endogenous let-7 microRNAs. MEF cells showed
an ~2-fold increase in IL-10 reporter activity when co-
transfected with the anti-let-7 as compared with a control
inhibitor or anti-miR-155 (Figure 6D), supporting our model
that a depletion of the endogenous let-7 pool alleviates IL-10
repression. Again, this effect was specific as the anti-let-7 did
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not impact on the mutant IL-10 reporter in which the three let-
7 binding sites are mutated.

Salmonella infection post-transcriptionally activates
cytokine expression

To address whether the observed regulations in the 3’ UTR
reflected regulation of the native target mRNAs, we measured
let-7-dependent changes in both 3’ UTR reporter activity and
IL-6/IL-10 levels in RAW 264.7 macrophages, inducing cyto-
kine production by infection with wild-type Salmonella
(Supplementary Figure S7). Increasing concentrations of let-
7a or let-7d RNA mimics (Supplementary Figure S7A) caused
a concomitant, up to two-fold reduction of 3’ UTR reporter
activity and the level of the respective secreted cytokine
within a 2.5-20nM range of co-transfected microRNA
mimic (Supplementary Figure S7B-E); above this range, the
regulation of both 3’ UTR reporter and secreted cytokine was
equally saturated. Conversely, we antagonized let-7 in RAW
264.7 cells with anti-sense LNA oligonucleotides before in-
fection with Salmonella, expecting to see an increase in both
the activity of co-transfected 3’ UTR reporters, and the
corresponding secreted cytokines. Again, the observed
~1.4-fold increase in 3’ UTR reporter activity correlated
well with a determined increase in secreted IL-6 and IL-10
(Supplementary Figure S7F-H). In other words, the let-7-
mediated regulation of the 3’ UTR reporter is representative
of regulation of the endogenous target mRNA.
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Figure 7 Salmonella infection post-transcriptionally activates expression of IL-6 and IL-10. RAW 264.7 and MEF cells were transfected with the
empty psicheck2 plasmid (vector) or luciferase reporters carrying the IL-6 or IL-10 3’ UTRs, or mutants. After 24 h, the cells were mock infected
or infected for 24 h with Salmonella wild type before reporter activity was assayed. Renilla and Firefly luciferase activity were analysed as

described in Figure 6.

To determine the degree of IL-6 and IL-10 regulation that
can be achieved with the decrease of let-7 levels as a
consequence of Salmonella infection, RAW 264.7 cells trans-
fected with the 3’ UTR reporters of IL-6 and IL-10 were
infected with Salmonella for 24h. The bacteria triggered a
3.5-fold (IL-6) or 2.2-fold (IL-10) increase in reporter activity,
as compared with 1-1.2-fold regulation of the reporters in
which the let-7 binding sites were mutated or the empty
vector (Figure 7).

The same experiment was performed in non-responsive
MEF cells in which let-7 and miR-155 levels remained con-
stant even after prolonged (24h p.i.) infection with
Salmonella (Supplementary Figure S8). In agreement with
the unchanged let-7 levels, the Salmonella infection also
failed to impact on IL-6 or IL-10 reporter activity in this cell
line (Figure 7). Collectively, the sum of our data suggests that
let-7 serves as a post-transcriptional brake of IL-6 and IL-10
synthesis that is released upon the recognition of a pathogen.

Discussion

The present study is the first to address the role of microRNAs
in the eukaryotic response to an invasive and intracellular
bacterium, and the question whether Salmonella can manip-
ulate host microRNAs similarly to its well-established inter-
ference with protein-based signalling cascades by. Our results
show that the initial sensing of LPS of extracellular
Salmonella induces cell type-dependent microRNA expres-
sion programs that predominate during the subsequent in-
tracellular phase of infection; there is a core set of microRNAs
that act in the first line of anti-bacterial defence and their
expression is refractory to reprogramming by Salmonella’s
arsenal of effectors. In addition, experiments with endotoxin-
tolerant macrophages show that the microRNA response is
dramatically influenced by the physiological state of the cells,
which along with the cell type specificity has implications
for the potential use of microRNAs as gene expression
markers in infected tissues or animals. Finally, our study is
the first to implicate the widespread let-7 family in anti-
bacterial defence, and we provide molecular evidence of
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how the downregulation of these microRNAs promotes the
expression of the key cytokines, IL-6 and IL-10, during
Salmonella infection. The results establish a paradigm of
how microRNAs facilitate post-transcriptional feed-forward
activation of inflammatory factors when mammalian cells are
targeted by invasive bacteria.

MicroRNA responses to bacterial infection
Pioneering work on plant-microbe interactions showed that
host microRNAs are both passively and actively regulated by
bacterial pathogens (Ruiz-Ferrer and Voinnet, 2009).
Specifically, Arabidopsis miR-393 is induced at the level of
transcription by innate immune sensing of the flagellin-
derived PAMP peptide of P. syringae (Navarro et al, 2006).
This incurs repression of the main receptor (TIR1) of the
hormone auxin, which is a negative regulator of defence
responses. Thus, a main scheme in potentiating the basal
defence responses is to activate a repressor of a negative
regulator of defence. In mammal, the PAMP LPS reduces the
levels of let-7 microRNAs by a yet to be discovered mechan-
ism, and this alleviates post-transcriptional repression of IL-6
synthesis; here, the PAMP sensing promotes defence by
repressing a repressor of a positive regulator of defence.
Another difference between animals and plants with re-
spect to the employment of the microRNA machinery
during host pathogen interplay might be the involvement of
secreted bacterial effectors. The effector protein HOPT1-1 of
P. syringae was found to antagonize host microRNA activity
at the level of Agol1, at least when expressed as a transgene in
plants (Navarro et al, 2008). No homologues of HOPT1-1 or
other microRNA suppressor proteins have been reported in
Salmonella or other bacterial pathogens of mammals so far.
Moreover, it appears that the animal microRNA response to
infection is persistent and robust to the activity of the >30
translocated effector proteins of Salmonella. Specifically, the
SPI-1 and/or SPI-2 mutants elicited the same microRNA
response as did wild-type Salmonella or purified LPS. This
robustness is remarkable given that numerous Salmonella
effectors target NF-kB signalling which also controls
microRNA transcription (McGhie et al, 2009). As a note of
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caution, increased sequencing depth and better cell fractiona-
tion might still discover microRNAs that are differentially
regulated by extracellular versus intracellular bacteria; simi-
larly, Salmonella effectors might alter microRNA activity
rather than the steady-state levels profiled here. It also
remains to be seen whether the infection studies so far
employed the right conditions for host microRNAs to have
the highest impact and bacterial effectors to sufficiently
accumulate in the host for measurable interference with
microRNA-mediated regulations.

Our deep sequencing results identify miR-21, miR-146 and
miR-155 as the most highly regulated microRNAs in macro-
phages, irrespective of whether infective or attenuated
Salmonella are used, and thus provide the first experimental
evidence for predicted key roles of LPS and NF-«B in the
microRNA response to bacterial infections (Taganov et al,
2006; Chen et al, 2007; Tili et al, 2007). However, host cells
must rely on additional stimuli for the sensing of pathogens,
especially so if pre-exposure to LPS renders macrophages
endotoxin tolerant (Biswas and Lopez-Collazo, 2009). We
have discovered highly similar response patterns of NF-«B-
dependent microRNAs in naive versus endotoxin-tolerant
macrophages, whereas NF-kB-dependent mRNAs were in-
duced fully by Salmonella in naive macrophages only.
Moreover, miR-155 differed from the above as it failed to be
induced by the ASPI-1/2 strain in endotoxin-tolerant cells.
These differential expressions identify microRNAs as novel
candidates for the emerging plasticity of NF-kB-dependent
gene regulation. For example, NF-«B initiates cytokine IL-6
expression in primary macrophages upon LPS stimulation,
but this response is then sustained by NF-kB-induced C/EBPd
and later attenuated by ATF3, allowing the cells to differen-
tially respond to transient or recurring stimulation of TLR4
(Litvak et al, 2009). In our infection experiments, the limited
LPS stimulus by ASPI-1/2 bacteria might be below the thresh-
old for miR-155 induction, yet still permit alterations to the
levels of the other microRNAs in endotoxin-tolerant cells.
Although ASPI-1/2 bacteria are both non-invasive and ra-
pidly cleared from macrophages after minor phagocytosis,
they might still induce weak NF-kB activity. Thus, the differ-
ential expression of miR-155 in endotoxin-tolerant cells con-
stitutes an example of how cells discriminate between short-
term and long-term challenges with bacterial pathogens, and
argues further that control by NF-«xB is a plastic rather than
an all-or-nothing event. Importantly, our data also show that
let-7, miR-21 and miR-146 belong to those inflammation-
related genes that respond to even minute stimulation of
NF-«B activity. In contrast, miR-155 as a global regulator of
the immune response with many targets (Selbach et al, 2008)
is controlled much more stringently during infection.

Profiling epithelial (HeLa) cells revealed yet another un-
coupled expression of NF-kB-dependent microRNAs: miR-21,
miR-146 and miR-155 did not respond to Salmonella, while
let-7 family members were still downregulated. Altogether,
the cell types tested here exhibit different microRNA response
patterns to infection by one and the same bacterium.

let-7 family regulates cytokines IL-6 and IL-10

We have identified the let-7 family as new microRNAs
associated with bacterial infection and shown that its down-
regulation promotes cytokine production upon attack by
Salmonella. MicroRNAs of the let-7 family are highly con-
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served across species in sequence and function, and asso-
ciated with cell differentiation and development of cell-based
diseases such as cancer (Roush and Slack, 2008). Recently,
let-7 repression was also observed in human cholangiocytes
by LPS and the protozoan Cryptosporidium parvum; it was
postulated that since let-7i negatively regulates TLR4, its
repression helps sustain the innate immune response (Chen
et al, 2007; Hu et al, 2009).

Here, we identify the cytokines IL-6 and IL-10 as new
immune-related targets of let-7 microRNAs (while our paper
was in preparation, others identified regulation of IL-6 mRNA
by let-7 during cell transformation; Iliopoulos et al, 2009).
These two cytokines, along with IL-1 and TNFe, have im-
portant pro- and anti-inflammatory roles in Salmonella infec-
tions (Klimpel et al, 1995). LPS stimulation of macrophages
highly induces cytokine TNFa which then promotes NF-«B
translocation to the nucleus and the inflammatory response
(Bouwmeester et al, 2004), but also antagonizes NF-kB
effects by inducing apoptosis (Micheau and Tschopp,
2003). In concert with IL-1 and IL-6, TNFa also causes
systemic inflammatory symptoms such as fever or
septic shock (Carswell et al, 1975; Sundgren-Andersson
et al, 1998).

IL-10 is important to counteract the above pro-inflamma-
tory effects, and functions to moderate TNFa and IL-1a
production, preventing autocrine-induced cell death or en-
dotoxin shock in Salmonella-infected macrophages or mice,
respectively (Arai et al, 1995a, b). In light of these established
functions of IL-10, we interpret the derepression of IL-10
production by downregulation of let-7 to prevent excessive
immune-response outcomes such as septic shock and apop-
tosis during Salmonella infection. Intriguingly, lower levels of
let-7 will also ensure the concomitant upregulation of pro-
inflammatory IL-6, balancing elevated IL-10 production and
limiting polarization of the immune response towards an
anti-inflammatory outcome. Two additional microRNAs,
miR-106a and miR-466l, were recently reported to inhibit
the IL-10 mRNA by 3’ UTR interactions different from those
by let-7 (Sharma et al, 2009; Ma et al, 2010). However, neither
of them was differentially regulated in our data sets, suggest-
ing that post-transcriptional regulation of IL-10 during
Salmonella infection is primarily by the let-7 family.
Nonetheless, whether IL-6 and IL-10 are always concomi-
tantly derepressed upon LPS-triggered let-7 reduction remains
to be determined.

We are yet to identify the factors that repress let-7. The
RNA-binding protein Lin28 that inhibits let-7 at the precursor
level (Heo et al, 2008, 2009) showed unaltered mRNA levels
within 24 h of infection (data not shown), suggesting that
downregulation of let-7 by Salmonella does not involve a
block of microRNA maturation.

Network functions of infection-induced microRNAs

Based on studies of plant immunity and defence mechanisms,
it has been suggested that eukaryotes restrict bacterial patho-
gens by a balanced induction of microRNAs that repress
negative defence regulators and repression of microRNAs
that repress positive effectors of defence (Ruiz-Ferrer and
Voinnet, 2009). In part, this is also visible for Salmonella
and mammalian microRNAs, for example, repression of let-7
that represses the positive effector of defence, IL-6. By con-
trast, the derepression of IL-10 constitutes a novel type of
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regulation, that is, the repression of a microRNA that re-
presses a negative effector of defence.

Arguably, none of these regulations should be viewed in
isolation since almost all Salmonella-regulated microRNAs
engage in feedback loops of the inflammatory response.
Examples include the complex signalling downstream of
TLR4-mediated LPS sensing where upregulated miR-146 re-
presses IL-1 receptor-associated kinase (IRAK-1) and TNF
receptor-associated factor 6 (TRAF6), two key adaptor mole-
cules downstream of TLR and cytokine receptors (Taganov
et al, 2006). Likewise, miR-155 targets an adaptor in the
TLR/IL-1 signalling cascade (TAB2) and the suppressor of
cytokine signalling 1 (SOCS1) (Androulidaki et al, 2009;
Ceppi et al, 2009; Lu et al, 2009), and let-7i feedback regulates
TLR4 (Chen et al, 2007). Our study provides important
reference data of regulated microRNAs to foster a better
understanding of these complex regulations and their net-
work motifs during natural infections.

Materials and methods

Cell culture and bacterial strains

RAW 264.7, HeLa and MEF-1 cells were grown in RPMI 1640
(Gibco) supplemented with 10% fetal calf serum (Biochrom), 2 mM
L-glutamine (Gibco), 1mM sodium pyruvate (Gibco) and 0.5%
B-mercapto-ethanol (Gibco) in a 5% CO,, humidified atmosphere at
37°C.

Primary bone marrow-derived cells were differentiated in DMEM
(4.5g glucose/ml) supplemented with 10% fetal calf serum, 10%
L929 differentiation supernatant, 2mM L-glutamine and 1mM
sodium pyruvate.

Salmonella enterica serovar Typhimurium strain SL1344 is
referred to as wild type throughout this study. The ASPI-1 (JVS-
0405) or ASPI-2 (JVS-1103) strains with deletions of Salmonella
Pathogenicity Islands 1 or 2 were provided by Paetzold et al (2007)
or Karsten Tedin, respectively (Hansen-Wester et al, 2004). The
ASPI-1/ASPI-2 strain (JVS-3614) was constructed by phage P22
transduction of strain JVS-0405 with a lysate of strain JVS-1103.
Wild-type Salmonella constitutively expressing GFP from a chro-
mosomal locus (strain JVS-3858) was recently described (Papenfort
et al, 2009). E. coli strains E2348/69 (EPEC) and DH5a (K12) were
kindly provided by JP Bo6ttcher (MPI-IB Berlin).

Bacterial infection, antigen stimulation and endotoxin
tolerance

Two days before infection, 2.5 x 10° host cells per well were seeded
into 6-well plates. Overnight cultures of bacteria were diluted 1:100 in
fresh L-broth medium and grown aerobically until an OD of 2.
Bacteria were harvested by centrifugation and resuspended in
complete RPMI medium. RAW 264.7 cells were infected at an MOI
of 1 and HeLa cells at an MOI of 10. After addition of bacteria, the
cells were centrifuged at 250g for 10min at room temperature
followed by 20 min incubation in 5% CO,, humidified atmosphere, at
37°C. Medium was then replaced for complete RPMI containing
gentamicin (50 pg/ml) to kill extracellular bacteria. Following 30 min
incubation, cells were supplied with fresh complete RPMI containing
10 pg/ml gentamicin for the remainder of the experiment.

To quantify bacterial invasion and intracellular replication,
infected host-cell cultures were solubilized with PBS (Gibco)
containing 0.1 % Triton X-100 at the respective time points. Samples
were serially diluted in PBS and plated on LB plates. The number of
colonies formed from the recovered bacteria was compared with
that obtained from the input bacteria used for infection.

For stimulation with purified S. Typhimurium LPS (Sigma,
#1.6143) or FliC (Alexis; #ALX-522-028) cells were seeded at
2.5 x10° per well of a 6-well plate 2 days before exposure. LPS
and FliC were directly added to the cell-culture medium at the
indicated final concentrations.

Endotoxin tolerance was induced by pre-exposing RAW 264.7
macrophages to heat-killed S. typhimurium (HKS) at an MOI of 10
for 20 h. Cells were then washed four times with PBS and cultured
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in fresh RPMI for 3 additional days. For subsequent experiments,
cells were seeded into 6-well plates 2 days before the onset of the
infection (assuring a total gap of 5 days between removal of the HKS
stimulus and re-stimulation with bacteria).

Sequencing of small RNAs

Infected and mock-treated cells were stabilized with RNAlater
(Qiagen) reagent and send to Vertis Biotech AG (Munich, Germany)
for RNA isolation, size fractionation (10-29 nt fraction, recovered
from denaturating gels), and cDNA library generation. The cDNA
libraries were sequenced using a Roche FLX 454 platform. In all,
454 reads were aligned against the respective set of mature
microRNAs using the R package mirMap454. Briefly, mirMap454
attempts to identify common 5 and 3’ adaptor sequences in the
reads and removes these before further analysis. Each read is
aligned against all mature microRNAs in the database semi-globally
using dynamic programming. The simple scoring scheme employed
allows terminal gaps in the mature microRNA sequence at no costs,
while indels in general are scored with + 3, mismatches with +2
and mismatches to N with + 1. Motivated by the error distribution
of 454 reads, up to three terminal mismatches are ignored in scoring
the alignment if the remainder of the sequences aligns without
indels or mismatches. For each read, the alignment to a mature
microRNA with lowest score is identified. If the score of this
alignment is 5 or less, the read is considered to be mapped to this
microRNA. If the read maps to n different microRNAs with equal
scores, 1/n reads are counted as mapped to each of these
microRNAs. The microRNA reads were normalized to the total
read number of a given library. Data sets were filtered for
microRNAs that covered at least 0.1% of all reads in one of the
control data sets or in the respective infection data set.

RNA isolation, northern blots and qRT-PCR

Total RNA was isolated with the TRIzol Reagent (Invitrogen),
according to the manufacturer’s instructions. For northern blot
detection of microRNAs, 25 ug of total RNA per lane was separated
on a 15% PAA, 8 M urea gel at 250V in TAE bulffer. In all, 2 pl of 5
YATP-labelled Decade Marker (Ambion, labelled according to the
manufacturer’s instructions) was used as a size marker. Wetblot
transfer onto a Hybond XL membrane (Amersham) was carried out
in 0.5x TAE buffer for 50min at 50V. Transferred RNA was
crosslinked at 120 mJ/cm? (UV Crosslinker Biolink B, PeqLab). The
following pre-designed LNA probes were used (Exiqon,
Denmark): mmu-let-7a (#39510-00), mmu-miR-155 (#39471-00),
mmu-miR-146a (#39466-00) and mmu-miR-21 (#39103-00). snoR-
NA-202 was detected using a DNA-oligo JVO-5873 (5'-AAGTACTTT-
CATCAAGTCAGTACAGC-3'). Probes were labelled at the 5’ end with
v-dATP [*?P]. Hybridization was carried out overnight at 62°C
(LNA) or at 42°C for 30min (DNA) in Rapid-hyb hybridization
buffer (GE Healthcare). Hybridization signals were detected on a
Phosphoimager system (FLA 3000, Fuji).

To independently quantify microRNA expression changes, we
used TagMan miRNA assay Kkits (Applied Biosystems) according to
the manufacturer’s instructions. The following kits were used: hsa-
miR-98, assay-ID 000577; hsa-let-7a, assay-ID 000377; hsa-let-7d,
assay-ID 002283; mmu-miR-155, assay-ID 001806; hsa-miR-146a,
assay-ID 000468; snoRNA202, assay-ID 001232. Fold changes were
determined using the 2024CD.method (Livak and Schmittgen,
2001). Expression of candidate miRNAs was normalized to
expression levels of snoRNA202 (Wong et al, 2007).

Microarray experiments

Transcriptomics of RAW 264.7 macrophages were performed as
dual-colour hybridizations on mouse whole genome G4122F
4 x 44k multipack microarrays (Agilent Technologies). To compen-
sate for dye-specific effects, a dye-reversal colour-swap was applied
(Churchill, 2002). Total RNA labelling was performed with the Low
RNA Input Fluorescent Linear Amplification Kit (Agilent Technol-
ogies). In brief, mRNA was reverse transcribed and amplified using
an oligo-dT-T7-promotor primer and resulting cRNA was labelled
either with Cyanine 3-CTP or Cyanine 5-CTP. After precipitation,
purification and quantification 1.25pg of each labelled cRNA was
fragmented and hybridized to mouse whole genome microarrays
according to the supplier’s protocol (Agilent Technologies). Scan-
ning of microarrays was performed with 5um resolution using a
G2565CA microarray laser scanner (Agilent Technologies). Raw
microarray image data were analysed with the Image Analysis/
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Feature Extraction software G2567AA (Version A.9.5, Agilent
Technologies). The extracted MAGE-ML files were transferred to
and analysed with the Rosetta Resolver Biosoftware, Build 7.1
(Rosetta Biosoftware). Ratio profiles comprising single hybridiza-
tions were combined in an error-weighted manner to create
ratio experiments. A 1.5-fold change expression cutoff for ratio
experiments was applied together with anti-correlation of ratio
profiles rendering the microarray analysis highly significant
(P-value>0.01), robust and reproducible. Genes identified as
differentially expressed were processed further by calculating the
respective fold changes based on the relative intensity values
obtained from infection-specific and mock-treated samples in the
same hybridization. Generation of a Heatmap diagram represen-
ting infection-specific mRNA expression changes was done by log2
transformation of fold changes using the Software ‘Cluster” followed
by visualization of the result table using the software ‘Treeview’
(Eisen et al, 1998). The data presented here are deposited in NCBI
Gene Expression Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo/
) and accessible through GEO Series accession number (GSE27703).

Cell sorting

Cells infected with GFP expressing Salmonella were washed twice
with PBS and harvested by centrifugation at 250 g for 10 min at room
temperature. The cell pellet was resuspended in PBS, filtered through
a MACS pre-separation filter (Miltenyi Biotec), and sorted using a
FACS Aria II system (BD Biosciences). First gating was performed
by selecting the fraction of intact cells based on granularity (side-
scatter) and cell diameter (forward-scatter). Thereon, the GFP-
positive and negative fractions were defined based on fluorescence
signals as detected in the FITC channel (GFP-signal) and the PE
channel (autofluorescence). Cells transfected with fluorescein-
labelled LNA oligos (Exiqon) were sorted using a FACS Aria III
system (BD Biosciences) using the same strategy as described above,
detecting the fluorescein signal in the FITC channel.

Apoptosis and necrosis evaluation tests

LDH release from cells infected as described above was quantified
using the Cytotox96 kit (Promega) according to the manufacturer’s
instructions. For quantification of apoptosis induction by Annexin
V/PI staining, cells were washed twice with PBS and resuspended
in binding buffer (BD Pharmingen) at 10° cells/ml. In all, 100 pl
of cell suspension was mixed with 5ul APC-labelled Annexin V
(BD Pharmingen) and 1 pl of 500 pg/ml PI (lyophilized stock from
Sigma). Upon incubation at room temperature for 15min (light-
protected) cells were subjected to flow cytometry using a BD LSR II
flow-cytometer. Upon gating on the fraction of intact cells based on
granularity (side-scatter) and cell diameter (forward-scatter) annex-
in-positive and PI-positive cell populations were determined using
the appropriate single-stained controls and the Annexin V and
PerCP channels versus forward-scatter. Subsequent gating was
performed on the fraction of cells staining positive for Annexin V,
but negative for PI to determine changes in the fractions of
apoptotic but not necrotic cells.

Luciferase assays

The 3’ UTRs of murine IL-6 and IL-10 were amplified by PCR from
an MEF-1 cDNA library and cloned downstream of the Renilla
luciferase coding sequence, between the Xhol and Notl sites of the
psicheck2 luciferase reporter vector (Promega). Primers used in
PCR reactions were (sequences in 5 to 3’ direction) for IL-6: JVO-
4410 (ATCGGACTCGAGTGCGTTATGCCTAAGCATATC) and JVO-4411
(TCCGATGCGGCCGCAAATATAATATAATTTATTTGTTTGAAGACAGT
CT); for IL-10: JVO-4414 (ATCGGACTCGAGAACACCTGCAGTGTGT
ATTGAG) and JVO-4415 (TCCGATGCGGCCGCCGAATAAGATCCATT
TATTCAAAAT). Mutants of IL-6 and IL-10 3’ UTRs were generated by
site-directed mutagenesis using the plasmid psicheck2-IL-6 and
psicheck2-IL-10 as template, respectively, using the QuickChange
mutagenesis kit from Stratagene. Primers for the IL-6 reporter let-7
binding site mutant: JVO-4540 (AGTTGCAAGACATGAATTGCTAAT
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TTAAATATGTT); for IL-10 reporter deletion of let-7 binding sites:
JVO-4686  (CTTGGAAAACCTCGTTTGTCTCCGAAATATTTATTAC),
JV0-4804 (GTACCTCTCTCCGAAATATTTATGTTCCCATTCTATTTATT
CACTG), JVO-4641 (CGAAATATTTATTACCTCTGAGTTCCCATTCTAT
TTATTCAC); for the IL-10 reporter mutant of let-7 binding sites:
JVO-7688 (GGAAAACCTCGTTTGCCAACATCTCCGAAATATTTATC),
JVO-7690 (CTCCGAAATATTTATCCAACATGACCAACAAGTTCCCATT
CTATTTATTC) and the respective complementary oligonucleotides.
To generate the IL-10 3’ UTR triple mutant devoid of all three let-7
binding sites, psicheck2-IL10-Alet7(1) (template), primer JVO-4860
(CTCGTTTGTCTCCGAAATATTTATGTTCCCATTCTATTTATTCACTG)
and its complement were used.

For the transfection experiments 5.0 x 10* MEF-1 cells were
seeded into 24-well plates 24 h before transfection. Reporter vectors
(Ipg) were transfected together with 50nM pre-miR miRNA
precursor molecules (Ambion; negative control ID#AM17110; hsa-
let-7a ID#PM10050; hsa-let-7d ID#PM11778; mmu-miR-155
ID#PM13058) or with 50nM of miRCURY LNA microRNA-specific
knockdown probes (Exiqon; scrambled-miR cat#199002-00; hsa-let-
7a cat#118000-00; mmu-miR-155 cat#139471-00) using Lipo-
fectamine 2000 (Invitrogen) according to the manufacturer’s
instructions. Cells were collected 48 h after transfection. Transfec-
tion of RAW 264.7 cells with the pre-miR precursor molecules
or fluorescein-labelled LNA knockdown probes (Exiqon; scrambled-
miR  cat#199004-08; hsa-let-7a  cat#410017-08;  hsa-let-7d
cat#410020-08; mmu-miR-155 cat#411222-08) for the comparison
of IL-6 and IL-10 reporter activity and cytokine production was
performed using Lipofectamine 2000. Salmonella infections were
carried out 24h later (pre-miR transfections) or 48h later (LNA
transfections; cell sorting step 24 h post transfection). For analysis
of luciferase activity in response to endogenous let-7 regulation
transfection of RAW 264.7 cells with the reporter vectors was
performed using the Amaxa Cell Line Nucleofector® Kit V (Lonza),
according to the manufacturer’s instructions. Salmonella infection
was performed 24h after transfection/electroporation, and cells
were collected 24 h later. Firefly and Renilla luciferase activities
were measured on a Wallac 1420 Victor3 multilabel counter
(Perkin-Elmer) using beetle-juice and Renilla-juice (PJK GmbH).

IL-6 and IL-10 quantification

The amount of IL-6 and IL-10 present in culture supernatants of
RAW 264.7 cells was determined by ELISA using the OptEIA Mouse
IL-6 immunoassay (BD Pharmingen) or the Quantikine Mouse IL-10
immunoassay (R&D Systems) according to the manufacturer’s
instructions.

Statistical analysis

Statistical tests were performed using a two-tailed Student’s t-test
with equal variances. P-values <0.05 were considered as a measure
for statistical significance. Results of statistical analysis are
mentioned in the respective figure legends.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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