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Abstract

Recognition of foreign nucleic acids is important for the induction of an innate immune response
against invading pathogens. Although the pathways involved in sensing bacterial DNA and viral
RNA are now well established, only limited knowledge is available on mechanisms underlying
recognition of bacterial RNA. It has been reported that intracellular delivery of E. coli RNA
activates the NIrp3 inflammasome but whether this is a general property of bacterial RNA remains
unclear as well as the pathways involved in pro-IL-1f induction and caspase-1 activation by
bacterial RNA. Here, we report that bacterial RNA from both gram-positive and gram-negative
bacteria induces activation of caspase-1 and secretion of IL-1f by murine DC and BMDM.
Stimulation was independent of the presence of 5’triphosphate termini and occurred with whole
RNA preparations from bacteria but not from eukaryotes. Induction of pro-1L-1p as well as the
priming for caspase-1 activation by bacterial RNA was dependent on Unc93B, an endoplasmic
reticulum protein essential for delivery of TLRs to the endosome, whereas the established nucleic
acid sensing endosomal TLRs 3, 7 and 9 were dispensable. In addition, caspase-1 activation and
IL-1B production by transfected bacterial RNA were absent in MyD88 deficient cells but
independent of Trif. Thus, our data indicate the presence of a yet unidentified intracellular nucleic
acid receptor involved in bacterial RNA induced inflammasome activation and release of IL-1f.

Introduction

Infections with pathogenic microorganisms induce rapid activation of the innate immune
system by activation of specialized pattern recognition receptors (PRRs) upon binding of
pathogen-associated molecular patterns (PAMPs). Important groups of PRRs include toll-
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like receptors (TLRs), NOD-like receptors (NLRs) and RIG-I-like receptors (RLRs). The
adapter molecule MyD88 is recruited to all activated TLRs except for TLR3 that mediates
its signaling through Trif (1). As another exception, TLR4 triggers both MyD88- and TRIF-
dependent signalling pathways. Recruitment of MyD88 and/or Trif triggers the activation of
NF-xB and/or the IRF-pathway, resulting in the induction of genes encoding pro-
inflammatory cytokines including I1L-1B, IL-6, TNF and type | interferons, respectively (2).
Microbial nucleic acids are an important group of immune stimulatory PAMPs that -
depending on their subcellular localization - are being sensed by the endosomal TLRs 3, 7
and 9 or by cytosolic RLRs. Viral dsSRNA and ssRNA have been identified as ligands for
TLR3 and TLR7, whereas TLR9 senses unmethylated CpG motifs present in prokaryotic
DNA (3-5). MDA-5 has been described to be activated by long stretches of viral dSRNA in
the cytosol, whereas RIG-I initiates antiviral signaling in response to dsSRNA or ssSRNA with
5'triphosphate termini (6-8). Of note, it has been reported that transfected viral
5'triphosphate RNA can induce activation of caspase-1 and production of mature IL-1f in a
RIG-1 dependent but Nlrp3 independent manner although the differential roles of RIG-1 and
NIrp3 for caspase-1 activation by different RNA viruses remain controversial (6, 9).

By contrast, it is largely unknown how bacterial RNA is sensed by the immune system
although recent reports have pointed out the importance of bacterial RNA recognition for
initiating an innate immune response against invading bacteria. Thus, delivery of bacterial
RNA into immune cells using cationic lipid transfection reagents induced secretion of pro-
inflammatory cytokines and recognition of bacterial RNA was important for the TNF
response by several gram-positive bacteria (10-12). In addition, intracellular delivery of
RNA isolated from E. coli has been described to activate caspase-1 via the Nlrp3
inflammasome and to induce secretion of active IL-15 (13, 14)

Production of active IL-1 is tightly regulated in a two step process: Usually mediated by
PRR-induced NF-xB activation, IL-1f is initially synthesized as a 31-kDa inactive precursor
molecule, pro-I1L-1p, which in a second step is cleaved into the bioactive cytokine by
caspase-1 (15). A critical step for activation of caspase-1 is the assembly of the so-called
‘inflammasome’, a multiprotein complex composed of procaspase-1, the adaptor molecule
ASC and a sensor protein, for example Nlrp3, that mediates the autocatalytic self-cleavage
of caspase-1 into the active enzyme (16). The activation of the Nlrp3 inflammasome
requires two signals: Signal 1 provided by a microbial PAMP or an inflammatory cytokine
functions as ‘priming’ signal, e.g. by up-regulation of NIrp3 expression (17). In addition, a
second signal is needed that can be delivered by ATP, pore-forming bacterial toxins or
particulate substances (18-21). The exact mechanisms of inflammasome activation are not
yet fully understood but the generation of reactive oxygen species (ROS), lysosomal damage
and potassium efflux can contribute to it (22). It has not yet been investigated if activation of
the NIrp3 inflammasome by bacterial RNA is a unique feature of E. coli RNA or a general
characteristic of bacterial RNA. In addition, pathways and mechanisms involved in both
pro-1L-1p induction and caspase-1 activation by bacterial RNA have been poorly
characterized. Here, we report that bacterial RNA from both gram-positive and gram-
negative bacteria induced activation of caspase-1 and secretion of IL-1f3 a MyD88 dependent
manner. However, the so far characterized nucleic acid sensing TLRs 3, 7 and 9 as well as
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TLR adapter molecule Trif were dispensable. Yet, induction of pro-IL1J and NIrp3 was
dependent on Unc93B, thus indicating the existence of a novel, yet unknown nucleic acid
detecting intracellular PRR for inflammasome activation and IL-1f3 release by bacterial
RNA.

Materials and Methods

Reagents

RPMI 1640 containing stable glutamine and DMEM were purchased from Biochrom
(Berlin, Germany), Lipofectamine 2000 and TRIzol were from Invitrogen Life Technologies
(Darmstadt, Germany), FCS from Gibco (Darmstadt, Germany), Pam3CSKy, poly(l:C),
R848 and nigericin from Invivogen (San Diego, CA, USA). Ultrapure LPS from Salmonella
minnesota was provided by U. Seydel (Borstel, Germany). Silica, streptolysin O (SLO),
dithiothreitol (DTT), N-acetyl-L-cystein (NAC), rotenone, 2/,7/-dichlorofluorescein
diacetate (DCFDA), RNase A and Proteinase K were from Sigma (Munich, Germany),
diphenylene iodonium (DPI) and bafilomycin Al from Calbiochem (Merck, Darmstadt,
Germany) and shrimp alkaline phosphatase from Fermentas (St. Leon-Roth, Germany).
Primer for NIrp3 (fw 5’-CCG AAG TGG GGT TCA GAT AA-3, rev 5-TTC AAT GCA
CTG GAA TCT GC-3') and pro-IL-1 (fw 5-GGG CCT CAA AGG AAA GAA TC-3/, rev
5-GGG GAA CTC TGC AGA CTC AA-3’) were custom synthesized by MWG-Biotech
(Ebersberg, Germany).

Bacteria and mouse strains

The following microbial strains were used: Escherichia coli (ATCC 25922), Pseudomonas
aeruginosa (ATCC 27853), Moraxella catarrhalis (ATCC 9143), Staphylococcus aureus
(ATCC 25923), Enterococcus faecalis (ATCC 121), Listeria monocytogenes (ATCC
15313), Streptococcus pyogenes (patient isolate), Candida albicans (ATCC 90028).

TIr2/3/7/97/~ and TIr2/3/4/7/97/~ mice resulted from crossing-breeding of respective single
knockout mice (23). MyD88~/~ and NIrp3~/~ mice have been described (14, 24). Unc93B
mice harboring a H412R missense mutation (*3d’) (25) and Ips2 mice harboring a mutation
in the TRIF adaptor protein (26) were bred at the MPI, Freiburg, Germany. All knockout
mice were backcrossed onto the C57BL/6 background for at least eight times. Wild-type
(WT) C57BL/6 mice were maintained in the animal facility of the University of Heidelberg,
Germany. All animal studies were approved by the local authorities.

Cell isolation and differentiation

Bone marrow GM-CSF-derived myeloid dendritic cells (DC) and bone marrow derived
macrophages (BMDM) were prepared from 8-12 week-old mice as described previously
(11). Briefly, for differentiation of DC, 8x10° bone marrow cells were seeded into 15 cm
cell culture plates in differentiation medium (RPMI 1640 containing stable glutamine,
supplemented with 10% FCS, 1% Penicillin/Streptomycin, 0.05 mM p-mercaptoethanol).
Cell culture supernatant of LGM3 cells that produce GM-CSF was added as source of GM-
CSF. Immature DC (CD11c*, B220~) were harvested at day 8. For generation of bone-
marrow derived macrophages (BMDM), bone-marrow cells were seeded into 15 cm Petri
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dishes in DMEM supplemented with 30% L929 supernatant, 10% FCS and 1% Penicillin/
Streptomycin.

Cell stimulation and transfection

DC were stimulated in RPMI 1640 supplemented with 10% FCS and macrophages were
stimulated in DMEM supplemented with 10% FCS. Unless specified otherwise, DC were
stimulated overnight with 5 pg/ml bacterial RNA complexed with Lipofectamine 2000 at a
ratio of 1 pl Lipofectamine 2000 per 1 ug of RNA. BMDM were transfected at a
concentration of 10 pg/ml. For SLO experiment, cells were transfected for 4.5 h with
bacterial RNA before replacing medium with PBS containing SLO (10ug/ml) and DTT (10
mM). After ca. 15-25 min, PBS was removed and fresh medium was added for another 3 h.
As a positive control for caspase-1 activation, poly(dA:dT) complexed with Lipofectamine
2000 was transfected at a concentration of 1 pg/ml for 6 h. Alternatively, cells were
incubated with the indicated TLR ligands for 1 h, followed by stimulation with silica for 5 h,
or stimulated with LPS for 4 h followed by ATP (5 mM) for 45 min. For inhibitor
experiments, DC were preincubated for 1 h with NAC or DPI at the indicated concentrations
prior to transfection. Rotenone was added 3 h prior to collection of the cells.

Preparation of total bacterial RNA

Bacteria and yeast were grown in LB medium (S. aureus, E. coli, P. aeruginosa, M.
catarrhalis, C. albicans) or BHI medium (E. faecalis, L. monocytogenes, S. pyogenes) and
harvested within the mid log-phase growth. After a digestion step with lysozyme (1 h at 40
mg/ml for gram-positive and 5 mg/ml for gram-negative strains), bacterial RNA was
isolated using TRIzol according to the manufacturer’s protocol. The obtained RNA
underwent a further purification step using the RNeasy mini kit (Qiagen, Hilden, Germany)
including an on-column DNA digestion according to the manufacturer’s protocol. Purity of
the bacterial RNA preparations was validated by determining the 260/230 nm and 260/280
nm extinction ratio by NanoDrop (Thermo Scientific).

Isolation of mammalian RNA for quantitative real-time PCR

Total RNA from cells was isolated using the RNeasy mini kit including on-column DNA
digestion (Qiagen, Hilden, Germany). RNA was transcribed into cDNA using the high
capacity cDNA reverse transcription kit (Applied Biosystems, Woolston, UK) according to
the manufacturer’s instructions. Quantitative real-time PCR was performed with
SYBRGreen (Applied Biosystems, Woolston, UK) using a standard protocol. Identity of
amplicons was checked by melting curve analysis and no reverse transcriptase and no
template controls were included. Analyses were performed in duplicates.

RNase digestion, RNA dephosphorylation, Proteinase K digestion and RNA fragmentation

Bacterial RNA was digested with RNase A at a concentration of 1 ug RNase A per 1 ug
RNA for 60 min at 37°C, or with Proteinase K at a concentration of 500 ug/ml for 2 h at
37°C. Dephosphorylation of 5’-triphosphate ends was performed with shrimp alkaline
phosphatase according to the manufacturer’s protocol. Hydrolytic fragmentation of bacterial
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RNA was performed at 50°C using RNA fragmentation buffer from Ambion (Austin, Texas,
USA) according to the manufacturer’s instructions.

Heat inactivation and RNase A digestion of bacteria

Bacteria were grown as described before, washed in PBS, and heat inactivated at 70°C for
45 min. Afterwards, an aliquot of these heat-killed bacteria was digested with RNase A at a
concentration of 150 ug/ml for 60 min at 37°C.

Immunoblotting and cytokine measurements

For Western Blot analysis, complete cell culture supernatants were collected together with
the cells in a lysis buffer containing 1% Nonidet-P40 supplemented with protease inhibitors
leupeptin, aprotinin, pepstatin A at 1 ug/ml and PMSF at 1 mM. Proteins were then
separated by 12% SDS-PAGE without prior precipitation and membranes were probed with
a rabbit anti-mouse caspase-1 antibody provided by G. Nufiez (University of Ann Arbor,
Michigan, USA) (27). Alternatively, the same lysates were analyzed for pro-IL-1p
expression using a goat anti-mouse IL-1f antibody (M-20, Santa Cruz, CA, USA).

Measurement of ROS production

DC were transfected with bacterial RNA (5 pg/ml) for 6 h in RPMI 1640 supplemented with
10% FCS. As positive control, cells were stimulated with LPS (100 ng/ml) for 4 h. 20 min
prior to collection of the cells, 4 uM DCFDA was added. Cells were washed twice with PBS
and subsequent FACS analysis was performed. Untreated cells not loaded with dye were
used as a negative control to examine cellular autofluorescence.

Statistical analysis

Statistical significance between groups was determined by two tailed Student’s t test.
Differences were considered significant for p < 0.05 (*).

Results

RNA from both, gram-positive and gram-negative bacteria activates the Nlrp3
inflammasome in unprimed dendritic cells and macrophages

To investigate whether caspase-1 activation is a general characteristic of bacterial RNA,
total RNA purified from a variety of clinically relevant bacterial strains was comparatively
analyzed for its capacity to induce secretion of IL-1p by murine GM-CSF derived myeloid
DC (DC). The panel tested included gram-positive and gram-negative, extracellular (S.
aureus) and intracellular (L. monocytogenes) as well as spore-forming (B. subtilis) bacteria.
As shown in Fig. 1A, transfected bacterial RNA from all tested strains induced I1L-1f
secretion in DC. By contrast, eukaryotic RNA derived from C. albicans and RAW264.7
macrophages failed to do so (Fig. 1A). IL-1p secretion by transfected bacterial RNA purified
from gram-positive bacteria was completely abolished upon RNase A digestion, confirming
that IL-1p release was indeed mediated by bacterial RNA and not by potential contaminants.
However, residual activity was observed with bacterial RNA from gram-negative bacteria
after RNase A digestion, indicating relevant contamination of those bacterial RNA
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preparations with other PAMPs, most likely LPS that is found in the cell wall of gram-
negative but not gram-positive bacteria. Therefore, only bacterial RNA purified from gram-
positive bacteria was used for further experiments. Activation of caspase-1 by transfected
bacterial RNA derived from different gram-positive strains was dependent on NIrp3, as it
has been described before for E. coli RNA (Fig. 1B). Bacterial RNA also induced IL-1
release in BMDM although side-by-side comparison demonstrated a higher sensitivity of
DC towards stimulation with bacterial RNA (Fig. 1C). In line with a previous report (13),
transfected bacterial RNA induced caspase-1 activation and release of IL-1f even in cells
that received neither a separate priming nor an additional second signal (Figs. 1D, E).
Although not required, additional stimulation of bacterial RNA transfected cells with the
classical second signals ATP or pore-forming bacterial toxins nigericin and SLO enhanced
and accelerated caspase-1 activation and release of IL-1f (Fig. 1D, E; note decrease in pro-
IL-1p levels due to cleavage). As compared to overnight stimulation (Fig. 1A), IL-1p release
induced by bacterial RNA alone was rather weak at early time-points after stimulation
despite a sufficient up-regulation of pro-1L-1§ (Figs. 1D, E).

IL-1B secretion by bacterial RNA requires intracellular delivery but is independent of RNA
length and 5’-triphosphate termini

Next, the functional and structural requirement of bacterial RNA for inflammasome
activation and IL-1p release were investigated. As demonstrated in Fig. 2A, intracellular
delivery of bacterial RNA was essential for IL-1f secretion as stimulation with extracellular
bacterial RNA showed no effect (Fig. 2A). It has recently been suggested that phagocytosis
of E. coli RNA using heat-killed E. coli as a cargo resulted in strong release of IL-1 in
murine BMDM (28). However, in the present study we did not observe additional 1L-18
secretion when cells were stimulated with heat-inactivated S. aureus together with S. aureus
RNA as compared to IL-1f release with heat-inactivated S. aureus alone (Fig. 2B). To
investigate whether recognition of bacterial RNA was length-dependent, hydrolytic cleavage
of RNA was performed. Fragmentation slightly increased IL-1f secretion although bacterial
RNA in a size range between ca. 300 and 3000 bases had rather similar immunostimulatory
capacity. It has been reported previously that viral 5’triphosphate RNA can activate
caspase-1 upon recognition by the cytosolic helicase RIG-I (9). However, dephosphorylation
of bacterial RNA using shrimp alkaline phosphatase did not alter IL-1f release (Fig. 2D)
indicating that structures other than 5’triphosphate ends are crucial for inflammasome
activation by bacterial RNA. Ribosomal 16S and 23S rRNA constitute approximately 80%
of total bacterial RNA. As ribosomal RNA is tightly associated with ribonucleoproteins, it
was investigated if potential RNA-associated proteins might be relevant for IL-10 secretion.
As demonstrated in Fig. 2E, IL-1P release was not affected by treatment of bacterial RNA
preparations with proteinase K, excluding a role for RNA/protein complexes.

Bacterial RNA mediated induction of pro-IL-18 and priming for Nirp3 inflammasome
activation are independent of TLR3, TLR7 and TLR9 but require Unc93B

To date, limited knowledge is available about the signaling pathways involved in innate
immune sensing of bacterial RNA, especially regarding induction of pro-1L-1 and
caspase-1 activation. To analyze these processes, the response of cells with a combined
deficiency for the known nucleic acid sensing TLRs 3, 7 and 9 were analyzed for their
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response to bacterial RNA. However, IL-1p release of DC and BMDM from TLR2/3/7/9
deficient mice transfected with bacterial RNA purified from all tested strains did not differ
from WT cells (Figs. 3A, B). Of note, IL-1f secretion was unimpaired despite the deficiency
for TLR2, a cell surface TLR involved especially in recognition of gram-positive bacterial
cell wall components (29), further confirming the purity of the bacterial RNA preparations
used. As all so far identified nucleic acid sensing TLRs are localized in the endosome, we
next set up to investigate the role of Unc93B, an endoplasmic reticulum protein that is
critical for delivery of nucleic acid sensing TLRs to the endolysosome (25, 30). IL-1
secretion was completely abolished in DC and BMDM harboring the missense mutation
H412R in Unc93B (Figs. 3A, B). As this mutation abrogates signaling via all three
endosomal TLRs - TLR3, 7 and 9 - it is also referred to as “3d’. Accordingly, TLR3, TLR7
and TLR9 ligands poly(l:C), R848 and CpG, respectively, failed to induce IL-1f secretion in
Unc93B 3d cells but cells responded normally to the TLR2 ligand Pam3zCSK,4 and to the
TLR4 ligand LPS (Fig. 3A). The lack of bacterial RNA induced IL-1p secretion observed in
Unc93b mutated cells was a consequence of both insufficient up-regulation of pro-1L-1 and
impaired cleavage of caspase-1 (Fig. 3C, D). Abolished caspase-1 activation correlated with
defective priming, i.e. defective up-regulation of NlIrp3 which constitutes an important
prerequisite for inflammasome assembly (17) (Fig. 3E). Next, we set up to investigate if
apart from priming, Unc93b plays an additional direct role in caspase-1 activation by
bacterial RNA. To this end, Unc93b mutated DC were first primed with Pam3CSK4 so
circumvent deficient priming by bacterial RNA and were then either transfected with
bacterial RNA or mock transfected. Under these conditions, IL-1f secretion did not differ
between Unc93b mutated and WT cells (Fig. 3F), indicating that Unc93b is only mediating
the priming signal but does not activate the inflammasome directly. As Unc93B mediates
trafficking of TLRs to the endosome, we next pre-treated cells with bafilomycin A1, an
inhibitor of endosomal acidification known to abrogate endosomal TLR signalling. As
shown in Fig. 3G, bafilomycin Al disrupted IL-1B secretion induced by bacterial RNA but
not by LPS plus Silica.

Secretion of IL-1p upon bacterial RNA stimulation is dependent on MyD88 but independent

of Trif

Next, the signaling pathways downstream of Unc93B were analyzed. To this end, DC and
BMDM derived from mice deficient for MyD88, a key adaptor molecule for TLR signaling,
were tested for their ability to respond to bacterial RNA. IL-1p secretion was completely
abrogated in MyD88-deficient DC and BMDM (Fig. 4A). Similar to the data obtained in
Unc93B mutated cells, both the induction of pro-1L-1f as well as the priming step for Nlrp3
inflammasome activation, i.e. up-regulation of NIrp3 expression, were critically dependent
on MyD88 (Figs. 4B, C). Accordingly, MyD88 deficient DC and BMDM failed to activate
caspase-1 upon bacterial RNA transfection, whereas they responded normally to MyD88-
independent stimulus poly(dA:dT) that mediates caspase-1 activation via the cytosolic
receptor AIM2 (31-33) (Fig. 4C and data not shown). MyD88 is the adaptor molecule for all
TLRs except for TLR3 which mediates its signal via Trif (1). In line with the previous data,
Trif was dispensable for bacterial RNA-induced IL-1p release in DC and BMDM (Fig. 4D).
Thus, it is clearly demonstrated that Unc93B and MyD88, but not the so far established
nucleic acid sensing TLRs 3, 7 and 9 or the adaptor Trif were critical for the induction of
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pro-1L-1p as well as for mediating the priming signal for inflammasome activation in murine
DC and BMDM.

S. pyogenes induces IL-1p via recognition of its RNA in an Unc93B-dependent manner

Next, it was investigated if recognition of bacterial RNA was also relevant for infection with
S. pyogenes, a bacterium that has previously been described to activate the Nirp3
inflammasome and to up-regulate pro-1L-1f via a yet unidentified ligand (34). To this end,
heat-inactivated S. pyogenes was depleted for its RNA by digestion with RNase A.
Stimulation of DC with S. pyogenes induced expression of pro-1L-1f in a partly RNA-
dependent manner, as the response was significantly diminished with RNase A treated S.
pyogenes (Fig. 5A). As it was demonstrated before that release of 1L-1p by transfected
bacterial RNA was independent of TLR2, 3, 7 and 9 but required Unc93B (Fig. 3A), it was
next tested if the same pathway was involved in S. pyogenes mediated IL-1f induction.
Resembling the results obtained with transfected bacterial RNA, heat-inactivated S.
pyogenes induced up-regulation of pro-I1L-1p and NIrp3 in WT and TLR2/3/7/9 deficient DC
but not in Unc93B 3d mutated cells (Fig. 5B, C). The same pattern was observed for IL-13
secretion (Fig. 5D). The rather low capacity of heat-inactivated S. pyogenes to induce
release of active IL-1f is most likely due to the lack of SLO production that has been shown
to have a major impact on S. pyogenes mediated caspase-1 activation (34).

Activation of the NIrp3 inflammasome by bacterial RNA requires reactive oxygen species

(ROS)

Although the exact mechanisms involved in NIrp3 inflammasome activation by diverse
stimuli remain elusive, a common role for reactive oxygen species (ROS) has been widely
implicated (18, 35-38). Hence, it was investigated whether ROS might also play a role in
bacterial RNA induced IL-1p secretion. Enhanced ROS generation was detected upon
intracellular delivery of bacterial RNA as determined by FACS analysis of DCFDA loaded
dendritic cells (Fig. 6A). ROS were induced to a similar extend as observed with LPS
whereas transfection reagent alone showed only minor effects. Treatment of DC with N-
acetyl-L-cystein (NAC), a well established and widely used ROS scavenger that reduces
cellular levels of ROS, dose-dependently suppressed I1L-1f release after transfection of
bacterial RNA and impaired cleavage of caspase-1 (Figs. 6B, C). The major sources for
cellular ROS that have been implicated in inflammasome activation are the NADPH oxidase
and mitochondria (19, 36-38). As shown in Fig. 6D, the presence of NADPH oxidase
inhibitor DPI diminished IL-1f release in response to bacterial RNA. In addition, treatment
of DC with rotenone, a mitochondrial complex I inhibitor known to enhance mitochondrial
ROS generation, caused a moderate but significant enhancement of 1L-1f secretion upon
transfection of bacterial RNA (Fig. 6E). Together, these data thus indicate that both NADPH
oxidase and mitochondrial derived ROS formation contribute to inflammasome activation
by bacterial RNA.

Discussion

Although the relevance of bacterial DNA and viral RNA recognition for inducing an innate
immune response against a variety of pathogens has been extensively investigated, only few
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studies have so far addressed the role of bacterial RNA. Some reports indicate that
intracellular delivery of bacterial RNA in immune cells results in production of type |
interferons and pro-inflammatory cytokines including TNF and 1L-12 (10-12, 39). The
significance of bacterial RNA recognition has been strengthened by the observation that
DOTAP-packaged extracts from S. pyogenes failed to induce IFN-f in myeloid DC upon
treatment with RNase A (40). Moreover, intracellular E. coli RNA mediates activation of the
NIrp3 inflammasome and release of IL-1f (13, 28). However, if this is unique for E. coli
RNA or a general property of bacterial RNA has not been investigated and the signaling
pathways involved remain poorly defined.

In the present study, we report that intracellular delivery of bacterial RNA derived from a
variety of gram-positive and gram-negative bacteria induced NIrp3-dependent activation of
caspase-1 and secretion of IL-1f. By contrast, eukaryotic RNA from RAW 264.7 cells or C.
albicans failed to induce caspase-1 activation. Lack of immunostimulatory capacity of
eukaryotic RNA is in accordance with previous reports and attributable to a differential
nucleotide modification profile of prokaryotic as compared to eukaryotic RNA (39, 41). Of
note, IL-1p release by RNA derived from gram-positive bacteria was totally abolished upon
treatment with RNase A but was independent of TLR2, a cell surface receptor involved in
sensing cell wall components of gram-positive bacteria (29). Thus, a major strength of the
current study is the use of bacterial RNA preparations devoid of relevant contaminating TLR
ligands that could interfere with the immunostimulatory effect of the bacterial RNA itself.
As indicated before, activation of the NIrp3 inflammasome usually requires two consecutive
signals (16). However, in line with a previous report (13), transfection of bacterial RNA was
sufficient to drive secretion of processed IL-1f. Intracellular delivery of bacterial RNA was
crucial for IL-1P release as extracellular stimulation had no effect. Although not required,
activation of caspase-1 and secretion of mature IL-1 by transfected bacterial RNA were
greatly enhanced and accelerated when cells received an additional secondary signal in form
of ATP or pore-forming toxins nigericin and SLO. Thus, bacterial RNA can act in concert
with danger signals and bacterial toxins that are released during infection to maximize
inflammasome activation.

Not much is known about the structural requirements of bacterial RNA that are necessary
for caspase-1 activation. It has been described that transfected viral 5'triphosphate RNA can
induce inflammasome activation and release of IL-1 in murine DC and human PBMC (9).
Although 5’triphosphate ends are also present in bacterial MRNA (42) and can thus be found
in the total bacterial RNA preparations used in the current study, these structures were
dispensable for inflammasome activation by bacterial RNA. This is in line with a previous
report (28) and with the notion that inflammasome activation by transfected viral 5'-
triphospate RNA required RIG-1 but not NIrp3, whereas Nlrp3 was critical for caspase-1
cleavage in response to bacterial RNA (9, 14). It is known that the length of viral dsSRNA is
critical for its differential recognition by either RIG-1 or MDAS (8). However,
immunostimulatory capacity of bacterial RNA appeared not to be length-dependent and was
rather similar in a size range of ca. 300-3000 bases.

The sensing of bacterial RNA is differentially regulated and cell-type specific. In this regard,
it has been reported that transfected bacterial RNA triggered the release of IFN-a in human
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PBMC and murine plasmacytoid DC in a TLR7 dependent manner (11). However, the role
of TLR7 for induction of type-I interferon in murine myeloid DC is controversial: Mancuso
et al. reported that group B streptococcus (GBS) induced IFN-f3 in mouse myeloid DC via
recognition of its RNA by TLR7 (12). In contrast, Gratz et al. proposed that DOTAP-
packaged lysates from S. pyogenes induced IFN-$ in a RNA-dependent, but TLR7
independent manner (40). Similarly, production of TNF did not require TLR7 in human
PBMC as well as in murine DC and BMDM (10, 11). The receptors participating in
inflammasome activation by bacterial RNA in murine DC and BMDM still remain elusive.
Here we demonstrate that both the induction of pro-1L-1f as well as the activation of
caspase-1 by transfected bacterial RNA were independent of the established nucleic acid
sensing TLRs 3, 7 and 9. Potential redundancies of the indicated receptors were excluded by
using cells derived from mice lacking expression of all three TLRs. However, secretion of
IL-1p was critically dependent on the TLR adapter molecule MyD88 and Unc93B, an
endoplasmic reticulum protein that is required for trafficking of nucleic acid sensing TLRs
to the endosome (25, 30). Lack of caspase-1 activation in Unc93B 3d mutant cells was due
to interference with the priming step, i.e. impaired up-regulation of Nlrp3 which is required
for NIrp3 inflammasome activation (17). Of note, priming of Unc93b mutant cells with
Pam3CSKA4 prior to transfection of bacterial RNA restored IL-1f secretion, indicating that
Unc93b does not play a direct role in caspase-1 activation. We further demonstrate that the
same pathway was involved in both DC and BMDM and occurred for total RNA
preparations from all tested bacterial strains.

It was recently proposed that intracellular delivery of extracellularly added E. coli RNA
using heat-killed E. coli as a cargo for phagocytic uptake resulted in strong IL-1p release via
the NIrp3 inflammasome (28). Under these conditions, induction of pro-1L-1f was MyD88-
dependent, whereas caspase-1 activation was regulated by Trif. However, we could not
detect increased IL-1f secretion upon co-stimulation of cells with heat-inactivated S. aureus
plus extracellular S. aureus RNA and IL-1p release upon transfection of bacterial RNA was
independent of Trif in our study. The discrepancy between these two investigations might be
due to the different bacterial strains used and/or potential contamination of E. coli RNA with
other TLR-ligands that overlap with RNA mediated effects. However, the data of the current
study are in line with a very recent report demonstrating that the TNF response of BMDM to
RNA from Streptococcus agalactiae was independent of TLR7 and TLR9 but required
Unc93B (10). As TLR8, another member of the endosomal TLR family that mediates
recognition of GU-rich ssRNA in humans, is found to be non-functional in mice (4), these
data suggest the presence of another intracellular nucleic acid receptor for sensing bacterial
RNA. In which cellular compartment this recognition takes place is not entirely clear. As
Unc93B delivers nucleic acid sensing TLRs to the endosome, it is possible that the unknown
receptor shows the same localization. In addition, IL-1B secretion was abolished upon
treatment with bafilomycin A1, an inhibitor of vacuolar H*ATPase known to interfere with
endosomal TLR signaling. However, lysosomal acidification might also be necessary for
endosomal escape of bacterial RNA, which could then be sensed in the cytosol.

The present study further shows that recognition of its RNA was also important for 1L-18
induction by heat-inactivated S. pyogenes and involved the same signalling pathways as
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observed for transfected bacterial RNA. In line with these results, it was reported that
induction of IFN-B by S. pyogenes in DC was probably mediated by its RNA and required
MyD88 but not TLR3 and TLR7 (40). It was recently proposed that bacterial mMRNA
functions as so-called ‘vita-PAMP’ that is present in live bacteria but rapidly lost upon
microbial cell death, thus enabling the immune system to distinguish between vital and dead
bacteria (28). However, our data demonstrate that detection of foreign RNA was still
relevant for cytokine induction by heat-inactivated S. pyogenes. Bacterial RNA was partially
degraded after heat-inactivation (data not shown), but reduction of RNA size did not affect
its immunostimulatory capacity (see Fig. 2C). The results of the present study are in line
with a previous report demonstrating that several gram-positive heat-inactivated bacteria lost
most of their TNF-inducing capacity when depleted of their RNA by RNase A digestion
(10). Technical differences in inducing bacterial cell death may account for the divergent
results observed in the different studies. In summary, our findings together with other
reports strengthen the relevance of bacterial RNA recognition for the initiation of an innate
immune response against invading pathogens and argue for the existence of another, yet
unidentified intracellular nucleic acid receptor.
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Figurel. Transfected total RNA from gram-positive and gram-negative bacteriainduces|L- 1
secretion in unprimed DC and BMDM

A, murine DC were transfected over night (0.n.) with total RNA purified from the indicated
bacteria (5 pg/ml) or with eukaryotic RNA derived from Candida albicans (C.a.) or
RAW264.7 cells. E.c., Escherichia coli; P.a., Pseudomonas aeruginosa; M.c., Moraxella
catarrhalis; S.a. Staphylococcus aureus; E.f., Enterococcus faecalis; L.m., Listeria
monocytogenes; S.p., Streptococcus pyogenes. B, DC from WT and NIrp3 deficient mice
were transfected o.n. with bacterial RNA from the indicated strains. Stimulation with LPS
for 3 h followed by ATP (5 mM) for 30 min served as positive control. C, DC and BMDM
were transfected o.n. with S. aureus RNA at 3 pg/ml or 9 ug/ml. D, BMDM and E, DC were
transfected with S. aureus RNA at 10 ug/ml for 6.5 h before addition of ATP (5 mM) or
nigericin (5 pg/ml) for 60 min. Alternatively, transfected cells were incubated with SLO as
described in Materials and Methods. IL-1p levels were measured in cell-free supernatants by
ELISA (A, C-D). Values represent the mean of duplicate wells + SD. n.d. denotes not
detected. (**) p<0.01. B, E, Extracts prepared from cells plus culture supernatants were
immunoblotted with an antibody detecting active caspase-1 subunit p20 or with an antibody
detecting pro-IL-1p. Results are representative of three (A, C) or at least two (B, D-E)
independent experiments.
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Figure 2. Bacterial RNA mediated release of IL-1f requirestransfection but isindependent of
5'triphosphate ter mini
A, DC were transfected over night (0.n.) or stimulated extracellularly with S. aureus RNA at

9 ug/ml or 3 ug/ml. B, DC were stimulated o.n. with heat-killed S. aureus (HK S.a.) at MOI
25 or with heat-killed S. aureus plus extracellular S. aureus RNA (10 pg/ml). Transfected S.
aureus RNA (5 pg/ml) and Pam3CSK4 (1 pg/ml) served as controls. C, fragmentation of
bacterial RNA was performed for the indicated times (min) as described in Material and
Methods and transfected o.n. into DC. Fragmentation was visualized by agarose gel
separation. D, bacterial RNA preparation was digested with proteinase K or E, shrimp
alkaline phosphatase (SAP) prior to o.n. transfection into DC. IL-1f levels were measured in
cell-free supernatants by ELISA. Values represent the mean of duplicate wells = SD.
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Figure 3. Unc93B, but not TLR 3, 7and 9, arerequired for bacterial RNA induced IL-1B
production and activation of caspase-1

A, BMDM and B, DC from WT and mutant mice with a combined deficiency for TLR2, 3, 7
and 9 or mice harboring the Unc93B 3d mutation were transfected o.n. with bacterial RNA
purified from the indicated bacterial strains. Stimulation with Pam3CSK4 (1 pg/ml), LPS
(100 ng/ml), poly(l:C) (10 pg/ml), R848 (1 pg/ml) or CpG (1 uM) plus Silica for 6 h served
as control. Levels of IL-1p were measured in cell-free supernatants by ELISA. # denotes not
detected. C, DC from WT and mutant mice were transfected for 6 h with bacterial RNA or
stimulated with the indicated TLR-ligands and expression of pro-1L-1p was detected by WB.
D, DC from WT and Unc93B mice were transfected o.n. with bacterial RNA from the
indicated strains or with poly(dA:dT) for 6 h. Cleavage of caspase-1 was detected using an
Ab recognizing caspase-1 subunit p20. E, Expression of Nlrp3 was detected by quantitative
real-time PCR after transfection of S. aureus RNA for 6 h or stimulation with LPS for 2 h.
F, DC were primed for 1 h with Pam3CSK4 (1 pg/ml) prior to transfection with bacterial
RNA for 6 h. G, DC were transfected o0.n. with bRNA or stimulated with LPS plus Silica for
6 h in the presence of bafilomycin Al. Levels of IL-13 were measured in cell-free
supernatants by ELISA. Values represent the mean of duplicate wells + SD. Results are
representative of at least three independent experiments. (**) p<0.01.
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Figure 4. MyD88 is essential for induction of pro-I1L-1B and activation of caspase-1 by bacterial
RNA

A, BMDM and DC from wild-type (WT) or mutant mice deficient in MyD88 were
transfected o.n. with S. aureus RNA and IL-13 was measured in cell-free supernatants by
ELISA. Stimulation with LPS (100 ng/ml) or Pam3CSK4 (1 ug/ml) followed by ATP served
as positive control. B, BMDM were transfected with bacterial RNA for 6 h and expression
of NIrp3 was detected by quantitative real-time PCR. TNF (100 ng/ml) and CpG (1 pM)
were used as positive and negative controls, respectively. C, extracts were prepared from
cells plus culture supernatants and immunoblotted with processed caspase-1 p20 Ab.
Transfection with poly(dA:dT) (1 pg/ml) for 6 h served as positive control. D, BMDM and
DC from wild-type (WT) or mutant mice harboring the Trif Lps2-mutation were transfected
as in A. poly(l:C) (10 pg/ml) and CpG (1 uM) plus Silica for 6 h served as negative and
positive controls, respectively. Values represent the mean of duplicate wells + SD. (*)
p<0.05, (**) p<0.01 between WT and mutant cells. Results are representative of three
independent experiments.
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Figure 5. Heat-inactivated S. pyogenesinduces|L-18 and NIrp3 expression via recognition of its
RNA in an Unc93B dependent manner

A, DC were stimulated with heat-inactivated S. pyogenes (MOI 30) for 6 h. Where indicated,
heat-inactivated S. pyogenes was treated with RNase A as described in material and methods
prior to addition to cells. Values represent pooled data from four independent experiments +
SEM. (**) p<0.01. B and C, DC from WT, TIr2/3/7/97~ and Unc93B 3d mice were
stimulated with heat-inactivated S. pyogenes (MOI 15) for 6 h. Stimulation with LPS or
CpG for 2 h served as control. Expression of pro-I1L-10 and NIrp3 was detected by real-time
PCR. D, DC were stimulated o.n. with heat-inactivated S. pyogenes (MOI 50) and IL-1p
release was measured in cell-free supernatants by ELISA. Values represent the mean of
duplicate wells £ SD. (**) p<0.01 between WT and mutant cells. Results are representative
of three (B—C) or at least two (D) independent experiments.
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Figure 6. ROSformation iscritical for IL-1B release by bacterial RNA
A, DC were transfected with bacterial RNA or mock transfected for 6 h or stimulated with

LPS for 2 h. ROS formation was detected by FACS analysis using DCFDA labelling.
Curves denote unstained (dotted lines), untreated DCFDA labelled (black line) and S. aureus
RNA transfected DCFDA labelled (solid grey) cells. B-E, DC were transfected with
bacterial RNA in the presence of the indicated inhibitors. IL-1f secretion was measured by
ELISA in cell-free supernatants and caspase-1 cleavage was detected in extracts prepared
from cells plus supernatants. Values represent the mean of duplicate wells + SD. (**)
p<0.01; (*) p<0.05. Results are representative of three independent experiments.
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