Research Article

Journal of Inna.-te J Innate Immun 2015;7:482-493
Immumty DOI: 10.1159/000375460

Received: November 21, 2014
Accepted after revision: January 23,2015
Published online: March 20, 2015

2'-0-Methylation within Bacterial
RNA Acts as Suppressor of TLR7/TLR8
Activation in Human Innate Immune Cells

Katharina Rimbach? Steffen Kaiser® Mark Helm® Alexander H. Dalpke?

Tatjana Eigenbrod?

2Department of Infectious Diseases, Medical Microbiology and Hygiene, University of Heidelberg, Heidelberg, and
bInstitute of Pharmacy and Biochemistry, Johannes Gutenberg University Mainz, Mainz, Germany

Key Words

Bacterial RNA - RNA modification - 2'-O-methylation -
Immunostimulation - Innate immunity - Peripheral blood
mononuclear cells

Abstract

Microbial RNA is an important stimulator of innate immune
responses. Differences in posttranscriptional RNA modifica-
tion profiles enable the immune system to discriminate be-
tween self and non-self nucleic acids. This principle may be
exploited by certain bacteria to circumvent immune cell ac-
tivation. In this regard, 2’-O-methylation of Escherichia coli
tRNA™" at position 18 (Gm18) has recently been described to
inhibit TLR7-mediated IFN-a production in human plasma-
cytoid dendritic cells (pDCs). Extending these findings, we
now demonstrate that Gm18 also potently inhibits TLR7-in-
dependent human monocyte activation by RNA derived
from a variety of bacterial strains. The half minimal inhibi-
tory concentration values were similar to those found for
IFN-a inhibition in pDCs. Mechanistically, 2'-O-methylated
RNA impaired upstream signalling events, including MAP ki-
nase and NFkB activation. Our results suggest that antago-
nizing effects of Gm18-modified RNA are due to competition
with stimulatory RNA for receptor binding. The antagonistic
effect was specific for RNA because the small molecule
TLR7/8 agonist R848 was not inhibited. Despite the striking

phenotype in human cells, 2'-O-methylated RNA did not in-
terfere with TLR13 activation by bacterial 23S rRNA in murine
DC and BMDM. Thus, we identify here Gm18in E. coli tRNATY"
as a universal suppressor of innate immune activation in the

human but not the murine system. ©2015S. Karger AG, Basel

Introduction

The innate immune system serves an important func-
tion in the early sensing and clearance of pathogens which
is achieved by the recognition of conserved pathogen-as-
sociated molecular patterns by different pattern recogni-
tion receptors. Nucleic acids of both viral and bacterial
origin constitute an important group of pathogen-associ-
ated molecular patterns that trigger a variety of cytosolic
(RIG-I, MDAS5, NLRP3, AIM2, cGAS, TFI16) and endo-
somal receptors (TLR3, 7, 8, 9 and in the murine system
TLR13) [1-9]. Due to the pronounced chemical and
structural similarities of host and microbial nucleic acids,
discrimination between self and non-self is a fundamen-
tal but challenging task [5, 10, 11]. Three main principles
for distinction of self/non-self nucleic acids have been de-
ciphered, including subcellular compartmentalization,
sequence composition and specific nucleotide modifica-
tions [12]. In the case of RNA, more than 100 different
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modifications have been identified that are all introduced
posttranscriptionally [13]. Importantly, the extent and
kind of nucleotide modifications incorporated varies sig-
nificantly depending on the RNA species and its evolu-
tionary origin. Eukaryotic RNA is more abundantly mod-
ified than prokaryotic RNA, and tRNAs contain most
modifications [13]. Initial studies investigating the influ-
ence of RNA modifications on immunostimulation dis-
covered that the incorporation of base modifications
(m°C, m°U, s?U, m®A, pseudouridine) or 2’-O-methyla-
tion at the ribose into in vitro transcripts or siRNAs effi-
ciently prevented TLR activation [14-17]. While the in-
fluence of RNA modifications on immunostimulation
was mostly investigated using artificial oligonucleotides
with random incorporation of different modifications
[15, 16], 2 recent studies addressed the role of RNA mod-
ifications in naturally occurring bacterial tRNA species.
They demonstrated that most bacterial tRNAs can trigger
the production of IFN-a in human pDCs in a TLR7-de-
pendent manner [12, 18]. By contrast, a few bacterial
tRNA species including Escherichia coli tRNA™Y" failed to
do so. Further analysis identified a single 2’-O-methyla-
tion of guanosine at position 18 (Gm18) as a structural
determinant being necessary and sufficient for immu-
nosilencing [12]. This modification occurs regularly in
eukaryotic RNA and is only rarely found in bacterial RNA
(bRNA). Notably, Gm18 did not only render tRNAs non-
stimulatory, but also acted as a TLR7 antagonist, i.e. it
actively suppressed immune activation by an otherwise
stimulatory tRNA species [12, 18]. The exact mechanism
underlying the dominant inhibitory effect of Gm18 in
E. coli tRNA™Y" remains poorly defined. Moreover, most
studies investigating the effect of 2’-O-methylation on in-
nate immune responses in human peripheral blood
mononuclear cells (PBMCs) relied on the measurement
of IFN-a as a commonly used read-out for TLR7-depen-
dent pDC activation [12, 15, 19]. It is as yet unclear if the
2’-O-methyl modification also exerts a dominant inhibi-
tory effect on other immune cells including human
monocytes that do not express TLR7 [20] but are known
to produce high amounts of pro-inflammatory cytokines
(e.g. IL-12p40 and TNF) in response to microbial RNA.
In the present study we demonstrate that immunosi-
lencing by naturally occurring 2’-O-methylated RNA is
not restricted to TLR7 in pDCs, but also inhibits the se-
cretion of pro-inflammatory cytokines in human mono-
cytes. By contrast, 2’-O-methylated RNA did not impair
activation of TLR13 in murine cells, indicating strictly
species-specific inhibitory patterns. Notably, the antago-
nistic effect of 2’-O-methylation was stimulus specific as
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only bRNA, but no further TLR ligands, including the
small molecule TLR7/8 agonist R848, could be sup-
pressed. Further experiments suggest a direct binding of
2’-O-methylated RNA to TLR7, thus disrupting its inter-
action with stimulatory RNA.

Materials and Methods

Reagents

RPMI 1640 containing stable glutamine and DMEM were pur-
chased from Biochrom (Berlin, Germany), FCS was obtained from
Gibco (Darmstadt, Germany), Ficoll (1.078 g/ml) from Pan Bio-
tech (Aidenbach, Germany), Lipofectamine 2000 and TRIzol from
Invitrogen Life Technologies (Darmstadt, Germany), Pam;CSK,,
R848 and CpG 2216 from Invivogen (San Diego, Calif., USA) and
DOTAP [N-(1-[2,3-dioleoyloxy]propyl)N,N,N-trimethylammo-
nium methylsulphate] from Roth (Karlsruhe, Germany). Ultra-
pure lipopolysaccharide (LPS) from Salmonella minnesota was a
gift from U. Seydel (Borstel, Germany). HEK293-TLR7HA cells
were purchased from Invivogen (Toulouse, France), anti-haemag-
glutinin (HA) beads from Sigma-Aldrich (Saint-Louis, Mo., USA),
streptavidin beads from Thermo Scientific (Rockford, Ill., USA)
and anti-HA antibody from Santa Cruz (Heidelberg, Germany).
Primer sequences for quantitative real-time PCR were as follows:
B-actin, fw 5'-CCC TGT GCT TGG CTT CAC CGA-3', rev 5'-
ACA GTG TGG GTG ACC CCG TTC-3'; TNF, fw 5'-GCC CAG
GCA GTC AGA TCA TCT TC-3', rev 5'-TGA GGT ACA GGC
CCT CTG ATG G-3"; IL-12p40, fw 5'-GCG GAG CTG CTA CAC
TCT C-3, rev 5'-CCA TGA CCT CCA TGG GCA GAC-3', and
IRF7, fw 5'-CCC AGC AGG TAG CAT TCC C-3', rev 5'-GCA
GCA GTT CCT CCG TGT AG-3". All primers were custom syn-
thesized by MWG-Biotech (Ebersberg, Germany).

Oligoribonucleotides Used in the Study

RNA sequences used for stimulation experiments were the
2’-O-methylated tRNA fragment 5'-GGU GGG GUU CCC GAG
CGmG CCA AAG GGA-3' and the unmodified control tRNA
fragment 5’-GGU GGG GUU CCC GAG CGG CCA AAG GGA-3'
(custom synthesized from Biomers, Ulm, Germany). RNA se-
quences used for co-immunoprecipitation experiments were bio-
tinylated RNA 5-GCA AGC UGA CCC UGA AGU UCA U-Bio-
tin-3" (Biomers, Ulm, Germany) and RNA corresponding in se-
quence to unmodified E. coli tRNA™ or its Gm18 variant 5'-GGU
GGG GUU CCCGAG CG(m)G CCA AAG GGA GGGAGCAGA
CUG UAA AUC UGC CGU CAC UCA CAG ACU UCG AAG
GUU CGA AUC CUU CCU UCC CCC ACC ACC A-3'. Splinted
ligation was performed by annealing 3 synthetic fragments of this
RNA (IBA, Gottingen, Germany) as described previously [21].
Where indicated, RNA was biotinylated at the 3" end. The ORN
ssRNA40 (5'-GCC CGU CUG UUG UGU GAC UC-3') was cus-
tom made by MWG-Biotech (Ebersberg, Germany).

Isolation and Stimulation of Human Immune Cells

Human PBMCs were isolated from heparinized blood of
healthy donors upon informed consent by standard Ficoll-
Hypaque density gradient centrifugation (Ficoll 1.078 g/ml) [15].
PBMCs were resuspended in RPMI 1640 supplemented with 10%
heat-inactivated FCS. CD14-positive monocytes were isolated by
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positive selection using immunomagnetic cell separation (MACS-
Microbeads, Miltenyi Biotech, Germany) according to the manu-
facturer’s instructions in a semi-automated manner via an
AutoMACS device. The purity of the CD14-positive cells exceeded
95% as confirmed by FACS analysis. For transfection experiments,
bRNA was encapsulated with DOTAP ataratio of 3yl DOTAP/1 ug
RNA in serum-free medium according to the manufacturer’s pro-
tocol. Where indicated, 2’-O-methylated inhibitory RNA was
mixed with bRNA prior to encapsulation with DOTAP. Reverse
transfection was performed at a density of 4 x 10° cells/well
(PBMCs) or 2 x 10° cells/well (CD14 positive cells) in a 96-well flat
bottom plate. Cells were incubated overnight in a humidified 5%
CO, atmosphere at 37°C. As positive control, PBMCs were stimu-
lated with TLR9-specific stimulus CpG2216 (1 uM) or TLR7/8-
agonist R848 (1 pg/ml).

Bacteria Strains

The following microbial strains were used: Staphylococcus au-
reus (ATCC 25923), erythromycin-resistant S. aureus (patient iso-
late), Streptococcus agalactiae (ATCC 27956), Bacillus subtilis
(ATCC 6051), Bifidobacterium bifidum (ATCC 29521), Helico-
bacter pylori (patient isolate), Campylobacter jejuni (patient
isolate).

Murine Cell Isolation, Differentiation and Transfection

Bone marrow GM-CSF-derived myeloid DCs and BMDMs
were prepared from 8- to 12-week-old mice as described previ-
ously [22]. DCs and BMDM were stimulated at a density of 2 x 10°/
well in antibiotic-free RPMI 1640 or DMEM, respectively, supple-
mented with 10% FCS. Cells were transfected with total RNA de-
rived from S. aureus alone or together with 2’-O-methylated RNA
complexed with Lipofectamine 2000 at a ratio of 1 ul Lipofectamine
2000/1 pg RNA. Cell culture supernatants were harvested after
overnight incubation for cytokine measurement.

HEK-Blue™ Cells

HEK-Blue™ cells stably co-expressing human TLR8 together
with an NF-«kB-inducible secreted embryonic alkaline phosphatase
(SEAP) reporter gene (InvivoGen, Toulouse, France) were cul-
tured in DMEM supplemented with 10% heat-inactivated FCS.
Cells were stimulated with ssRNA40 (1.5 ug/ml) in the presence or
absence of the tRNA fragment (1.5 ug/ml) encapsulated with
DOTAP. Stimulation was performed in HEK-Blue™ detection
medium according to the manufacturer’s instructions. HEK-
Blue™ detection medium contains a specific SEAP substrate that
produces a blue colour upon hydrolysis by the secreted SEAP re-
porter protein. The optical density at 620 nm was measured after
overnight incubation using a microplate reader.

Preparation of Total Bacterial RNA and Bacterial tRNA

The different bacterial strains were grown in Luria-Bertani me-
dium or brain heart infusion broth (Merck, Darmstadt, Germany)
and harvested within the mid-log phase growth. After a digestion
step with lysozyme (1 h at 40 mg/ml), total bRNA was isolated us-
ing TRIzol reagent according to the manufacturer’s protocol. The
obtained RNA underwent a further purification step using the
RNeasy mini kit (QTAGEN, Hilden, Germany), including an on-
column DNA digestion step. The purity of the RNA preparations
was validated by determining the 260/230 nm and 260/280 nm
extinction ratio by NanoDrop (Thermo Scientific). The tRNA was
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purified from total RNA preparations by denaturing PAGE, ex-
cised, eluted from the gel overnight in 0.3 M sodium acetate and
precipitated with ethanol. The tRNA was resuspended in water,
and the concentration was determined using NanoDrop [23].

Isolation of Mammalian RNA for Quantitative Real-Time PCR

Total RNA from cells was isolated using the peqGold Total
RNA kit, including on-column DNA digestion (Peqlab, Erlangen,
Germany). The RNA was transcribed into cDNA using a high-
capacity ¢cDNA reverse transcription kit (Applied Biosystems,
Woolston, UK) according to the manufacturer’s instructions.
Quantitative real-time PCR was performed with SYBR Green (Ap-
plied Biosystems) using a standard protocol. The identity of am-
plicons was verified by melting curve analysis, and no reverse tran-
scriptase and no template controls were included. Analyses were
performed in duplicates.

Co-Immunoprecipitation

For immunoprecipitation, HEK cells stably expressing human
TLR7 fused at the C-terminus to an HA tag were transfected with
RNA as indicated and incubated for 1 h. The cells were lysed using
lysis buffer (136 mM NaCl, 20 mMm Tris HCI, 10% glycerol, 2 mM
EDTA, 1% Triton X100, pH 7.4, plus proteinase inhibitors) for
10 min on ice. Equilibrated streptavidin or HA beads as indicated
were added to the samples and incubated for 3 h on an overhead
rotator at 4°C. The samples were washed 3 times and resuspended
in SDS-containing loading buffer. Immunoprecipitated proteins
were separated by 6% SDS-PAGE and membranes were probed
with an anti-HA tag antibody.

Immunoblotting and Cytokine Measurements

For the Western blot analysis of signalling cascade, cells were
lysed in RIPA buffer, supplemented with the protease inhibitors
leupeptin, aprotinin, pepstatin A (1 mg/ml) and 4-(2-aminoethyl)-
benzenesulfonyl fluoride (1 mM). Proteins were separated by 12%
SDS-PAGE and blotted on a nitrocellulose membrane. For the
Western blot analysis of MAP kinase and NF-kB activation, mem-
branes were probed with antibodies against IxBa, phosphorylated
IxBa, phosphorylated p38, phosphorylated ERK1/2 and B-actin
(all from Cell Signaling Technology). For cytokine measurement,
the levels of TNF, IL-6, IL-12p40 (BD, Heidelberg, Germany) and
IFN-a (Bender Med Systems, Vienna, Austria) were determined in
cell-free supernatants by ELISA.

Statistical Analysis

The statistical significance between the groups was determined
by the 2-tailed Student’s t test. Differences were considered sig-
nificant for p < 0.05, p < 0.01, p < 0.001. The half minimal inhibi-
tory concentration (ICs) values for inhibitory RNA were calcu-
lated with R software using the 4-parameter Weibull function.

Results

2’-O-Methylated RNA Inhibits IFN-« Production by

Total Bacterial RNA and tRNA in Human PBMC

tRNA bearing a Gm18 2’-O-methylation has previous-
ly been shown to inhibit TLR7-mediated immunostimu-
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Fig. 1. 2’-O-methylated RNA specifically inhibits IFN-a produc-
tion in pDCs induced by bRNA. a Schematic picture of the Gm18
tRNATY" fragment used in subsequent experiments. b Human
PBMCs were transfected overnight with 0.5 ug/ml E. coli tRNATY"
transcript and 1 pg/ml native full-length E. coli tRNATY" (contain-
ing the Gm18 modification) or the short tRNA™Y fragment indi-
cated in a. c-e Human PBMCs were transfected overnight with
0.5 pg/ml total tRNA (c) or total bRNA (d) purified from the indi-

lation in human pDCs by single bacterial tRNAs and syn-
thetic ssSRNA40 [12, 18]. We now asked whether the in-
hibitory, antagonistic action of 2’-O-methylation would
also affect other bacterial RNA species. Therefore, we
made use of a short tRNA fragment derived from E. coli
tRNAD" that incorporated a single 2’-O-modified guano-
sine only (fig. 1a). This fragment can be synthesized more
conveniently than the full-length tRNA and was able to
mimic the previously published inhibitory effects of mod-

Modulation of Innate Immune Responses
by 2’-O-Methylated RNA

cated bacteria or were stimulated with R848 (0.5 ug/ml) or CpG
(0.5 uM) (e). Where indicated, cells were transfected simultane-
ously with 1 pg/ml 2’-O-methylated RNA (inh. RNA). Cell-free
supernatants were analysed for IFN-a production by ELISA. The
results represent mean data + SEM of 2 (b) or 3 (c-e) independent
experiments with different donors. E. faecalis = Enterococcus fae-
calis; n.d. = not detected; n.t. = non-treated negative control. * p <
0.05; ** p < 0.01; *** p < 0.001.

ified, full-length tRNA (fig. 1b) [12, 21]. In a first ap-
proach, total tRNA and total bRNA were purified from a
variety of different bacterial strains including Gram-pos-
itive and Gram-negative, pathogenic as well as commen-
sal bacteria. As depicted in figure 1c, tRNA preparations
from all tested bacteria induced IFN-a secretion. Secre-
tion was abolished by the concomitant application of the
2’-O-methylated RNA fragment, indicating a dominant
negative activity. The same was observed when PBMCs
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were treated with whole bRNA preparations (fig. 1d).
Again, 2’-O-methylated RNA completely inhibited IFN-a
secretion. By contrast, no antagonistic effect on pDC-de-
rived IFN-a production was observed upon stimulation
with CpG-DNA, a TLR9 ligand. Of note, stimulation by
R848, a synthetic small molecule TLR7/8 agonist com-
monly used to mimic RNA-mediated responses, could
not be inhibited by the modified RNA fragment (fig. le).
Thus, 2’-O-methylated RNA is a potent and specific in-
hibitor of RNA-induced TLR7-responses in pDCs.

Inhibition of bRNA-Induced Cytokine Production by

2’-O-Methylated RNA Is also Operative in Human

Monocytes

So far, most studies investigating immunosuppression
by 2’-O-methylated RNA have been performed in human
PBMC:s using IFN-a production as read-out for TLR7-
mediated pDC activation [12, 15]. However, pDCs con-
stitute <1% of total PBMC and produce only a very lim-
ited panel of inflammatory mediators apart from IFN-a.
By contrast, monocytes are a major source of TNF and
IL-12p40 in response to TLR ligation [24, 25]. In order to
investigate if the antagonistic effect of 2’-O-methylated
RNA is restricted to TLR7/pDCs or also occurs in mono-
cytes that are lacking TLR7 [20], PBMCs were cotrans-
fected with total tRNA or bRNA preparations from a
range of different bacteria together with inhibitory RNA.
Similarly to the results obtained for type I IEN, 2’-O-
methylated RNA greatly diminished TNF and IL-12p40
secretion induced by either tRNA or whole bRNA in
PBMC:s (fig. 2a—d). Suppression of cytokine secretion was
nearly complete, except for total RNA purified from
C. jejuni (fig. 2b). The remaining activity for this prepara-
tion might be explained by a contamination of this sam-
ple with other pathogen-associated molecular patterns,
possibly LPS that is found in the cell wall of Gram-nega-
tive bacteria. Preparations of tRNA and bRNA varied in
their immunostimulatory activity between the tested bac-
teria. To confirm that inhibition by 2’-O-methylated
RNA was indeed operative in monocytes, we next spe-
cifically purified CD14+ monocytes to purities exceeding
95%. As for PBMCs, 2’-O-methylated RNA inhibited IL-6
and TNF secretion induced by bRNA (fig. 2e, f). The co-
transfection of stimulatory bRNA with an unmodified
but sequence-identical tRNA fragment served as specific-
ity control and did not attenuate cytokine production
(fig. 2e, f). In line with our previous results (fig. 1d), the
silencing effect of 2’-O-methylated RNA on monocyte-
derived pro-inflammatory cytokines was specific for
bRNA as stimulation with R848 (triggering TLR8 in
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monocytes) and TLR2 ligand Pam;CSK, was not im-
paired (fig. 2g). As monocytes do not express TLR7, these
results indicate that the immune silencing property of
2’-O-methylated RNA is not restricted to TLR7 although
the receptor sensing bRNA in monocytes is as yet poorly
defined. However, TLRS is a likely candidate receptor as
it is expressed in high levels in human monocytes [20].
Indeed, Gm18 was able in suppress TLR8 activation in a
HEK overexpression system, providing proof-of-princi-
ple that Gm18 can act on this receptor as well (fig. 2h).

2’-O-Methylated RNA Inhibits IFN« Secretion

from pDCs as well as Monocyte-Derived Cytokine

Production with Similar Efficiencies

Since 2’-O-methylated RNA attenuated pDCs as well
as monocyte-derived cytokine production, we next ad-
dressed the question whether all cytokines were inhibited
with similar efficiencies. Therefore, the inhibitory RNA
was titrated to a fixed concentration of bRNA to deter-
mine the ICsy using the 4-parameter Weibull function
(fig. 3a—-d). The IC5q of the inhibitory RNA differed slight-
ly for the tested cytokines and varied from 0.009 pg/ml for
TNF and 0.019 pg/ml for IL-12p40 to 0.06 ug/ml for
IFN-a (fig. 3a—d). Titration curves with unmodified con-
trol RNA were performed in parallel as control and
showed approximately 10-fold higher ICs, values than for
the inhibitory RNA (data not shown).

2’-O-Methylation Does Not Affect Immunostimulation

of TLR13 in the Murine System

In murine BMDMs and DCs, TLR13, which is not ex-
pressed in human cells, has recently been identified as a
sensor for bBRNA. TLR13 recognizes a short but highly
conserved region within the bacterial 23S rRNA. This
raised the question if 2’-O-methylated RNA could also
attenuate bRNA-induced activation of TLR13. However,
as opposed to the striking phenotype in human cells, the
dominant immunosilencing effect of 2’-O-methylation
could not be observed in murine BMDMs and GM-CSF
derived DCs (fig. 4a, b). Interestingly, it has been report-
ed that another type of modification within the target
sequence of 23S rRNA, i.e. a N°-dimethylation of ade-
nosine at position A2058, abolishes TLR13 stimulatory
properties [9, 26]. Notably, the same modification also
renders bacteria resistant to macrolide antibiotics. We
therefore decided to evaluate if N°-dimethylation not
only renders 23S rRNA non-stimulatory but might also
act as a dominant inhibitor of RNA-induced TLR13 re-
sponses in analogy to 2’-O-methylation in human cells.
To this end, murine BMDMs were transfected in a titra-
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Fig. 2. Antagonistic effect of 2’-O-methylation on bRNA-induced
cytokine production in human monocytes. a—~d Human PBMCs
were transfected overnight with 0.5 pg/ml total tRNA (a, b) or total
bRNA (c, d) isolated from the indicated bacterial strains in the pres-
ence or absence of 2’-O-methylated RNA (inh. RNA, 1 pg/ml).
e-g CD14+ sorted monocytes (e, f) or PBMCs (g) were transfected
with total RNA purified from S. aureus (0.5 pg/ml) or were stimu-
lated with R848 (0.5 pg/ml) or Pam3CSK4 (1 pg/ml) alone or with 1
pg/ml 2’-O-methylated RNA (inh. RNA). a-g Production of TNF,
IL-12p40 and IL-6 was analysed in cell-free supernatants by ELISA.

tion experiment with a constant amount of total RNA
derived from an erythromycin-sensitive S. aureus strain
together with increasing concentrations of N®-dimethyl-
ated bRNA purified from an erythromycin-resistant
S. aureus strain. Confirming previous findings, the mod-
ified RNA from erythromycin-resistant S. aureus lacked
immunostimulation, whereas RNA from a susceptible
strain induced TNF. However, N6—dimethylated bRNA
did not attenuate cytokine production induced by stimu-
latory RNA, even when applied in 3-fold excess. Thus,

Modulation of Innate Immune Responses
by 2’-O-Methylated RNA

h HEK-Blue™ cells stably expressing human TLR8 together with an
NF-kB-inducible SEAP reporter gene were transfected withssRNA40
(1.5 pg/ml) in the presence or absence of 2’-O-methylated RNA (inh.
RNA, 1.5 pg/ml) complexed with DOTAP. Stimulation was per-
formed in HEK-Blue™ detection medium that allows measurement
of SEAP activity by colour development upon substrate cleavage.
The optical density at 620 nm was measured after overnight incuba-
tion. The data represent the mean values + SEM of 3 independent
experiments (a-g) or 4 (h) independent experiments. n.d. = Not
detectable; n.t. = non-treated. * p < 0.05; ** p < 0.01; *** p < 0.001.

naturally occurring 2’-O-methyl modifications are spe-
cific antagonists of RNA signalling in human but not
murine immune cells.

Inhibition by 2’-O-Methylated RNA Occurs at

Proximal Levels of the TLR Signalling Cascade

To determine the mechanisms underlying the sup-
pression of immune activation by 2’-O-methylated RNA
in human cells, we first evaluated if cytokine production
was also inhibited on the transcriptional level. Expression
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Fig. 3. 2’-O-methylated RNA inhibits IFN-a, TNF and IL-12p40
production with similar efficiency. a-c PBMCs were cotransfected
overnight with 1 pg/ml bRNA purified from S. aureus and different
ratios of 2’-O-methylated inhibitory RNA (inh. RNA). Levels of
IFN-a (a), TNF (b) and IL-12p40 (c) were analysed in cell-free su-

pernatants by ELISA. Data were normalized to cytokine produc-
tion induced by bRNA alone to account for donor variation. Curve
fitand ICs, (d) were calculated with R software using the 4-param-
eter Weibull function. Each data point represents the average val-
ue of 2-6 independent experiments with different donors.
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Fig. 4.2’ -O-methylated RNA does not block TLR13 stimulation in
murine cells. a-c Cell-free supernatants were analysed for TNF
secretion by ELISA. Murine BMDCs (a) and murine BMDMs (b)
were transfected overnight with bRNA derived from S. aureus
(bRNA, 2 pg/ml) in the presence or absence of 2’-O-methylated
inhibitory RNA (inh. RNA, 4 pg/ml). Stimulation with CpG or
R848 served as positive control. Each symbol represents the mean

of TNF and IL-12p40 mRNA in human PBMCs could be
detected as early as 60 min after stimulation with IbRNA
and substantially increased during the following hours.
At all time points investigated, costimulation with inhib-
itory but not control RNA greatly diminished the induc-
tion of these cytokines (fig. 5a, b). In a next step, we in-
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value of 1 experiment. ¢ Murine BMDMs were transfected over-
night with total RNA (bRNA) derived from an erythromycin-sen-
sitive S. aureus strain in the presence of different ratios of total
RNA isolated from an erythromycin-resistant S. aureus clinical
isolate. LPS, R848 and imiquimod were used as positive controls.
Data represent mean values + SEM of 3 independent experiments.
n.s. = Not significant; n.t. = non-treated negative control.

vestigated whether 2’-O-methylated RNA interfered with
the 3 main signalling pathways activated by TLR ligation,
i.e. activation of NF-xB, MAP kinases and IRFs. To this
end, purified CD14+ monocytes as main source of TNF
and IL-12p40 were stimulated with bRNA in the presence
or absence of 2’-O-methylated RNA. Cell lysates were im-
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Fig.5.2’-O-methylated RNA impairs TLR activation at proximal
levels. a, b, d Human PBMCs were transfected with bRNA (1 pg/
ml) isolated from S. aureus in the presence or absence of 2’-O-
methylated inhibitory (inh.) or unmethylated control (ctr.) RNA
(2 pg/ml) or were stimulated with R848 (1 ug/ml) as positive
control. Expression of TNF (a), IL-12p40 (b) and IRF7 (d) was
detected by quantitative real-time PCR at the indicated time
points. The data represent the mean values of 3 independent ex-
periments normalized to the non-treated control. * p < 0.05;
** p < 0.01; *** p < 0.001. ¢ Human CD14+ monocytes were
stimulated for 30 min as in a. Cell extracts were immunoblotted
with antibodies recognizing activated forms of NF-«B, p38 and

munoblotted with antibodies recognizing activated forms
of NF-xB, p38 and ERK. bRNA caused a rapid phosphor-
ylation and degradation of Ik-Ba as well as a phosphory-
lation of the tested MAP kinases (fig. 5¢). The activation
ofall investigated signalling pathways was impaired in the
presence of 2’-O-methylated RNA. The specificity of the
inhibitory effect was again confirmed using an unmodi-
fied control oligonucleotide. To study the influence of in-
hibitory RNA on the IRF pathway, the induction of IRF7
was analysed by qPCR in PBMCs. The expression of IRF7
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ERK. One representative experiment of 1 is shown. e HEK-
TLR7HA cells were transfected with an immunostimulatory bi-
otin-labelled oligonucleotide with or without unlabelled inhibi-
tory (inh.) or control (ctr.) RNA. After 1 h, the cells were lysed,
and immunoprecipitation with streptavidin or anti-HA agarose
beads was performed. The samples were washed, and Western
blot analysis was performed using an anti-HA antibody. One
representative experiment of 5 is shown. f HEK-TLR7HA cells
were transfected with the indicated tRNA™" full-length in vitro
transcripts. tRNA was immunoprecipitated using streptavidin
beads, and co-immunoprecipitation of hTLR7 was detected by
Western blot analysis.

increased 3 h after stimulation with bRNA and was sig-
nificantly suppressed by costimulation with 2’-O-meth-
ylated but not control RNA (fig. 5d). As inhibitory RNA
attenuated bRNA-mediated immune responses at proxi-
mal levels of the signalling cascade, we speculated that
2’-O-methylated RNA competed with stimulatory RNA
for receptor binding without inducing its activation. To
test this hypothesis, HEK293 cells stably expressing hu-
man TLR7 fused with an HA tag at the C terminus were
transfected with a biotinylated stimulatory RNA oligo-
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nucleotide in the presence or absence of inhibitory or
control RNA. Cells were lysed, and biotinylated RN A was
isolated with streptavidin beads. Co-immunoprecipita-
tion of TLR7 was analysed by Western blot using an HA-
specific antibody. When HEK cells were transfected with
the biotinylated RNA alone or together with control
RNA, coprecipitation of TLR7 could be detected, while
the signal vanished upon costimulation with inhibitory
RNA (fig. 5¢). However, the detected bands appeared at a
lower molecular weight than expected for the full-length
TLR7 protein, presumably indicating the C-terminal
cleaved fragment of TLR7 [27, 28]. Despite various mod-
ifications, we were not able to increase the signal strength
with this assay. In a confirmatory approach, cells were
cotransfected with equal amounts of biotinylated, Gm18-
methylated and unlabelled, unmodified tRNA YT (fig. 51,
lane 4). Biotinylated RN A was again isolated using strep-
tavidin beads. Under these conditions, the signal detected
for RNA-bound TLR7 showed a similar intensity as ob-
served for the transfection with Gm18 tRNA™" alone
(fig. 5f, compare lanes 2 and 4). By contrast, when cells
were cotransfected with unmodified, biotinylated tRNA
plus unlabelled, Gm18-modified tRNA, only a weak band
for TLR7 could be detected by Western blot analysis
(fig. 5f, compare lanes 4 and 5). Together, these data in-
dicate that 2’-O-methylated RNA can bind to TLR7 with
a higher affinity than the unmodified counterpart, thus
disrupting the interaction of stimulatory RNA with its
receptor.

Discussion

It has been hypothesized that 2’-O-methylation of bac-
terial tRNA may constitute a relevant immune escape
mechanism for certain bacteria, similarly to what has re-
cently been discovered regarding antiviral immunity. In
corona- and flavivirus, 2’-O-methylation of the viral
mRNA cap impaired the activation of MDA-5 and medi-
ated the evasion of host restriction by IFIT members, re-
spectively [29, 30]. In this study, we further characterized
the modulatory effects of 2’-O-methylated bacterial tRNA
on innate immune responses in human and murine im-
mune cells. A major strength of the present investigation
is the use of a naturally occurring E. coli tRNA™" sequence
with the incorporation of a single Gm18 2’-O-methyla-
tion in its physiological context. By contrast, most previ-
ous studies in this field were performed with short syn-
thetic oligoribonucleotides bearing multiple, randomly
incorporated nucleotide modifications [15, 31, 32]. E. coli
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tRNATY" Gm18 has recently been demonstrated to be nec-
essary and sufficient not only for silencing of human pDC
activation via TLR7, but also to act as a dominant inhibi-
tor resulting in inhibition of otherwise stimulatory RNA
preparations [12, 18]. Extending previous findings, we
demonstrate here that the inhibitory effect of Gm18 is not
restricted to specific RNA species [12, 18] but that TLR7-
mediated IFN-a production by a wide range of bacterial
tRNA and whole bRNA preparations is abolished by con-
comitant application of 2’-O-methylated tRNA. Of note,
a short Gm18 tRNA fragment composed of 27 nucleo-
tides was as efficient in suppressing cytokine production
as the full-length Gm18 tRNA, indicating that the classi-
cal 3-dimensional tRNA structure is irrelevant for the an-
tagonistic effect. Mechanistically, 2’-O-methylated RNA
competed with unmodified RNA for TLR7 binding, thus
possibly displacing non-methylated stimulatory RNA
from its receptor. Despite direct receptor binding, meth-
ylated RNA did not elicit cell activation, indicating that
conformational changes of the receptor, which are re-
quired for initiating downstream signalling, are not in-
duced. Competition experiments further revealed that
the Gm18 tRNA fragment bound with a higher affinity to
TLR7 than its unmodified counterpart. The higher bind-
ing affinity of modified RNA is supported by the low ICs,
values required for the IFN-a inhibitory effect, with con-
centrations of 2’-O-methylated RNA corresponding to
1/15 of stimulatory bRNA. However, TLR7 appeared at a
lower molecular weight in the co-immunoprecipitation
experiments with RNA than expected for the full-length
protein. It is probable that this band corresponds to the
C-terminal cleaved fragment of activated TLR7 [27, 33].
Indeed, it has been described that uncleaved TLR7 resides
in the ER under steady state conditions. Upon TLR7 li-
gand stimulation, TLR7 translocates from the ER to the
endolysosome where it is cleaved into a C-terminal sig-
nalling competent fragment [28, 33]. Yet, the N-terminal
part of TLR7 remains associated with the C-terminal
fragment via a disulphide bond and also seems to be im-
portant for RNA recognition [34]. It is thus conceivable
that full-length TLR7 is detected in unstimulated cells,
while only the cleaved, active form coprecipitates with
bRNA and appears under reducing Western Blot condi-
tions as HA-tagged C-terminal fragment. Our results are
also inline with a report of Hamm et al. [19] who analysed
the binding of 2’-O-methylated siRNA to a purified
TLR7-Fc fusion protein by AlphaScreen™. In contrast to
our approach, Hamm et al. [19] used heavily modified
siRNAs with 2’-O-methylations incorporated at every
other base.
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While the concept of TLR7 antagonistic properties of
2’-O-methylated RNA in pDCs is well accepted [12, 18],
much less is known about its impact on other receptors
and cell types. We demonstrate here that Gm18 also po-
tently suppresses monocyte-derived pro-inflammatory
cytokines including TNF, IL-6 and IL-12p40 with ICs,
values similar to those found for IFN-a suppression. As
TLR?7 is not expressed in monocytes [20], these data indi-
cate that the immunosilencing properties of Gm18 are
not restricted to TLR7. Instead, monocytes express TLRS,
an endosomal receptor reported to recognize AU-rich
ssRNA of viral origin [5]. Although not formally proven,
it is thus likely that bBRNA can trigger TLRS activation in
human monocytes. In principle, Gm18 is able to suppress
the activation of this receptor, as demonstrated in a HEK-
TLR8 overexpression system. In contrast, Eberle et al.
[35] did not observe a suppression of total bRNA-induced
TNF secretion by 2’-O-methylated siRNA and whole
tRNA preparations derived from T. thermophilus that
contain a high proportion of Gm18-modified tRNA
isoacceptors [18]. The discrepancies between different
studies may be explained by relevant contaminations of
certain bRNA preparations with cell wall components
like LPS and lipopeptides that can efficiently trigger
monocyte activation via TLR4 and TLR2, respectively
[36-38]. Unlike monocytes, pDCs do not express TLR2
and TLR4 and are therefore more resistant to contamina-
tion. Indeed, an inhibitory effect of 2’-O-methylation on
IL-6 production was observed when cells were stimulated
with unmodified siRNA that should be free of contami-
nants due to its chemical synthesis [19]. However, the au-
thors concluded that at least 3 modified residues were re-
quired for immunosilencing, while our data clearly dem-
onstrate that a single modification is sufficient. It is likely
that the sequence context in which the modification oc-
curs is crucial for inhibition of TLRS, as previously dem-
onstrated for TLR7. For the latter, the relevant sequence
motif has been identified as [DmR], with D reflecting all
bases except of cytosine and R all purines [21]. The pro-
nounced antagonistic effect of Gm18 on monocyte acti-
vation might even be of greater importance for the sub-
version of innate immune responses than previously
speculated for TLR7 suppression as the relevance of
IFN-a in bacterial infections remains controversial [39-
41]. Apart from a potential immune-evasive function, it
was speculated that Gm18 might be responsible for the
beneficial, immunomodulating properties of probiotic
bacteria as tRNA from E. coli Nissle 1917 did not trigger
TLR7 activation [18]. Yet, in this study, RNA prepara-
tions from probiotic B. bifidum were as stimulatory as
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RNA from other bacteria, challenging the hypothesis that
non-stimulatory RNA is a hallmark of probiotic bacteria.

Notably, the inhibitory effect of 2’-O-methylated
RNA on all tested cytokines was specific for RNA, as im-
mune activation by CpG-DNA and synthetic TLR li-
gands including TLR7/8 agonist R848 was not affected.
The differential inhibition of bRNA versus small mole-
cule-induced TLR activation might be due to differences
in the TLR7/8 binding sites of R848 and RNA, as recent-
ly described by Colak et al. [42]. They identified overlap-
ping but also non-overlapping binding sites for R848
and RNA40 in the TLR7 and TLR8 ectodomains, result-
ing in subtle differences in the downstream signalling
cascade.

Surprisingly, despite the striking phenotype in human
cells, the antagonistic effect of 2’-O-methylation could
not be reproduced in murine macrophages and DCs
where TLR13 has recently been described as a sensor for
bRNA that recognizes a highly conserved region within
the 23S rRNA [9, 26]. Although we could reproduce the
recently published finding that N°-dimethylation at a dis-
tinct position within this sequence renders RNA non-
stimulatory, we demonstrate here that this modification
does not possess dominant negative activity on TLR13
activation. This mode of action indicates a different
mechanism of silencing at TLR13 in murine cells com-
pared to TLR7/TLR8 in human cells, i.e. N6-dimethyl-
ation might simply destroy the recognition motif thereby
impairing binding of N°-dimethylated RNA to TLR13.
Thus, our data unambiguously reveal the existence of spe-
cies-specific inhibitory patterns acting differentially on
human versus murine receptors.

In summary, we identify here 2’-O-methylated E. coli
tRNATY" as a universal inhibitor of immune activation by
bRNA in the human but not the murine system. In future
experiments, it will be interesting to determine the impact
of 2’-O-methylation on immune responses by entire bac-
teria and to elucidate if the methylation status of bRNA
correlates with virulence and infection outcome. How-
ever, the strict species specificity of Gm18-mediated im-
munosilencing will challenge further research in this field
as commonly used murine infection models will not ap-
propriately reflect the situation in humans.
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