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Bacteria evade immune recognition via TLR13
and binding of their 23S rRNA by MLS antibiotics
by the same mechanisms
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The immune system recognizes pathogens and other danger by means of pattern recognition receptors. Recently, we
have demonstrated that the orphan Toll-like receptor 13 (TLR13) senses a defined sequence of the bacterial rRNA and that
bacteria use specific mechanisms to evade macrolide lincosamide streptogramin (MLS) antibiotics detection via TLR13.

Pattern recognition receptors (PRRs)
such as Toll-like receptors (TLRs) sense
specific products of viral, bacterial, fun-
gal or parasitic origin.! This sensing ini-
tiates innate immune responses that are
interconnected, by various means, with
adaptive immunity. Analyzing the host
recognition of Gram-positive bacteria, we
observed that Staphylococcus aureus (SA)
activates immune cells such as macro-
phages and conventional dendritic cells
(DCs) even in the absence of TLR2,
TLR3, TLR4, TLR7 and TLR9.? This
said, our data indicated that this detec-
tion depended on the adaptor molecule
MYD88 while excluding the implica-
tion of interleukin (IL)-1-type MYD88-
dependent pathways, overall suggesting
that a TLR was involved. Since TLR10,
TLR1 and TLRG6 depend upon TLR2
function and SA lacks flagella (which
are sensed by TLR5), TLRS8, TLRIlI,
TLR12 and TLR13 remained as can-
didate S4 sensors. Since SA sensing was
abrogated upon pharmacological block-
ade of endosomal acidification and in
UNC93Bl-mutant cells, we suspected
an involvement of an endosomal TLR.
Comparing the responses of DC subsets
from multiple 7ZR knockout mice with
DC-subset specific TLR expression pro-
files (previously generated by proteomics)

narrowed down as candidate molecule the
TLR13.> TLR13 sensed SA as revealed
by gain and loss of function analyse. To
identify the TLR13 ligand, we enzymati-
cally treated SA preparations and found
that the TLR13 stimulatory activity was
abrogated by the single-strand RNA
(ssRNA) specific RNase. Bacterial RNA
fractionation identified the 23S rRNA
(tRNA) as the TLRI13 ligand, exclud-
ing other bacterial RNA such as mRNA
and tRNA as well as eukaryotic RNAs.
Notably, TLR13-mediated sensing of
rRNA from antibiotic-resistant clinical
SA isolates was largely abrogated when
bacteria had been grown in erythro-
mycin. Erythromycin binds to a con-
served domain in the peptidyl transferase
loop V positioned in the exit tunnel of
the 23S rRNA, thus blocking bacte-
rial protein synthesis.* Erythromycin is
a bacteria-derived antibiotic produced
by  Saccharopolyspora  erythraea  (for-
merly known as Streptomyces erythraeus).
Saccharopolyspora gained resistance to self-
produced erythromycin by the expression
of erythromycin resistance methylases
(erms), often encoded on mobile genetic
elements such as transposons or plas-
mids. Erms catalyze methylation of the
highly conserved adenosine 2058/2085
(A2058 Escherichia coli nomenclature;
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A2085 SA nomenclature) of 23S rRNA,
contained within the major binding site
for erythromycin, thus preventing erthro-
mycin binding and enabling bacteria to
grow in the presence of it. Transfection
of erythromycin-susceptible  bacteria
with erm-expression plasmids thus not
only led to antibiotic resistance but also
abrogated bacteria detection via TLR13.
Erythromycin selectively binds to bacte-
rial 23S rRNA, but not to eukaryotic 285
rRNA, because eukaryotic ribosomes, like
those of MLS resistant bacteria, princi-
pally carry a guanosine (G) at the site cor-
responding to A2058/2085, which also
prevents binding (Fig. 1). Using synthetic
oligoribonucleotides (ORNs) represent-
ing 23S rRNA segments encompassing
A2058/2085 we identified the sequence
motif “CGG AAA GAC C” as the mini-
mal stimulatory segment of 23S rRNA
and TLR13 ligand (Fig. 1). This sequence
is highly conserved in prokaryotes and
is identical in numerous Gram-positive
and Gram-negative bacteria. In accor-
dance with the erm-mediated inhibition
of TLR13 recognition of bacterial RNA,
the methylation or substitution of the
adenosine corresponding to A2058/2085
on stimulatory ORNs completely abro-
gated TLR13 activation. Thus, the same
mechanisms (methylation or mutation
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Martinsried, Germany).

Figure 1. Interaction of erythromycin and Toll-like receptor 13 with the bacterial but not the eukaryotic ribosome. The magnification of the ribo-
some at the central peptidyl exit tunnel is being the highly conserved sequence “CGGAAAGACC” (highlighted as banner) as macrolides, lincosamides
and streptogramin (MLS) antibiotic- as well as TLR13-binding site. The question mark depicts the adenosine A2058/2085. If this site is an unmodified
adenosine (left panel) it will allow erythromycin (ery) to bind and block protein biosynthesis. At the same time, this sequence can be detected by Toll-
like receptor 13 (TLR13) (indicated with a tick “\/"). In erm-driven resistance (middle panel) is the A2058/2085 methylated. The methyl groups prevent
binding of erythromycin, causing both antibiotic resistance and preventing detection via TLR13 (indicated with an “X"). The right panel illustrates sub-
stitution of A2058/2085 by guanosine as is operative in eukaryotic 28S rRNAs and bacterial 23S rRNAs of some MLS antibiotic-resistant bacteria, which
abrogates erythromycin binding as well as bacteria detection via TLR13 (indicated with an “X"). Figure designed by Derek Beggs (Bavarian-Nordic,

of A2058/2085) that prevent binding
of erythromycin to 23S rRNA (causing
resistance to macrolides, lincosamides
and streptogramin, collectively known
as MLS antibiotics) also abrogate detec-
tion of SA by TLR13 (Fig. 1). We pro-
pose that erms in ancient times evolved
in erythromycin-producing bacteria to
gain supremacy over bacterial competi-
tors. Subsequently, other bacterial species
such as SA4 acquired erm-plasmids from
Saccharopolyspora, probably facilitated by

the location of erms-encoding sequences
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in mobile genetic elements such as plas-
mids, and hence gained an ability to grow
in the close vicinity to erythromycin-pro-
ducing bacteria. In the animals, a panel
of PRRs to detect the presence of patho-
gens, including TLR13, evolved. TLR13
is a specific sensor of bacteria because it
detects a sequence-specific, at least 10-mer,
highly conserved segment of the bacterial
23S rRNA, which differs from eukary-
otic “self” 28S rRNA, at different sites
including “A2058/2085” (Fig. 1). Among

nucleic-acid  sensing TLRs, TLRI3
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displays the highest sequence specific-
ity identified so far, while TLR3 senses
dsRNA based on the structure but not
on the sequence.’ TLR7 and TLR8 detect
ssRNA containing poly(U), poly (GU) or
poly (AU) stretches, whereas TLRO pref-
erentially binds unmethylated CpG DNA
generally but principally binds to the sugar
backbone of DNA molecules.®® Based on
the low sequence specificity of TLR3,
TLR7, TLR8 and TLRY, it is not surpris-
ing that these TLRs have all been impli-
cated in autoimmune diseases.” Bacterial
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23S rRNA, however, is a confined non-self
pathogen-associated molecular pattern, as
it might be the most conserved, abundant
and stable RNA within a bacterial cell
and the “CGGAAAGACC” sequence is
most likely detectable by TLR13 without
the need for specific processing. For a long
time, the erm-mediated resistance against
erythromycin and the detection of the
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