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Streptococcus pyogenes is a major human pathogen causing a variety of diseases
ranging from common pharyngitis to life-threatening softissue infections and sepsis.
Microbial nucleic acids, especially bacterial RNA, have cently been recognized
as a major group of pathogen-associated molecular patterns(PAMPS) involved in
the detection of Streptococcus pyogenes via endosomal Toll-like receptors (TLRS)
in vitro. However, the individual contribution and cooperation bet@en TLRs as well as
cell-type and strain speci c differences in dependency on ncleic acid detection during
S. pyogenes infection in vitro have not been clari ed in detail. Moreover, the role of
particularly bacterial RNA for the defense db. pyogenesinfectionin vivoremains poorly
de ned. In this study, we report that in all investigated inate immune cells involved
in the resolution of bacterial infections, including muré macrophages, dendritic cells
and neutrophils, recognition ofS. pyogenes strain ATCC12344 is almost completely
dependent on nucleic acid sensing via endosomal TLRs at loweMOls, whereas at higher
MOIs, detection via TLR2 plays an additional, yet redundamble. We further demonstrate
that differentS. pyogenesstrains display a considerable inter-strain variabilityiti respect
to their nucleic acid dependent recognition. Moreover, TLR3-dependent recognition
of S. pyogenes RNA is largely non-redundant in bone marrow-derived macrdpages
(BMDMSs), but less relevant in neutrophils and bone marrowatived myeloid dendritic
cells (BMDCs) for the induction of an innate immune responsa vitro. In vivo, we show
that a loss of nucleic acid sensing blunts early recognitioof S. pyogenes leading to
a reduced local containment of the bacterial infection withsubsequent pronounced
systemic in ammation at later time points. Thus, our resuft argue for a crucial role of
nucleic acid sensing via endosomal TLRs in defense &. pyogenesinfection bothin vitro
and in vivo.

Keywords: , bacterial RNA, nucleic acids, TLR13, UNC93B1, innate immuni ty, skin

infection

Streptococcus pyogenes

Frontiers in Immunology | www.frontiersin.org 1

February 2019 | Volume 10 | Article 198


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2019.00198
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2019.00198&domain=pdf&date_stamp=2019-02-21
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:tatjana.eigenbrod@med.uni-heidelberg.de
mailto:tatjana.eigenbrod@med.uni-heidelberg.de
https://doi.org/10.3389/fimmu.2019.00198
https://www.frontiersin.org/articles/10.3389/fimmu.2019.00198/full
http://loop.frontiersin.org/people/603457/overview
http://loop.frontiersin.org/people/397677/overview
http://loop.frontiersin.org/people/116370/overview
http://loop.frontiersin.org/people/650207/overview
http://loop.frontiersin.org/people/287654/overview
http://loop.frontiersin.org/people/207007/overview
http://loop.frontiersin.org/people/603171/overview

Hafner et al. Innate Recognition ofStreptococcus pyogenes

INTRODUCTION past years, e orts were made to decipher the dierent TLR
pathways involved in functional recognition 8f pyogeneg@/hile
In case of infection, the innate immune system is essentia{ is well-established that MyD88 is indispensable for latingh
for the rapid initiation of an immune response againsta robust host immune response agairBt pyogenes in vitro
invading pathogens. To this end, innate immune cells employnd in vivo (19, 20), the relative contribution of one single or
a broad repertoire of pattern recognition receptors (PRR)everal TLRs remains unresolvéd(21). Recentn vitro studies
recognizing highly conserved pathogen-associated maleculhighlighted the role of bacterial nucleic acid recognitioia
patterns (PAMPs) in order to activate an antimicrobial def®ns endosomal TLRs and especially of bRNA recognition via TLR13
program. Among all PRRs, Toll-like receptors (TLRs) constitutgor activation of innate immune cells durir§. pyogenésfection
one of the best characterized families. Upon ligand binding13 21). However, the individual contribution and cooperation
and subsequent activation, TLRs recruit the adaptor proteingetween TLRs as well as cell-type speci ¢ di erences in sensing
MyD88 or TRIF, which then trigger an intracellular signaling nycleic acids under variable bacterial burden are inconayet
cascade through activation of NB or, in case of TRIF, the IFN  ynderstood. In particular, endosomal TLR engagement upon
regulatory factor (IRF) pathway, culminating in the indudtio S, pyogeneshallenge in neutrophils, recognized as the most
of genes encoding proin ammatory cytokines such as IL-6gbundant immune cell population at bacterial infection sites
TNFa, or type | IFNs, respectivelyl{3). Surface localized (22 23), has not yet been investigated. Moreover, to date, more
TLRs mainly respond to microbial cell wall components suchhan 200S. pyogenestrains with large inter-strain variability in
as lipids and lipoproteins, with TLR2 recognizing lipopeptidesheir genome content have been characterizeti45), and recent
and lipoteichoic acid (LTA) from gram-positive bacterid)( research indicates that di erent strains &. pyogenedisplay
Besides cell wall components, microbial nucleic acids reptess 3 great heterogeneity in both the acute adaptive and innate
major group of immune stimulatory PAMPs that are detected byimmune responses they induc€€ 27). Previously published
TLRs localized in endosomes, therefore requiring intem@ion  studies in the eld of nucleic acid recognition i8. pyogenes
to the endosomes before initiating TLR signaling. Nucleitia infection were mostly based on experiments with only onelsing
sensing TLRs include TLR3 and TLR7, stimulated by viragtrain, and a possible inter-strain variability with respectte
double-stranded (dsRNA) and single-stranded RNA (ssRNA)dependency on nucleic acid detection in innate immune cels ha
respectively, whereas TLR9 has been identi ed as receptor fapt been explicitly addressed. Importantly, also the relevarfice
unmethylated CpG motifs abundant in bacterial but not in nucleic acid sensing for the defenséSopyogenes in vivemains
mammalian genomes5¢7). Since bacterial RNA (bRNA) has incompletely understoodX(, 28).
been discovered as an important activator of innate immune In the current study, we demonstrate that nucleic acid sensing
responses, the pathways by which bRNA mediates innajslays a non-redundant role in initiating an innate immune
immune stimulation have been extensively investigatd. (). response upon infection wit. pyogenes in vitfor infections
Only recently, endosomal TLR13 was identied as a receptofith moderate bacterial load. The relative dependency onaicic
for bRNA in murine myeloid dendritic cells and bone marrow- acid sensing and on sensing 8f pyogeneRNA via TLR13
derived macrophages, exclusively sensing a highly corséBre in particular is critically in uenced by the bacterial strai
nucleotide motif near the active site of bacterial 23S rRNA ( muiltiplicity of infection (MOI) and the type of immune cell
12). Even single point mutations within this short sequence inot investigated. We provide evidence that in an vivo model
abolish recognition by TLR13L(, 12), thereby emphasizing its of subcutaneousS. pyogenesfection, the loss of endosomal
high sequence speci city, a feature unique among all innatgdLR signaling blunts early recognition and containment of
immune receptors. In humans, however, TLR13 is not existings. pyogengthus resulting in increased systemic in ammation.
albeit human monocytes respond well to bRNA stimulation
with secretion of proin ammatory cytokines9( 12). It has MATERIALS AND METHODS
recently been shown that TLR8 serves as functional human
TLR13 counterpart, although TLR8 does not show the stricReagents
sequence speci city observed for TLR13)( Endosomal TLRs DMEM and RPMI 1640 containing stable glutamine were
require UNC93B1, an endoplasmic reticulum transmembranebtained from Biochrom (Berlin, Germany). FCS was purchased
protein mediating the delivery from the endoplasmic reticulumfrom Gibco/Invitrogen (Karlsruhe, Germany); Lipofectamine
to endosomes 14, 15. Consequently, functional defects in 2000 and TRIzol from Invitrogen Life Technologies (Darmstad
UNC93B1 abolish endosomal TLR signalirig,(15). Germany); Ultrapure LPS fromSalmonella minnesotavas
TLR signaling has been demonstrated to play a crucial rolsupplied by U. Seydel (Forschungszentrum Borstel, Germany);
in detection ofS. pyogendd6), a gram-positive, major human PamyCSK; and R848 were purchased from Invivogen (San
pathogen known to cause a variety of diseases ranging froth mibjego, CA) and CpG1668 was custom synthesized by
pharyngitis to life-threatening skin and soft tissue infeat (17).  Euro ns (Luxemburg).
Despite the availability of e ective antibiotic therapy, iswee
S. pyogenésfections such as necrotizing fasciitis require a moreMouse Strains
aggressive treatment, including surgery and supportiveioaae  Wildtype (WT), Unc93bl 3d TIr23479 = , and TIr13 =
intensive care unit18), nonetheless resulting in approximately mice on a C57BL/6 background were housed in the animal
163,000 deaths annually worldwid&7). Therefore, during the facility of the University of Heidelberg under speci ¢ pathogen
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free conditions.TIr23479~ and TIrl3 = mice have been 260/230 and 260/280 absorbance ratio on a NanoDrop (Thermo
described previously1({, 29 and were kindly provided by Fisher Scienti c, Waltham, USA).

C. Kirschning (University Hospital Essen, Essen, Germany).

Unc93b1 3dnice harboring a H412R missense mutation leadindnfection and Stimulation of Murine Cells

to a non-functional UNC93b1 protein1¢) were generously Murine cells were generally infected or stimulated at a derdity
provided by Prof. Dr. M. Freudenberg (Max Planck Institute1.5 1 host immune cells/well in a 96-well at-bottom plate.
of Immunobiology and Epigenetics, Freiburg, Germany). AllOnly for ROS measurements, cell density was reduced to 5
knockout and mutant mice were backcrossed onto the C57BL/60" cells/well. BMDCs and neutrophils were seeded in antibiotic-

background for at least 8 generations. free RPMI 1640 supplemented with 10% FCS, whereas BMDMs
were seeded in antibiotic-free DMEM supplemented with 10%
Murine Cell Isolation and Differentiation FCS. Unless indicated otherwise, cells were infected overnigh

Bone marrow-derived macrophages (BMDMs) and bonéNith the indicated bacterial strains at various multipliesi of
marrow-derived myeloid dendritic cells (BMDCs) Were|nfection (MOQils), transfected with 2g/ml bRNA complexed

produced as described previoush30(. For generation of with Lipofectamine 200(_) at a rati_o of il Lipofectamine
BMDCs, 8 10° bone marrow cells were seeded into a 15 cnf000 per 1mg RNA or stimulated with PagCSk, (1mg/ml),

cell culture plate in dierentiation medium (RPMI 1640, R848 (Img/ml) and LPS (100ng/ml). For TLR2 blocking

supplemented with 10% FCS, 1% penicilIin/streptomycin?Xperiments' BMDMs were pre-treated with antibodies against

0.05mM 2-mercaptoethanol as well as 1% granulocyté‘-nour?e TLR2 (C_Zlone T2.5,1&g/m|, Bi(l)legend, San Diego, (I:A)

macrophage colony-stimulating factor (GM-CSF)-containing®” he appropriate contro IgG (Clone MOPC-21,ng/ml,

supernatant from murine GM-CSF-transfected X63 celis 82). B|o|egend, San Diego, CA) 45-60 min prior to mfecﬂon. 90 min
Di erentiated BMDCs were harvested on day 8. For generatio fte_r _mfecnon, extrgcellular bacteria were killed by adgin

of BMDMs, bone marrow cells were seeded into 15cm petrﬁ)enlcnIm/streptomycm.

dishes and grown in DMEM supplemented with 10% FCS, 1% .

penicillin/streptomycin and 30-50% L929-supernatant for 7&3/'[0klne Measurements

. . . Cell-free supernatants were harvested and analyzed forslevel
days. For isolation of neutrophils from mouse bone marrow, a P y

negative selection of neutrophils using immunomagnetid celOf TNFa, ”‘E)G’ a;flslk-12p40 éBD E;losctﬁnces, Hi'dilberg’
separation was performed using an autoMACS pro Separatt%erma'_qy) y _according 1o € manuiacturers
according to the manufacturer’s instructions with the meptil msj[ruc.:tlons. Fpr eva[uatlon of systemic cytokine levalsnice

isolation kit (Miltenyi Biotec, Bergisch Gladbach, Germpany at indicated time points, whole mouse blood was transferred

. L to microtubes with serum gel containing a clotting activator
A ty of CD11b/Ly6G double-posit lls 6f95% . .
corF:L:rrmledoby FACS anélysisou e-positive cells o was (Sarstedt, Niumbrecht, Germany), left undisturbed for 3@mi

and then centrifuged for 10 min at 10,000 g to harvest therseru

. . . Serum cytokine pro le was determined using either ELISA, the
Bacterial Strains and Culture Conditions LEGENDplex mouse in ammation panel (Biolegend, San Diego,
The following microbial strains were used for experimentsCA), or a Luminex-based multiplex assay (Bio-Rad, Hercules,
S. pyogeneATCC12344,S. pyogened49, S. pyogenedl1Tl,  ysA)according to the manufacturer's instructions.

S. pyogenesP1 (the latter three strains were a kind gift from

B. Kreikemeyer, University Hospital Rostock, Germany), an®etection of NO 2 by Griess Assay

E. coliATCC25922.S. pyogenestrains were grown either in ynder physiological conditions, NO is spontaneously oxidized
Todd-Hewitt-Bouillon supplemented with 0.5% yeast extracto its stable and non-volatile breakdown product BOwhich
(THB; Sigma-Aldrich, Taufkirchen, Germany) orin Brain-bi¢-  can be detected by Griess assay.,Névels were quanti ed in
Infusion broth (BHI; Merck, Darmstadt, Germany) at 3Z with  cell-free culture supernatants 40h post infection. Absorieanc
5% CQ without agitation in an Erlenmeyer askE. coliwas as measured at 550 nm with 630 nm serving as reference in
grown in Luria-Bertani (LB) medium at 3T with shaking at 200 a photometer (TECAN Sunrise, Mannedorf, Switzerland). NO

rpm. Bacteria were harvested for infection assays withimtfte  concentrations were calculated according to the standarse
logarithmic phase growth, centrifuged at 2000 rpm for 10 mingbtained by serial dilution of NaN&

and resuspended in PBS or medium to the desired concentration
Measurements of Reactive Oxygen

Preparation of Total Bacterial RNA Species (ROS)

For isolation of bacterial RNA (bRNA)S. aureusATCC25923 For detection of total Reactive oxygen species produced by
was grown in LB medium at 3T with agitation until mid- BMDMs and BMDCs upon infection withS. pyogene§otal
logarithmic phase was reached. After lysis with lysozyme (4Reactive Oxygen Species Assay Kit (Invitrogen, Waltham, USA)
mg/ml) for 30 min at 37C, total bacterial RNA was extracted was used. Cells were seeded into sterile black-walled, clear-
using TRIzol reagent according to the manufacturer’'s prdtocobottom 96-well at-bottom plates and pre-treated with ROS
The isolated RNA was further cleaned up using the RNeasy mimissay Stain stock solution 1h prior to infection at a nal
kit (Qiagen, Hilden, Germany) with an integrated on-column dilution of 1:2000. 24 h post infection, total ROS production
DNA digestion step. RNA purity was con rmed by measuring thewas quantied by measuring the uorescence emission at
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520nm in a microplate reader (BMG FLUOstar Optima, Statistical Analysis
Ortenberg, Germany). To assess statistical signi cance between multiple groups, the
non-parametric Kruskal-Wallis test including Dunn's tesh t

. correct for multiple comparisons was used. When normal
Experimental Model of Subcutaneous distribution could be assumed, an ANOVA test was performed,
S. pyogenes Infection followed by Tukey'spost-hoctest. To assess dierences in
The experimental model of subcutanecBspyogendafection  presence or absence of a TLR2 blocking antibody, a linear
was performed as described previously except for the use ofixed model with random e ect for individual mice was
a dierent strain (39). Briey, S. pyogenestrain ATCC12344, used to account for individual dierences between mice,
inoculated from a liquid overnight culture, was grown in followed by Tukey test. In case of comparisons between two
Todd-Hewitt-Bouillon supplemented with 0.5% yeast extract agroups, either a two-tailed Mann-Whitney-U-test or, in case
37 C with 5% CQ without agitation. When mid-logarithmic of normal distribution, the two-tailed Students-test was
phase growth was reached after 8h, bacteria were harvesteerformed. Signi cant di erences were labeled as follows:
by centrifugation at 2000 rpm for 10 min and resuspendeck 0.05; p < 0.01; p < 0.001. Analyses were performed
in PBS. The concentration of the bacterial suspension wassing Graph Pad Prism 7 (Graph Pad Software, San Diego,
adjusted to 5 10° CFU per 50m inoculum using Mc USA) or using R version 3.3.0 with the packages nlme
Farland standard, which was veri ed for each experiment byand multcomp.
plating serial 10-fold dilutions of the inoculum on blood agar
plates. Age-matched 9- to 11-week-old female WRc93bl Ethics Statement
mutant, or TIrl3 = mice were lightly anesthetized by i.p. This study was carried out in accordance with the
injections of a Ketamine/Xylazine cocktail and subcutars® recommendations of the German Protection of Animals
infected with 5 1C° CFU S. pyogenest the left lower ank  Act law and approved by the responsible regional authorities
after being carefully shaved at the site of infection. 4,18 a (council Karlsruhe, reference number G-98/14 and T-95/15).
24 h after infection, mice were sacri ced by @@sphyxiation. The protocol was likewise approved by the same council.
Blood was taken by left ventricle puncture and cytokine Ilgvel
in the serum were analyzed. The lesion of each mouse w
excised, and one half was transferred into 4% paraformaldzhy ESULTS

for histopathological examination, the other half was shockNycleic Acid Dependent Detection of
frozen in liquid nitrogen for protein extraction and subsesqnt S. pyogenes in BMDMs Is Critically
cytokine measurements. Mice experiments were approved by the’ . .

4 P PP Y qn uenced by the Bacterial Strain, MO,

local authorities.

and Cytokine Investigated

Streptococcus pyogehes previously been reported to engage
Histopathological Examination TLR2 as well as TLR13 on murine BMDMs and BMDCs, yet
After overnight xation in 4% buered paraformaldehyde, the relative contribution of both receptors to the overallimane
representative specimens of the skin were routinely dehgdrat response against this pathogen remains unclear and thetlitera
embedded in paran, and then cut into 4nim-thick sections. is con icting (13, 21). Moreover, limited knowledge is available
Sections were stained with H&E according to standard prd&co about a possible inter-strain variability with regard to the
and analyzed using a Leica DM2000 microscope (Wetzlarelevance of nucleic acid detection for innate immune axton
Germany). Tissue sections from each animal were then gradey S. pyogene$o address these questions, BMDMs from WT,
for in ammation (score ranging from M no in ammatory cell  Unc93b1 3dnutant, andTIrl3 = mice were infected overnight
in ltration to 4 D severe in ammatory cell in ltration), bacterial at various MOls with di erent strains ofS. pyogenebat are
abundance (score ranging frondno bacteria to  numerous commonly used in the literature. Bacteria were phagocytosed
bacteria) and for in ammation depth (score ranging from 0 tp 5 equally in WT and mutant cellsSupplementary Figure 1 and
with one point each for in Itration of epidermis, dermis, sulsiis,  all strains triggered a dose-dependent cytokine secretion i
super cial musculature, and deep musculature) by a blindedvT BMDMs. However, inUnc93blmutant, and TIrl3 ~
veterinary pathologist. BMDMs production of IL-6 and TNR upon infection with

S. pyogendsT CC12344 and M49 was almost abrogated at lower

. . MOIs (Figures 1A,Band Supplementary Figure 2, indicating

Protein Extraction From Subcutaneous a non-redundant role of RNA/TLR13 recognition at low
Tissue bacterial burden. Of note, nucleic acid dependent recogniti
For analysis of lesional cytokine production, total lesigratein ~ was less pronounced at higher MOId=igures 1A,B and
was extracted from tissue samples using 1 mL Tissue Extracti®upplementary Figure 2, arguing for additional recognition
Reagent | (Thermo Fisher Scienti ¢, Waltham, USA) per 100 mgnechanisms that only contribute at high bacterial inoculum
of tissue sample. Lesional cytokine pro le was then deterhine Similar results were observed when bacterial uptake wakddoc
using the LEGENDplex mouse in ammation panel (Biolegendpy cytochalasin D Supplementary Figure L By contrast,
San Diego, CA) according to the manufacturer's instrucsion S. pyogenestrain AP1 and M1T1 induced relevant cytokine
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BMDM BMDM BMDM
A ATCcC12344 B ma9 C ap1
127 BWT [ Unc93b1[] Tir13* 157 BWT [0 Unc93b1 [ Tir13* 121 BWT [ Unc93b1 [l Tir13*
10 e = 104 E
Ts o i E 8
= > >k k=
£ 6 = X < 6
@ @ @ ok
= 4 = 5 = 4 3
2 21
0 - 0
NT 50 25 12 6 3 MOI NT 50 25 12 6 3 MOl NT 50 25 12 6 3 MOI
BMDM BMDM
D w1 E F  ATCC12344
127 WWT [ Unc93b1[] Tir13* 257 BWT [ Unc93b1[] Tir13" 257 WWT [0 Unc93b1[ Tir13*
10 =20 X ek
= E G
j=2) Fkk
% £15 (orge &
=4 Sy e
=
2 51
0 0 -
NT 50 25 12 6 3 MOl Pam 3 LPS R848 bRNA NT 50 25 12 6 3 MOI
FIGURE 1 | The relative contribution of nucleic acid sensing to innatenmune activation uponS. pyogenesinfection is critically in uenced by bacterial strain,
multiplicity of infection (MOI) and the cytokine of interestA—E) Murine bone marrow-derived macrophages (BMDMs) from wilgipe (WT),Unc93b1 3d, and TIr13 =
mice were left untreated (NT) or infected over-night withvié S. pyogenesstrains ATCC12344(A), M49 (B), AP1 (C), or M1T1 (D) grown in Todd-Hewitt-Bouillon
supplemented with 0.5% yeast extract at different MOls (50, 2, 12, 6, 3). Overnight stimulation of respective BMDMs witfPamzCSK, (Pam 3; 1mg/ml), LPS
(100 ng/ml), R848 (Img/ml) and bacterial RNA (bRNA; 2ng/ml) served as controls(E). IL-6 levels were analyzed in cell-free supernatants by ELISEF) As in (A) but
IL-12p40 was analyzed by ELISA. Values represent mean data (SEM) of three to six independent experiments.pr< 0.05, **p < 0.01, ***p < 0.001.

secretion only at higher MOIs and dependency on UNC93BZelative contribution to overall activation according tdran,
or TLR13 was less pronounceBigures 1C,D. Together, these bacterial load, and individual cytokine investigated.

data reveal a signi cant inter-strain variability &. pyogenes

in terms of cytokine induction and relevance of nucleic acidEndosomal Receptors and TLR2 Mediate

sensing for mounting an innate immune response. Strikinglyjnnate Immune Activation by S. pyogenes

culture conditions of S. pyogenedid not have an impact . .
on the importance of nucleic acid detection in BMDMs ?{t ll_“gh MOls, but TLR13 PIaysaDomlnant
ole

(Supplementary Figure 3. Of note, enhanced IL-6 secretion
in Unc93bimutated vsTIr13-de cient BMDMs was observed Based on previous work by Fieber et aRkI) and the
after infection with MOI 50 Figures 1A,C,D), potentially by —Observation of an upregulation of TLR2 following its stimiet
compensatory upregulation of TLR2 following its stimulation (Supplementary Figure Sf we assumed that TLR2 signaling
to counterbalance the loss of all endosomal TLRs undehay be responsible for the residual or even enhanced cytokine
high bacterial load $upplementary Figure % A similar trend ~ production in TIr13 = and Unc93bl mutant BMDMs at
occurred upon stimulation with PapCSK;, yet did not higher MOIs. To verify this hypothesis, WUnc93b1 3dand
reach statistical signi canceFigure 1B. In contrast to IL- TIrl3 = BMDMs were infected with high MOls d8. pyogenes

6, S. pyogeneATCC12344-induced IL-12p40 production was ATCC12344 and AP1 (MOI 50 and MOI 25) in the presence or
e ciently abolished at all MOls inUnc93b1 3MDMs, whereas absence of a TLR2-blocking antibody. Inhibition of TLR2 in WT
the impairment of IL-12p40 production was less prominent inBMDMs only slightly attenuated IL-6 production upon infection
TIr13 = cells Figure 1P. These data suggest that endosomaWwith S. pyogeneSTCC12344, whereas cytokine production was
TLRs other than TLR13 are likewise critical for IL-12p40completely abolished irUnc93blmutant cells and strongly
induction in BMDMs uponS. pyogenasfection, whereas the IL- attenuated inTIrl3 = cells upon additional blocking of TLR2

6 response is mostly dependent on TLR13. Together, thesegesu(ftigure 2A). Thus, these data suggest a redundant role of TLR2
clearly emphasize the relevance of nucleic acid recognitioin sensingS. pyogengisat becomes visible only under conditions
especially of bacterial RNA, for the initiation of innate immea1  of high bacterial load and impeded endosomal TLR signaling,
responses againSt pyogen@sBMDMSs, with di erences intheir  with TLR13 playing the most prominent role among all nucleic
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FIGURE 2 | The TLR2 and TLR13 pathway are redundant ii$. pyogenesinfection at higher MOIs, whereas TLR13 signaling plays an sential, non-redundant role at
lower MOls. (A—C) Bone marrow-derived macrophages (BMDMs) from wildtype (WTUnc93b1 3d, and TIrl3 = mice were infected over-night with liveS. pyogenes
strain ATCC12344(A) at two MOls (50, 25) or stimulated over-night with PamCSK, (P3; 1mg/ml), bacterial RNA (bRNA; 2ng/ml) and LPS (100 ng/ml)B) in the
presence (C) or absence (-) of a TLR2 blockingA,B) or a control IgG (C) antibody (5mg/ml). IL-6 levels were analyzed in cell-free supernatants HyLISA.

(D,E) BMDMs from WT andTIr23479 = mice were infected overnight with liveS. pyogenesstrain ATCC12344 at different MOls (50, 25, 12, 6, 3) or left unfected
(NT). IL-6(D) or IL-12p40 (E) release was measured in cell-free supernatants by ELISA. \d&ls represent mean data ( SEM) of three(A,B), (D,E) or two (C)
independent experiments. n.s.D not signi cant, *p < 0.05, *p < 0.01, ***p < 0.001.

acid sensing TLRs. Similar results were obtained when BMDMsndosomal TLRs in the defense f pyogene3hus, bacterial
were infected with the strain AP1S(Upplementary Figure .  RNA represents the dominant immune stimulus for mounting
The presence of a TLR2-blocking antibody e ciently inhibited an innate immune response agaiisstpyogenés BMDMs.
responses to the TLR2 ligand Pg@iBk, without interfering

with TLR13 and TLR4 signaling or the general responsivenesshe Relative Contribution of Nucleic Acid

of BMDM as demonstrated by using isotype control antibodie . -
(Figures 2B,G, thereby conrming e cacy and speci city of Detection to Innate Immune Activation by

the antibody. S. pyogenes Differs Between Immune Cells

To further dissect the relative contribution and potential AS host defense mechanisms against pathogens physiologically
redundancies of TLR2 and endosomal TLRs with respect tgngage several cell types, we next examined whé&thgyogenes
S. pyogenesensing, the response of cells with a combined®NA also represents the dominant immune stimulus in
de ciency in TLR 2, 3, 4, 7, and 9 was investigated. Intriglhjn ~ cell types other than macrophages. For this purpose, we
neither IL-6 secretion nor IL-12p40 production were impairedmeasured cytokine production in bone marrow-derived
in TIr23479 = BMDMs (Figures 2D,B, indicating a redundant dendritic cells (BMDCs) from WT,Unc93bl 3dmutant,
function of these receptors in recognition & pyogenesven and TIrl3 = mice infected overnight with various MOlIs of
at high MOls. The same was observed when cells were infect&d pyogeneATCC12344. In line with the data obtained in
with S. pyogene&P1 strain Gupplementary Figure 5. Taken macrophages, both IL-6 and IL-12p40 secretion in BMDCs
together, the results presented so far corroborate the nmajer were critically dependent on endosomal TLR signaling,
of TLR13 and TLR2 in recognition d8. pyogendsy BMDMs. especially at lower MOIs Fgures 3A,B, thus further
Moreover, the data identify the TLR2 and TLR13 pathway asubstantiating the critical role of nucleic acid detection
being redundant at higher MOls, whereas TLR13 signaling i;n cytokine induction. However, in striking contrast to
shown to play an essential, non-redundant role at lower MOlsnacrophages, BMDCs fronTIrl3 = mice displayed only
and to compensate completely for the loss of TLR2 and otheslightly decreased cytokine levels compared to their WT
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FIGURE 3 | The relative contribution of nucleic acid detection to inrt@ immune activation byS. pyogenesdiffers between immune cells(A,B) Murine bone
marrow-derived myeloid dendritic cells (BMDCs) from wilgtpe (WT),Unc93b1 3d, and TIr13 = mice were infected overnight with liveS. pyogenes strain
ATCC12344 at different MOls (50, 25, 12, 6, 3) or left uninfeet! (NT). Levels of IL-§A) and IL-12p40 (B) were analyzed in cell-free supernatants by ELISA.

(C) BMDCs from WT andTIr23479 = mice were infected overnight with liveS. pyogenes strain ATCC12344 at different MOls (50, 25, 12, 6, 3) or left unfected
(NT).(D-F) Murine neutrophils derived from wildtype (WT)Jnc93b1 3d, and TIrl3 = mice were infected overnight with liveS. pyogenesstrain ATCC12344 at
different MOls (50, 12, 6, 3) or were stimulated with PagiCSK, (P3; 1mg/ml), R848 (1mg/ml), and bacterial RNA (bRNA; 2ng/ml) (D,E) or infected with liveE. coli
strain ATCC25922 at MOI 12(F). Levels of TNFa (D,F) and IL-12p40 (E) were analyzed in cell-free supernatants by ELISAA—-F) Values represent mean data ( SEM)
of three to four independent experiments. n.sD not signi cant, *p < 0.05, **p < 0.01, ***p < 0.001.

counterparts Figures 3A,B, suggesting that in BMDCs, non- of nucleic acid detection for mounting an immune response
redundant recognition ofS. pyogenedNA by TLR13 was less againstS. pyogenes neutrophils, whereas speci ¢ recognition
relevant for the induction of an immune response. Yet, BMDC®f S. pyogend3NA via TLR13 appears to be less prominent. In
de cient in TLR2/3/4/7/9 produced comparable amounts IL-6 line with previously published dat&{), we observed that murine
(Figure 3Q and IL-12p40 Supplementary Figure § as WT  neutrophils only barely respond to single TLR ligands inclugdin
cells, implying that in the absence of TLR2/3/4/7/9 signalinguri ed bacterial RNA §igures 3D,B. Yet, neutrophils from all
the TLR13 pathway becomes more prominent compared tgenotypes responded equally to infection with IEzecoliwhich
WT cells. served as positive contrdFigure 3P.

Neutrophils represent the rst line of defense in bacterial In conclusion, our results highlight nucleic acid deteatio
infections @2), but to date, it has not yet been investigated whichas a prerequisite for an e ective immune response in
TLRs are involved in recognition @&. pyogends neutrophils. both BMDCs and neutrophils. However, in contrast to
We therefore further investigated the dependency of murinenacrophages, TLR13, and the endosomal nucleic acid
neutrophils on nucleic acid detection in defenseSfpyogenes sensing receptors TLR3/7/9 are largely redundant in
Infection of neutrophils isolated from WTUnc93bl 3dand their function.

TIrl3 = mice with S. pyogeneSTCC12344 revealed a similar

stimulation pattern as observed in BMDCs: While in neutrophils . . . .
lacking functional UNC93b1, TNé production triggered by Nucleic Acid Detection Is Crucial for Both

S. pyogenesas strongly impaired and 1L-12p40 secretion wadROS- and NO-Production Serving as

even completely abolished, the secretion of both cytokines wAntimicrobial Agents

less attenuated ifflrl3 = cells, especially in case of IL-12p40Reactive nitrogen species (RNS) and reactive oxygen species
(Figures 3D,B. This nding clearly demonstrates the pivotal role (ROS) have been demonstrated to be a major part of an
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e ective host response toward pathogens by exerting a direetcid sensing as prominent stimulus for NO formation and as
antimicrobial activity 85-37) and thus containing the infection contributor to ROS production in BMDMs and BMDCs upon
(38-40). However, to date, the contribution of endosomal TLRS. pyogenésfection.

signaling to NO formation or ROS production i%. pyogenes

infections has not yet been evaluated. We therefore askesse
these parameters in BMDMs and BMDCs from WOnc93bl  Early Recognition of S. pyogenes

3d, and TIr13 = mice upon infection with S. pyogenes ATCC12344 Is Impaired in Unc93bl Mutant

ATCC12344in vitro. NO generation was strongly reduced
in BMDMs lacking either functional endosomal TLRs or

Mice, With Subsequent Lack of

TLR13 alone when compared to their WT counterparts,CONtainment and Pronounced Systemic

especially at lower MOIsF{gure 4A). A similar pattern was In ammation Later During Infection
observed for ROS production although data did not reachConsidering the importance of nucleic acid sensing for the

statistical signi cance fofflrl3 ~

cells Figure 4B). Likewise,

induction of innate immune responsef vitro, we next

S. pyogenesduced NO and ROS formation was also highlyset out to investigate whether nucleic acid detection is also
dependent on nucleic acid sensing in BMDCs, as demonstrateéquired for defense again§& pyogenes in viviVT, Unc93b1l

by an impaired production of both antimicrobial agents in mutant, and TIr13 ~
Unc93bImutant cells Figures 4C,D. In line with the cytokine

mice were therefore subcutaneously
infected with S. pyogenestrain ATCC12344 and sacri ced

secretion pro les Figures 1A 3A,B), the relative contribution at the indicated time points. This established mouse model
of endosomal TLR signaling to NO production vanishedof soft tissue infection mimics human skin infections with
with higher MOIs in both cell types, with recognition of S. pyogenezilminating in necrotizing fasciitis and sepsil).

S. pyogenesia TLR13 being less prominent in BMDCs asDuring the early phase of infectionJnc93blmutant mice
compared to BMDMs. Together, these ndings identify nucleicdisplayed signi cantly decreased systemic IL-6 levels coetpar

FIGURE 4 | Nucleic acid detection is crucial for both ROS- and NO-prodation
upon S. pyogenesinfection. (A,B) Murine bone marrow-derived macrophages
(BMDMs) as well agC,D) murine bone marrow-derived myeloid dendritic cells
(BMDCs) from wildtype (WT)Unc93b1 3d, and TIr1l3 = mice were infected
with live S. pyogenesstrain ATCC12344 at the indicated MOls, left untreated
(NT) or stimulated with R848 (1ng/ml) and bacterial RNA (bRNA; 2ng/ml) as
positive controls. (A,C) 40 h post infection, NG, levels were analyzed in
cell-free supernatants by Griess assay(B,D) 24 h post infection, total ROS
production was quanti ed by measuring the uorescence emisson. Relative
uorescence units (RFU) were then normalized to LPS RFU leel

(A-D) Values represent mean data ( SEM) of three to ve independent
experiments. n.s.D not signi cant, *p < 0.05, **p < 0.01, ***p < 0.001.

to their WT controls Figure 5A), indicative of an insu cient
recognition of S. pyogenely the innate immune cells, thus
potentially favoring systemic dissemination. However, 2¥bist
infection, we observed overall increased systemic cy&kimd
chemokine levels in mice de cient in endosomal TLR signglin
(Figures 5A,B, presumably due to an increased bacteremia, as
demonstrated by a tendency toward higher bacterial burden
in spleens fromUnc93b1l mutant mice compared to their
WT counterparts Supplementary Figure J. At the same time,
histopathological examination 24 h post infection revealedano
severe lesions inUnc93bl mutant mice with an elevated
bacterial load and more inammatory cells invading into
deeper layers of the lesionsigures 5C,0). Notably, markedly
enhanced lesional levels of the alarmin l&-&ere observed in
infected mice compared to non-treated controBidqure 5D),
thus con rming the presence of a relevant tissue damage and
necrosis. Together, our data demonstrate a failure in early
recognition of S. pyogeneATCC12344 inUnc93b1mutant
mice, leading to a reduced containment & pyogenemn
the course of infection with subsequent spread and systemic
in ammation. In line with these resultsTIrl13 = mice also
displayed signi cantly enhanced systemic IL-6 levels congpare
to their WT controls 24 h after infection, albeit they did nettow
an overall increased systemic in ammatory response as gbder
in Unc93blmutant mice Figure 5B. Consistently,TIr1l3 ~
mice exhibited a slightly, yet not signicantly, enhanced
bacterial and in ammatory burden at the site of infection,
with a mildly increased local in Itration of in ammatory cedl
(Figure 5F. This enhanced local in ammation might be due
to elevated lesional GM-CSF levels foundTitl3 = mice,
promoting the recruitment of in ammatory cells to the infecin
site Figure 5.

In conclusion, our results argue for a crucial contributioh
nucleic acid detection via endosomal TLRs to defense agg@inst
pyogenes in vivo
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FIGURE 5 | Early recognition ofS. pyogenes ATCC12344 is impaired inUnc93b1 mutant mice, with subsequent lack of containment and pronoaced systemic

in ammation later during infection.(A—D) Unc93b1 3d and WT mice were subcutaneously infected with 5 108 CFUS. pyogenesstrain ATCC12344 and euthanized

at the indicated time points.(A) Systemic IL-6 levels were assessed by ELISA 4, 8, and 24 h aftarfection (1 D 8-10 per genotype). Values represent mean data of

two independent experiments ( SEM).(B) Systemic cytokine levels were analyzed by a Luminex-based ultiplex assay 24 h post infectionrf D 4-5 per genotype).
(Continued)
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FIGURE 5 | Values represent mean data ( SEM).(C,D) H&E-stained tissue sections of the lesion frontync93b1 3d and WT mice 24 h post infection were graded for
in ammation, bacterial load, and depth of in ammation @ D 8-10 per genotype) with bars indicating the median. Repres#ative tissue sections are shown. Arrows
indicate necrotic areas(C). Lesional IL-1a levels were assessed by a cytometric bead assay. Values repsent mean data ( SEM)(D). (E,F) TIr13 = and WT mice
were infected as in(A) and systemic cytokine levels were analyzed by a cytometricdad assay 24 h post infection ¢ D 10 per genotype). Values represent mean data
( SEM) of two independent experimentqE,F). H&E-stained tissue sections and lesional GM-CSF levels we analyzed as in(C) (n D 10 per genotype).(A—F) Each
data points illustrates one individual mouse.pr< 0.05, **p < 0.01.

DISCUSSION acid detection for mounting an immune response against this
pathogen, thus further emphasizing the relevance of nuciitsa
For a long time, the immune recognition of most gram-positiveas PAMPs. However, murine neutrophils turned out to be less
bacteria has predominantly been attributed to binding ofithe dependent or§. pyogend®NA recognition, with TLR13 and the
cell wall components to TLR2. However, recent research redtealendosomal nucleic acid sensing receptors TLR3/7/9 beingliarg
that TLR2 dependent pathways are less prominent for theedundant in their function. Similar ndings were obtaineid
recognition of streptococcil(, 16,19, 33,42, 43), a feature which  BMDCs. Which of these endosomal TLRs plays the dominant
thus appears to distinguish streptococci from other gram-pesit role in case of TLR13 de ciency and whether RNA or rather DNA
pathogens. Although we and others have already shed light afensing is of relevance remains speculative. This questiaid c
the relevance of nucleic acids sensing via endosomal TLRs dly be answered using mice harboring a combined loss in TLR13
defense of infections caused by the major human pathd§en plus one or several other endosomal TLRs. The discrepancy
pyogenes in vitr¢l3 21, 44), to date, the relative contribution petween TLR13- und UNC93B1-dependent cytokine production
of nucleic acid detection to the overall immune responseradai was especially prominent for IL-12p40 in all investigated cell
this pathogerin vitro andin vivoremains poorly de ned. Inthe  types, including macrophages, where RNA otherwise represents
present study, we therefore applied a comprehensive approaghe dominant stimulus for cell activation. IL-12p40 is a cyituk
using various experimental conditions to systematicallsdtt that has previously been described to rely on prolonged NF-
the relevance of nucleic acids for sensingSofpyogene©ur  kB-activation to achieve su cient gene expression, a feature
in vitro data now provide evidence for three main ndings: (i) In primarily observed for TLR7 and TLR9 dependent pathwags (
allinvestigated innate immune cells involved in the resioluof |t s therefore conceivable that IL-12p40 activating thiesls
bacterial infectionsS. pyogenesTCC12344 is recognized in an can be reached partially in TLR13 de cient cells but not in cells
almost complete UNC93B1, and thus endosomal TLR, dependeRkrhoring a combined de ciency in all endosomal TLRs. Given
manner at lower MOIs whereas at higher MOls, recognition vighe pivotal role of IL-12p40 as a key regulator in Th1 polarizati
TLR2 emerges but plays a redundant role; (i) TLR13-dependenind thus linking innate and adaptive immunityt€), the current
recognition ofS. pyogenas largely non-redundant in BMDMSs, study may shed light on the relevance of nucleic acid sensing
but less essential in neutrophils and especially in BMDC$; (iiiin calling adaptive immunity into action and thus promoting
dierent S. pyogenestrains greatly vary with regard to their jmmunity toward S. pyogendafection. This is supported by a
nucleic acid dependent recognition. recent publication reporting that recognition of bacteriaRNA
Previous studies on nucleic acid dependent recognition ofia TLR8 stimulates follicular helper T cell di erentiation by
S. pyogene®vealed con icting data: While Fieber et a1  inducing a speci c cytokine pro le in human monocytes upon
demonstrated that only a simultaneous inactivation of btte  jnfection with liveE. colj thereby promoting vaccine responses
TLR2 and TLR13 pathway impaired TFnd IL-6 production  (47). In this context,E. colimRNA serves as so-called “vita-
upon S. pyogenesfection, thus concluding that the TLR2 and PAMP” that is present only in live microbes, thus enabling
TLR13 pathway were largely redundantvitro, our previous innate immune cells to discriminate viable—and potentiallgne
studies suggested a non-redundant involvement of TLR13 iRarmful-from dead microorganismsif). Further investigations
S. pyogenesensing {3. The current study now provides are necessary to elucidate which microbial components dee ab
evidence that these at rst glance contradictory ndingsnca to link innate and adaptive immunity irS. pyogenésfections
be explained by di erent experimental conditions, i.e., di ate and to reveal the involved pathways in detail.
bacterial strains and MOIs employed by both groups (MOl 50 Former studies investigating nucleic acid recognition
in Fieber et al. vs. MOI 5 in Eigenbrod et al.). Our currentin S. pyogene#fection were mainly performed with one
ndings suggest that the TLR2 pathway exerts an auxiliargingle S. pyogenestrain without explicitly addressing inter-
function, assisting the TLR13 mediated recognitioopyogenes strain variability (L0, 16, 19, 21, 33 43). However, recently
in case of pronounced microbial challenge to ensure an e tienpublished data revealed that di ereft pyogenesrains induced
microbial killing. heterogeneous acute adaptive immune responses, most probably
Besides combining di erent experimental conditions, a majordue to the intra-species variability found in the genome @it
strength of this study is that various innate immune cells(27). Moreover, Dinis et al. demonstrated that alo vitro
engaged in the resolution of bacterial infections weremsiteely  innate immune responses elicited By pyogenedinical isolates
examined, including murine neutrophils which are considkas  varied dependent on themmtype in terms of type | interferon
the rst line of defense inS. pyogeneskin infections £2). To  production (26). This is in line with the ndings of our study,
our knowledge, we demonstrate for the rst time that murine which clearly unravels an inter-strain variability with regao
neutrophils stimulated by livéS. pyogenesiso rely on nucleic both the extent of cytokine production and the dependency on
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nucleic acid detection in BMDMs. Thus, an observed immundndeed, we could show that subcutaneously infected animals
response after infection with one strain might not adequatel displayed enhanced lesional llalevels compared to uninfected
re ect the immune response signature of the entire speciegontrols, indicating that DAMP signaling could mask or even
which is of apparent importance for future research. A plethoracompensate for TLR de ciency and thus attenuate the phenotype
of factors might contribute to the phenotype observed in ourin Unc93blmutant or TIrl3 de cient mice. The relevance
study, including variations in uptake, cell wall compositionof DAMP signaling in general and of IL&l in particular
or bacterial degradation in the endolysosome and subsequeshould be addressed in future studies using the appropriate
di erences in accessibility of nucleic acids for TLR stintida.  knockout mice.
Whether clinical isolates ofS. pyogenesharacterized by a In summary, our ndings in the current study emphasize
pronounced genetic diversitytf) also di er in their dependency the relevance of nucleic acid sensing for the initiation of an
on nucleic acid detection and whether this aects patientinnate immune response upon infection wig pyogenes in vitro
outcomes remains to be examined. andin vivo.

TLR signaling has also been shown to play a crucial role
in the defense of. pyogenes in vivin the murine model of DATA AVAILABILITY
subcutaneous. pyogeneasfection, MyD88 ~ mice displayed
an impaired survival compared to their WT counterparig).  The raw data supporting the conclusions of this manuscript will
Moreover, Fieber et al.2() revealed a decreased survival inbe made available by the authors, without undue reservatmn
the same model 08. pyogendsfection in TIr2 de cient and  any quali ed researcher.
Unc93blmutant but not in TIr9 de cient mice. Our data
con rm the increased susceptibility d¢fnc93bImutant mice: we AUTHOR CONTRIBUTIONS
show that early recognition d6. pyogends impaired in mice
lacking endosomal TLR signaling, resulting in a reducedlloc AH, UK, and IF performed experiments. AH organized the
containment ofS. pyogenesfection with bacterial overgrowth, database and analyzed data, with help from UK. VC and
local hyperin ammation and consequently increased systemiPK provided expertise fon vivo experiments. FH and AW
cytokine levels at later time points. Overexpression of ILhelped with neutrophil experiments. TP performed histological
1b as observed inUnc93bl mutant mice has previously analysis of tissue sections. AH, MW, and AD contributed
been demonstrated to be involved i8. pyogeneghduced to the conceptual development of the study. AH and TE
hyperin ammationin vivo and shown to be negatively regulatedwrote the manuscript and all authors commented on and
by type | interferon signaling in an RNA dependent mannerrevised the manuscript. TE coordinated and supervised the
(28). However, given the clear-cut results obtaineddnc93bl entire study.
mutant cellsin vitro, the phenotype observed inc93bl
mutant micein vivo appears to be rather moderate, pointing FUNDING
toward an additional role of TLRZn vivo, as suggested
by Fieber et al. 41). In line with the in vitro data, the Parts of this work were supported by grants from the German
phenotype inTIrl3 = mice was even less pronounced asResearch foundation (DFG) to AD (DA592/4-2, DA592/5-1).
compared toUnc93blmutant mice. In addition, a strongly FH and AW were funded by the German Research foundation
reduced cytokine production has been observedMgD88  CRC/TR156. “The skin as an immune sensor and e ector organ
de cient mice at 20h post infection 20), while cytokine — Orchestrating local and systemic immunity,” the Univeysif
levels were signicantly increased ibnc93blmutant mice Tlbingen and the University Hospital Tubingen.
24h post infection, indicating the presence of UNC93B1-
independent, but MyD88-dependent pathways. This might b ACKNOWLEDGMENTS
partially explained by a possible interference with tissueless
cells, such as keratinocytes or Langerhans-cells, whigidetect We thank Dr. Sébastien Boutin for all the recommendations
S. pyogeneim a nucleic acid independent manner. Another concerning statistical analyses and for running the linear
factor that might in uence the phenotype independently of mixed e ects model. We also want to thank Prof. Dr.
nucleic acid sensing pathways is toxin-mediated tissue dama Christine S. Falk for performing the Luminex-based
S. pyogendsas been reported to secrete several exotoxins thatultiplex assay. We acknowledge nancial support by
may cause cell lysis and tissue destructian),( culminating Deutsche Forschungsgemeinschaft —within the funding
in the formation of necrotic tissues, as also observed in ouprogramme Open Access Publishing, by the Baden-
in vivo studies. Necrotic cells typically release a variety ofVurttemberg Ministry of Science, Research and the Arts
danger associated molecular patterns (DAMPSs), such asalL-1and by Ruprecht-Karls-Universitat Heidelberg.
identi ed as a major product of keratinocyte$1, 52). IL-1a
has only recently emerged as an alarmin that rapidly inisate SUPPLEMENTARY MATERIAL
the production of pro-in ammatory mediators in a MyD88-
dependent manner, thus promoting recruitment of neutrophilsThe Supplementary Material for this article can be found
and macrophages to the site of infection as well as theionline at: https://www.frontiersin.org/articles/10.288nmu.
activation independent of TLR signaling pathways345. 2019.00198/full#supplementary-material
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