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Bacterial pathogens are recognized by the innate immune sys-
tem through pattern recognition receptors, such as Toll-like
receptors (TLRs). Engagement of TLRs triggers signaling cas-
cades that launch innate immune responses. Activation of
MAPKs and NF-kB, elements of the major signaling pathways
induced by TLRs, depends in most cases on the adaptor mole-
cule MyD88. In addition, Gram-negative or intracellular bacte-
ria elicit MyD88-independent signaling that results in produc-
tion of type I interferon (IFN). Here we show that in mouse
macrophages, the activation of MyD88-dependent signaling by
the extracellular Gram-positive human pathogen group A strep-
tococcus (GAS; Streptococcus pyogenes) does not require TLR2,
a receptor implicated in sensing of Gram-positive bacteria, or
TLR4 and TLR9. Redundant engagement of either of these TLR
molecules was excluded by using TLR2/4/9 triple-deficient
macrophages. We further demonstrate that infection of macro-
phages by GAS causes IRF3 (interferon-regulatory factor 3)-de-
pendent, MyD88-independent production of IFN. Surprisingly,
IEN is induced also by GAS lacking slo and sagA, the genes
encoding cytolysins that were shown to be required for IFN pro-
duction in response to other Gram-positive bacteria. Our data
indicate that (i) GAS is recognized by a MyD88-dependent
receptor other than any of those typically used by bacteria, and
(ii) GAS as well as GAS mutants lacking cytolysin genes induce
type I IFN production by similar mechanisms as bacteria requir-
ing cytoplasmic escape and the function of cytolysins.
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Group A streptococcus (GAS*; Streptococcus pyogenes) is an
important human Gram-positive pathogen responsible for a
wide spectrum of infections, ranging from mild diseases (e.g.
tonsillitis) to serious illness (e.g. necrotizing fasciitis, sepsis, or
severe poststreptococcal sequelae) (1). The persistence of GAS
in the human population and the severity of some GAS diseases
are the result of activities of a number of virulence factors that
enable the pathogen to escape immune surveillance or, on con-
trary, induce an overreaction of the immune system (2, 3).
Although GAS is generally regarded as an extracellular patho-
gen, recent findings suggest that GAS can survive (although not
multiply) within various host cells, such as neutrophils, macro-
phages, epithelial cells, and fibroblasts (4—7). The surviving
bacteria may serve as a reservoir for recurrent GAS diseases.

Immune responses to bacteria are initiated by recognition of
bacterial components called pathogen-associated molecular
patterns through host cell-encoded pattern recognition recep-
tors (PRRs) (8, 9). Typically, pathogen-associated molecular
patterns are components of the bacterial cell wall (e.g. lipopo-
lysaccharide and lipoteichoic acid), but they may also be
derived from the inside of bacteria (e.g. DNA). The primary
function of PRRs is to trigger signaling cascades that activate
antimicrobial defense programs. The best studied class of PRRs
is the Toll-like receptor (TLR) family, which consists of 13
transmembrane glycoproteins in mammals (8). Virtually all
pathogenic bacteria are recognized by one or more TLRs, with
TLR2 being the receptor for lipoteichoic acid of Gram-positive
bacteria, TLR4 the receptor for lipopolysaccharide of Gram-
negative bacteria, and TLR9 the receptor for bacterial DNA
containing unmethylated CpG sequences. Ligand binding to
TLR3, TLR4, TLR7, and TLR9 but not to TLR2 launches two
distinct signaling pathways that result in the production of
proinflammatory cytokines (e.g. TNFa and IL-1) and type I
IFNs, respectively. Five TIR domain-containing adaptor mole-
cules are involved in signaling downstream of TLRs: MyD88,
TIRAP (or MAL), TRIE (or TICAM1), TRAM (or TICAM?2),

“The abbreviations used are: GAS, group A streptococcus; BMDM, bone mar-
row-derived macrophages; IFN, interferon; IRF, interferon regulatory fac-
tor; MAPK, mitogen-activated protein kinase; PRRs, pattern-recognition
receptors; TLR, Toll-like receptor; TNFq, tumor necrosis factor «; IL, inter-
leukin; MOI, multiplicity of infection; ELISA, enzyme-linked immunosor-
bent assay; qRT, quantitative reverse transcription.
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and SARM, a negative regulator of TRIF (10). MyD88, an essen-
tial signaling component of all TLRs except TLR3, is required
for activation of MAPKs and NF-«B that cause production of
proinflammatory cytokines. Signaling components that are
required for the production of type I IFNs are less uniform, and
they are partially TLR- and cell type-specific. Recently, much
attention has been paid to the elucidation of pathways leading
to TLR-independent production of type I IFN in response to
intracellular bacteria and/or intracellular DNA (11-14).
Although the identity of the critical PRR remains unknown, it is
generally believed that it is a cytoplasmic molecule that recog-
nizes bacterial products (possibly bacterial DNA) in the cyto-
plasm. Signaling downstream of this unknown PRR employs
the serine threonine kinase TBK1 or, less frequently, its relative
IKK (15-18), which phosphorylates primarily the transcription
factor IRF3, causing the activation of the IFN-f gene, the first
type I IEN to be expressed (19, 20). Other cytoplasmic PRRs,
such as the NOD proteins, recognize bacterial products in the
cytoplasm and activate MAPKs and NF-«B but not IFN produc-
tion (21).

Despite a considerable knowledge of GAS virulence factors,
the PRRs that are responsible for recognition of this pathogen
by the host are unknown. Remarkably little information is avail-
able also about the signaling pathways triggered by GAS in
infected innate immune cells that are known to be required for
defense against GAS (22). Here we show that GAS activates p38
MAPK, NF-«B, TNFe, and IL-6 production in infected bone
marrow-derived mouse macrophages (BMDMs). Similar to
other bacteria, these responses depend on MyD88. However, in
contrast to most other pathogenic bacteria, the MyD88-medi-
ated signaling was independent of TLR2, the receptor for
Gram-positive bacteria, and the other bacterial receptors TLR4
and TLR9. We also rule out the involvement of IL-1 receptor
signaling. We further demonstrate that GAS also elicits
MyD88-independent signaling that results in type I IEN pro-
duction. The IFN production did not require the presence of
the GAS-encoded cytolysins SLO and SLS. This finding is sur-
prising, since during infections with other Gram-positive bac-
teria, either the cytolysin itself or cytolysin-mediated cytoplas-
mic escape of bacteria from phagocytic vesicles was implicated
in triggering IFN production (12, 23-25). However, the
requirement for IRF3 in the IFN production suggested that
other aspects of the GAS-induced IFN production resembled
the well established TBK1/IRF3 signaling pathway. This is the
first description of activation of MyD88-dependent and -inde-
pendent pathways upon GAS infection. Our data implicate that
GAS is recognized by a yet unknown receptor upstream of
MyD88 and establish GAS as a Gram-positive pathogen capa-
ble of inducing type I IFN synthesis without molecules usually
required for entry of bacterial products into the cytoplasm of
infected cells.

EXPERIMENTAL PROCEDURES

Bacterial Strains—Escherichia coli DH5-a and TOP10 were
used as hosts for cloning. S. pyogenes serotype M1 (ATCC
700294) is a clinical strain originally isolated from an infected
wound. The isogenic sagA- and slo-deficient mutants were con-
structed using a thermosensitive strategy described previously
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(26). First, using wild-type genomic DNA as template and prim-
ers containing flanking restriction sites, a 1111-bp sagA
upstream fragment (primers OLEC120/OLEC143), a 1200-bp
sagA downstream fragment (primers OLEC123/OLEC144), a
1159-bp slo upstream fragment (primers OLEC248/OLEC249),
and a 1033-bp slo downstream fragment (primers OLEC250/
OLEC251) were amplified. After digestion with the respective
restriction enzymes, the upstream and downstream fragments
were cloned into thermo-sensitive plasmids pRDN18 (sagA-
deficient mutant) and pEC84 (slo-deficient mutant) (26). After
introduction of the recombinant plasmids into S. pyogenes
ATCC 700294, a series of temperature shifts with appropriate
antibiotic selection was performed, thus leading to the final
deficient mutants (strain EC548 (sagA-deficient mutant) and
EC997 (slo-deficient mutant)) in which the entire coding
sequence of the gene was deleted in a nonpolar fashion. To
create the sagA/slo-deficient strain (EC1142), the deletion of slo
was performed as mentioned above in the background of the
sagA-deficient strain. The correct deletion event in the mutants
was checked by PCR, Southern blot, and sequencing analysis.
SLS and SLO hemolysis assays further confirmed that the
sagA-, slo-, and sagA/slo-deficient mutants were defective in
SLS and/or SLO activity as described (27, 28). DNA manipula-
tions are described in the supplemental materials.

Bacterial Culture—S. pyogenes strains were grown at 37 °C
with 5% CO, without agitation in Todd-Hewitt broth (BD Bio-
sciences) supplemented with 0.2% yeast extract and on tryptic
soy agar supplemented with 3% defibrinogated sheep blood.
Transformation of E. coli and S. pyogenes was performed as pre-
viously described (29, 30). Whenever required, antibiotics were
added to the medium at the following final concentrations:
erythromycin, 300 ug/ml for E. coli and 3 pg/ml for S. pyogenes;
spectinomycin, 100 ug/ml for both E. coli and S. pyogenes. Bac-
terial cell growth was turbidimetrically monitored at 620 nm
with a microplate reader.

Macrophage Cell Culture—Primary BMDMs were obtained
from the femur bone marrow of 6-10-week-old mice. Cells
were cultivated in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal calf serum in the presence of L cell-
derived CSF-1, as described (31). MyD88 /~, TLR2 /",
TLR4'~, TLR9~'~, TLR2/4/9~'~,IFNAR1 /7" IRF3~'~,IL1-
RI™/~, and control WT mice, all on a C57Bl/6 background,
were housed under specific pathogen-free conditions (32-36).

GAS Infections—For infection assays, BMDMs were seeded
at 5 X 10° cells/dish in 10-cm dishes containing medium with-
out antibiotics. The next day, S. pyogenes cultures grown in
THY were harvested at midlogarithmic phase, washed with
phosphate-buffered saline, and added to the BMDM monolay-
ers at a multiplicity of infection (MOI) of 100. After 30 min of
incubation at 37 °C, nonadherent extracellular bacteria were
eliminated by removing the culture medium, and adherent
extracellular bacteria were subsequently killed by incubation
with fresh medium (without fetal calf serum) containing 60
png/ml penicillin. At specific time points after infection, super-
natants were collected for ELISA, and whole cell extracts were
prepared for Western blot analysis. At least three mice of each
genotype were used in all infection experiments.
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FIGURE 1. GAS-induced inflammatory signaling and the production of TNFa and IL-6 depends on
but not on TLR2, TLR4, and TLR9. A-E, BMDMs from TLR2™/~ (A), TLR4~/~ (B), TLR9 ™/~ (C), TLR2/4/9
MyD88 /" (E), and WT control mice were infected with GAS (MOI 100). At the indicated time points, whole cell
extracts were prepared and analyzed by Western blotting using antibodies to phosphorylated p38 MAPK
(pp38; top) and to IkB (bottom). Equal loading was controlled by reprobing the membrane with antibody to
total p38 MAPK. F and G, BMDMs derived from TLR2/4/9 triple-deficient (TLR2/4/9/") (F), MyD88 "/~ (G), and
control mice were infected with GAS (MOI 100). At the indicated time points, supernatants were collected, and
TNFa (left) and IL-6 release (right) was measured by ELISA. The data represent one of at least three infection

dh

experiments carried out independently with different mice of each genotype.

Antibodies—Antibodies to Tyr”®'-phosphorylated Statl
(pY701-S1) and phosphorylated p38 (pp38) were purchased
from Cell Signaling (Frankfurt/Main, Germany). Antibodies to
IkB-a and p38 were purchased from Santa Cruz Biotechnology,
Inc. (Santa Cruz, CA). Antibody to Statl-a C terminus was
previously described (37).

ELISA and Western Blot Analysis—For ELISAs, supernatants
of infected macrophages were collected and diluted 1:5 in rea-
gent diluent. TNFa and IL-6 were assayed using DuoSET
ELISA kits (R&D Systems, Minneapolis, MN). Western blot
analysis was performed using fluorophore-linked secondary
antibodies (Molecular Probes-Invitrogen (Lofer, Austria) and
Rockland (Gilbertsville, PA)) and an Odyssey infrared imaging
system (LI-COR Bioscience, Lincoln, NE).
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(monitored by fluorescence microscopy) was equally efficient
in cells of both genotypes (data not shown). These data demon-
strate that TLR2 was not required for GAS-induced signaling.
Other TLRs frequently engaged by bacteria are TLR4 and
TLR9. TLR4 is the receptor for lipopolysaccharide of Gram-
negative bacteria, but it has been shown to recognize also cell
wall components of mycobacteria and several cytolysins of
Gram-positive bacteria (25,43, 44). TLR9, a CpG DNA receptor
localized in endosomal and lysosomal membranes of macro-
phages and, most prominently, dendritic cells, can bind DNA
from both Gram-positive and Gram-negative species (35, 45).
Similar to TLR2~/~ BMDMs, the activation of p38 MAPK and
degradation of IkB in TLR4 '~ and TLR9 '~ BMDMs was
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indistinguishable from WT BMDMs (Fig. 1, Band C). To exam-
ine whether a combination of TLR2, TLR4, and TLR9 was used
for GAS recognition, we analyzed GAS-induced signaling in
TLR2/4/9 triple-deficient BMDMs. As depicted in Fig. 1D, the
signaling events in triple-deficient BMDMSs were comparable
with WT cells. These data exclude a redundant function of
TLR2, TLR4, and TLR9 in GAS recognition and demonstrate
that macrophages sense GAS using a PRR other than the most
common bacterial receptors.

GAS-induced Inflammatory Signaling Depends on MyD88—
All TLRs except for the double-stranded RNA receptor TLR3
require MyD88 for activation of MAPKs, NF-«B, and the sub-
sequent proinflammatory cytokine production. To investigate
whether MyD88 was involved in GAS-induced inflammatory
signaling, we examined the activation of p38 MAPK and degra-
dation of I«B in infected MyD88~/~ BMDMs. The experiment
revealed that GAS-induced activation of p38 MAPK was almost
completely abolished, and the degradation of IkB was strongly
diminished in MyD88 /"~ cells when compared with WT cells
(Fig. 1E). A weak p38 MAPK activation and IkB degradation
were observed in MyD88 '~ cells at later time points of infec-
tion. Thus, the GAS-induced inflammatory signaling was
markedly reduced and delayed in MyD88 /~ cells. The activa-
tion of MAPKs and NF-«B plays a fundamental role in induc-
tion of proinflammatory cytokines, such as TNFa or IL-6. To
estimate the effect of reduced GAS-induced inflammatory sig-
naling in MyD88 '~ BMDMs, we determined the amounts of
secreted TNFa and IL-6 in supernatants of GAS-infected
MyD88 '~ and control WT cells. In parallel, we also measured
TNFa and IL-6 production by infected TLR2/4/9 triple-defi-
cient cells. Infection of WT BMDMs with GAS resulted in a
robust cytokine production that was only slightly reduced (by
less than 20%) in TLR2/4/9 triple-deficient cells (Fig. 1F). In
marked contrast, TNFa and IL-6 production was completely
abolished in GAS-infected MyD88 ~/~ BMDMs (Fig. 1E). These
data show that GAS-induced proinflammatory cytokine pro-
duction is absolutely dependent on MyD88. The slight but
reproducible reduction of cytokine production by TLR2/4/9
triple-deficient BMDMs indicates that one of these TLRs or a
combination of them plays a minor role in GAS-induced proin-
flammatory cytokine production. However, the largest part of
GAS-induced inflammatory cytokine production is mediated
by a receptor (or receptors) different from the most common
bacteria-specific TLRs. Importantly, this receptor signals via
MyD88. The only other known pathways that use the adaptor
MyD88 for signaling are the IL-1/IL-18 pathways (32).
Although IL-18 is most relevant for the activation and IFN-y
production by Th1 cells (46), IL-1 has been reported be released
by innate immune cells upon infection with various pathogens
that are sensed in the cytoplasm by components of the inflam-
masome (47—-49). To investigate whether IL-1 release by GAS-
infected macrophages is responsible for the MyD88-dependent
inflammatory signaling, we infected cells deficient in IL1-RI,
the most important IL-1 receptor chain (50). As shown in Fig. 2,
the activation of p38 MAPK, the degradation of IkB, and TNF«
production were not affected by the deficiency in IL-1 signaling.
These data further strengthen our notion that GAS is sensed by
a yet unidentified receptor upstream of MyD88.
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FIGURE 2. IL-1 signaling is not required for responses of BMDM to GAS
infection. A and B, BMDMs from IL-1RI"/~ and control (WT) mice were
infected with GAS (MOI 100) for the indicated periods. p38 MAPK activation
(pp38) (A) and degradation of |kB (B) were determined by Western blot anal-
ysis. Equal protein loading was confirmed by reprobing the membrane with
antibody to total p38 MAPK. C, BMDMs derived from IL-1RI™/~ and control
mice were infected with GAS (MOI 100). At the indicated time points, super-
natants were collected, and TNF« release was measured by ELISA. The data
represent one of at least three infection experiments carried out independ-
ently with different mice of each genotype.

GAS Induces Type I Interferon—Gram-negative and intracel-
lular bacteria are known to elicit MyD88-independent signaling
that causes activation of the transcription factor IRF3 and sub-
sequent transcription of the type I IFN-B. The mechanisms of
IEN production induced by these two types of bacteria differ
upstream of IRF3. Whereas Gram-negative bacteria use TLR4
to stimulate IFN production, intracellular bacteria are recog-
nized by a still unknown cytoplasmic receptor. Engagement of
TLR9 can also trigger IRF3/IRF7-mediated type I IFN expres-
sion. GAS has been previously reported to induce IFN produc-
tion in primary human macrophages (51). We asked whether
GAS can exert similar effects in mouse macrophages and what
the role of MyD88 or the bacteria-specific TLRs therein is. First,
tyrosine phosphorylation of the crucial IFN-activated tran-
scription factor Statl was analyzed. Tyrosine phosphorylation
of Statl is a good indicator for autocrine IFN-B production,
since this cytokine is the first IFN to be synthetized upon chal-
lenge of macrophages with bacteria or their products (52-54).
Infection of BMDMs with GAS revealed induction of Statl

VOLUME 283 +NUMBER 29-JULY 18, 2008



Innate Immune Cell Responses to Group A Streptococcus

A WT MyD88 - B WT TLR2/4/9 -

025 4 6 0 254 6 time(hrs) 025 46 0 25 4 6 time(hrs)
== pY-§1 — | pY-s1
TN — | stat1 B T e — 3 = =1 Statt
C IFN-p D IFN
351 awr 1 owr
3{ =MyD88 /- 251 mTLR2/4/9 -
% 2,54 % 24
3 2?7 3 1]
B B s
1
[i] I—I_L— 0 T T T
0 25h 4h 6h 0 25h 4h 6h
hours p.i hours p.i.
E Mx2
140 owT
1201 mMyD88 -/-
=100
-% 80
3 601
=
E 44
20
0 T T T
0 25h 4h 6h
hours p.i.

FIGURE 3. GAS induces IFN- 8 production and Stat1 activation independently of MyD88, TLR2, TLR4, and
TLR9. A and B, BMDMs from control (WT), MyD88 ™/~ (A), and TLR2/4/9 triple-deficient (TLR2/4/9 /") (B) mice
were infected with GAS (MOI 100), and whole cell extracts were prepared after the indicated time periods. Stat1
Tyr’®" phosphorylation and expression were determined by Western blotting using antibody to phosphoryl-
ated Stat1 (pY-S1) and total Stat1. Differences in Stat1 expression levels were revealed by reprobing the
membrane with antibody to total p38 MAPK (p38). Note the double band on the pY-S1 blot represents the
phosphorylated forms of both Stat1 splicing isoforms Stat1-a and Stat1-B. Loading control (S1) was performed
with antibody directed to the C terminus of Stat1, which is absent in the Stat1-B isoform. Cand D, BMDMs from
wild type, MyD88 '~ (C), and TLR2/4/9 triple-deficient (TLR2/4/9 /") mice (D) were exposed to GAS (MOI 100).
After the indicated time points, total mRNA was extracted, reverse-transcribed, and analyzed by qRT-PCR for
IFN-B and GAPDH (for normalization) expression. Note that the data show relative IFN-B8 mRNA levels normal-
ized to GAPDH but not to uninfected samples. £, GAS-induced IFN-3 stimulates transcription of type | IFN target
gene Mx2. BMDMs from MyD88 "/~ and control (wild type) mice were exposed to GAS, and 2.5, 4, and 6 h
postinfection (hours p.i.), total mMRNA was extracted, reverse-transcribed, and analyzed by qRT-PCR for Mx2
after normalizing to GAPDH and uninfected samples. Bars, S.D. of three experiments.

allow a more accurate normaliza-
tion. Reduced Stat1 levels have been
already previously observed in cells
that are deficient in IFN or TLR/
MyD88 signaling (11, 55, 56). To
directly assess IFN- expression, we
performed qRT-PCR to determine
IFN-B mRNA levels in cells infected
with GAS. The data shown repre-
sent relative IFN-B mRNA levels
normalized to GAPDH mRNA. We
did normalize to uninfected cells,
since the IFN-B mRNA was very
often below the levels that could be
reliably detected by qRT-PCR. The
experiment confirmed that the
IFN-B expression was independent
of TLR2, TLR4, and TLR9 (Fig. 3D).
The IFN-B mRNA was also induced
upon infection of MyD88 /™ cells
with GAS, albeit the amount was
reduced if compared with WT cells
(Fig. 3C). The reduced IFN-B
mRNA levels in MyD88 /~ did not
result in diminished IFN signaling,
since Statl activation was increased
in these cells if compared with the
controlled BMDMs (Fig. 34). The
functional activation of IFN/Jak/
Stat signaling in MyD88 /" and
WT cells was further confirmed by
the induction of the type I IFN tar-
get gene Mx2 (57). The transcrip-
tion of Mx2 was induced in both the
control and MyD88 /'~ BMDMs
with a kinetics that correlated well
with the activation profile of Statl
(Fig. 3E). Moreover, Mx2 transcrip-
tion was more strongly induced in
MyD88 /™ cells that also display
increased Statl activation. Thus,
despite the decreased IFN-f
mRNA, the IFN/Jak/Stat1 signaling

tyrosine phosphorylation after 4 h of infection of WT BMDMs
(Fig. 3, A and B). This late tyrosine phosphorylation is similar to
challenges with other bacteria (e.g. Listeria monocytogenes) that
do not induce IFN synthesis through direct engagement of an
IFN-inducing TLR (23). Consistently, Statl activation pro-
ceeded independently of MyD88 and TLR2, TLR4, and TLR9
signaling, as shown by GAS infection of BMDMs from
MyD88 "/~ (Fig. 34), TLR2~/~, TLR4’~, TLR9 /" (all in Fig.
S1), or TLR2/4/9 triple-deficient (Fig. 3B) mice. In fact, Statl
tyrosine phosphorylation was slightly but reproducibly
increased in MyD88 '~ and TLR2/4/9 triple-deficient
BMDMs (Fig. 3, A and B) when normalized to total Stat1 levels.
Since the Statl levels were generally slightly lower in BMDMs
derived from the gene-targeted mice compared with WT con-
trols, the Western blots were reprobed with p38 antibody to
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was more efficiently turned on in MyD88 '~ cells, suggesting
that the increased Statl phosphorylation was caused by a
more efficient phosphorylation or a lower dephosphoryla-
tion rate. To prove the autocrine/paracrine role of the type I
IEN in Statl activation, we examined Statl activation and
IEN responses using BMDMs lacking the type I IFN receptor
chain 1 (IFNAR1 /7). As shown in Fig. 44, Statl tyrosine
phosphorylation was completely abolished in GAS-infected
IFNAR1 /" cells despite robust induction of IFN-B gene
transcription in these cells (Fig. 44). Consistently, the induc-
tion of the type I IFN-responsive gene Mx2 was entirely
dependent on signaling by the IFNAR1 receptor (Fig. 4C). In
most cell types, activation of the transcription factor IRF3
launches a feed forward type I IFN amplification loop
through induction of IFN-$ that drives the expression of
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FIGURE 4. GAS-induced IFN signaling depends on IRF3 and IFNAR1. A and B, BMDM:s from control (WT),
IFNAR1 /" (A), and IRF3-deficient (IRF3~/~) (B) mice were infected with GAS (MOl 100), and whole cell
phosphorylation and expression were
determined by Western blotting using antibody to phosphorylated Stat1 (pY-S1) and total Stat1. Differ-
ences in Stat1 expression levels were revealed by reprobing the membrane with antibody to total p38
MAPK (p38). Cand D, BMDMs from IFNAR1 ™/~ (C), IRF3~/~ (D), and control (WT) mice were exposed to GAS
for the indicated times, and total mRNA was extracted, reverse-transcribed, and analyzed by qRT-PCR for
Mx2 after normalization to GAPDH. E, BMDMs from IFNAR1 ™/~ and control (WT) mice were infected with
GAS (MOI 100). IFN-B expression was analyzed by qRT-PCR after normalization to GAPDH. Bars, S.D. of

extracts were prepared 2.5, 4, and 6 h postinfection. Stat1 Tyr’®

three experiments.

IFN-as (19, 20, 58). Thus, a failure in activation of IRF3
results in a deficient production of both the immediate
IFN-B and the late phase IFN-as. To further elucidate the
mechanism of GAS-induced IFN production, we infected
IRF3~/~ BMDM:s with GAS and examined the activation of
the transcription factor Statl and induction of the Stat1 tar-
get gene Mx2. Both the tyrosine phosphorylation of Statl
and the transcription of the type I IFN-inducible gene Mx2
were diminished in IRF3~/~ (Fig. 4, B and D), whereas the
MyD88 pathway was not affected by the IRF3 deletion, as
revealed by p38 MAPK activation. These data demonstrate
that GAS has the ability to induce IFN- synthesis and IFN
signaling in a way that mechanistically resembles the IFN-f3
activation by intracellular Gram-positive pathogens.

GAS Stimulates IFN Signaling Independently of Cytolysins—
The TLR-independent IFN-B induction by GAS was surpris-
ing, since GAS is generally regarded as an extracellular
pathogen that has only a limited capacity to survive in host
cells (4-7). For the so far characterized induction of IFN-8
production by Gram-positive bacteria, the expression of
cytolysins was required (12, 23, 24). Cytolysins are thought
to enable cytoplasmic escape of phagocytosed bacteria. In
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in GAS-induced IFN signaling,
sagA (SLS)-deficient, slo (SLO)-
deficient, and double sagA/slo-de-
ficient mutants were generated
and used in infection assays. Anal-
ysis of Statl activation revealed
that neither the deletion of the sin-
gle cytolysin genes (data not
shown) nor the double deletion
(Fig. 5A) caused a reduction of
GAS-induced IFN signaling. The
inflammatory signaling was also
not dependent on the expression
of the GAS cytolysins, as shown by
p38 MAPK activation (Fig. 5B).
These findings suggest that the
ability of GAS to induce IFN-f
synthesis may not require a con-
tact of GAS components with the
still unknown cytoplasmic recep-
tor that is used by other Gram-positive bacteria for IFN-8
induction.

DISCUSSION

GAS is the etiological agent of a variety of human diseases.
The heterogeneity of GAS diseases arises in part from the high
diversity of GAS-mediated host-pathogen interactions in
which virulence factors, GAS genome composition, prophage
DNA, and plasticity of the GAS transcriptome play key roles (2,
61-64). A major factor influencing the severity of GAS infec-
tions is also the genetic inventory of the host. In humans, the
differences in susceptibility to severe GAS diseases were
mapped to the major histocompatibility complex locus (65).
More severe infections and a generalized toxic shock syndrome
appear to be associated with higher expression of inflammatory
cytokines in both humans and mice (66). Cytokine production
in GAS responses is regulated by T cells through GAS superan-
tigens and the as yet poorly understood activation of innate
immune cells. Our findings demonstrate that GAS is able to
induce cytokines in macrophages through MyD88-dependent
and -independent pathways. The identity of the GAS-recogniz-
ing receptor upstream of MyD88 poses an intriguing question,
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FIGURE 5. GAS-derived cytolysins SLO and SLS are not required for induc-
tion of IFN and stress signaling. A and B, BMDMs from wild-type mice were
infected with either S. pyogenes WT strain or the isogenic mutant strain s/s/
sagA lacking both sagA (SLS) and slo (SLO) genes. At the indicated time points,
activation of Stat1 (A) and p38 MAPK (B) was detected by Western blot anal-
ysis using antibodies to Tyr’®'-phosphorylated Stat1 (pY-S1) and phosphoryl-
ated p38 MAPK (pp38). Equal protein loading was confirmed by reprobing
the membranes with antibody to total Stat1 and p38 MAPK (p38), respec-
tively. The data shown represent one of at least three independent infection
experiments.

since our study rules out the exclusive involvement of the most
prominent bacteria-recognizing receptors, TLR2, TLR4, and
TLRY, or their combination. Other MyD88-dependent TLRs
are the flagellin receptor TLR5 and the single-stranded RNA
receptors TLR7 and TLR8 (8). Involvement of these receptors
in GAS-induced MyD88-dependent signaling is not likely, since
flagellin or a similar protein has not been found in GAS, and
single-stranded RNA is associated with viral recognition. How-
ever, the role of these receptors cannot be entirely excluded,
because PRRs are, in general, not specific for a single molecule.
For example, TLR2 was reported to cooperate with dectin-1 in
recognition of fungi (67). We ruled out the role of signaling
through the IL-1R, which is known to be MyD88-dependent.
IL-1 can be released by infected cells as a result of inflamma-
some-mediated caspase 1 activation, which is required for
IL-1B processing (68). Although we did not address the GAS-
mediated IL-1 production, a role for IL-1 as a possible mediator
of the MyD88-dependent responses can be excluded. A func-
tion of IL-18 as another molecule requiring MyD88 for signal-
ing is rather unlikely, since the IL-18 receptor is predominantly
expressed on Th1 cells, whereas a prolonged treatment with e.g.
IL-18 plus IL-12 is required for stronger expression in mono-
cytic cells (69, 70). The ability of GAS to induce MyD88-de-
pendent signaling independently of TLR2/4/9 may not be
unique, since other Gram-positive pathogens have been
reported to initiate inflammatory responses in the absence of
multiple TLRs. For example, heat-inactivated group B strepto-
cocci and Streptococcus pneumoniae as well as spores of Bacil-
lus anthracis induce MyD88-dependent responses in TLR2-,
TLR4-, and TLR9-deficient macrophages or splenocytes (71—
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73). Despite the fact that TLR2/4/9 triple-deficient cells were
not used in these studies, they support our hypothesis that some
Gram-positive pathogenic bacteria are recognized by an as yet
unidentified receptor upstream of MyD88.

The surprising finding that GAS is able to induce IFN-g inde-
pendently of cytolysins represents another so far unique feature
of GAS-induced responses in innate immune cells. In this
regard, GAS-derived streptolysins are different from several
other cytolysins that have been reported to induce IFN-f3 syn-
thesis through activation of TLR4 (25). Another proposed
mechanism of IFN- induction by Gram-positive bacteria (e.g.
L. monocytogenes) involves listeriolysin O-dependent libera-
tion of bacteria and/or bacterial components from phagosomes
(12, 23, 24). Although GAS is a prototype extracellular patho-
gen, it can be efficiently internalized by many phagocytic and
nonphagocytic cells. However, GAS survives only for a short
period of time in host cells due to degradation in lysosomal and
autophagosomal compartments (5, 6). Interestingly, Bacillus
subtilis engineered to express streptococcal SLO was not able to
survive or multiply in infected cells, as opposed to listeriolysin
O-expressing B. subtilis (74). This observation suggests that
SLO, which displays a high degree of similarity with listeriolysin
O, cannot mediate cytoplasmic escape. Thus, the reported data
together with our findings support the hypothesis that GAS
stimulates IFN- synthesis by a novel mechanism that does not
require cytoplasmic escape. Interestingly, the signaling events
that culminate in Statl activation and transcription of IFN-
responsive genes follow the well established pathway involving
the transcription factor IRF3 and the type I IFN receptor but
independent of MyD88. The increased IFN signaling in
MyD88 /" cells may be explained by reduced expression of the
inhibitor of IEN signaling SOCS1 (75). SOCS1 expression is
known to be dependent on p38 MAPK (76), which we show in
our study to be strongly reduced in GAS-infected MyD88 '~
cells.

Our work demonstrates the ability of GAS to induce multiple
inflammatory responses via in part novel recognition mecha-
nisms. MyD88-dependent TLR2/TLR4/TLR9-independent
signaling and cytolysin-independent IFN-g induction are so far
exceptional characteristics of host cell responses to infection.
Since GAS induces proinflammatory cytokine and IFN produc-
tion in human macrophages (51), we assume that our findings
are not restricted to the murine system, which, in the context of
the whole organism, is considerably more resistant to GAS
infection (66). The efficient stimulation of multiple signaling
pathways may contribute to the known high capability of GAS
to cause severe inflammatory diseases.
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