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Summary

In the present study, we have analysed the ability of Streptococcus pyogenes
[Group A streptococcus (GAS)] to activate the NACHT-domain-, leucine-
rich repeat- and PYD-containing protein 3 (NALP3) inflammasome complex
in human monocyte-derived macrophages and the molecules and signalling
pathways involved in GAS-induced inflammatory responses. We focused
upon analysing the impact of dynamin-dependent endocytosis and the role
of major streptococcal virulence factors streptolysin O (SLO) and
streptolysin S (SLS) in the immune responses induced by GAS. These viru-
lence factors are involved in immune evasion by forming pores in host cell
membranes, and aid the bacteria to escape from the endosome–lysosome
pathway. We analysed cytokine gene expression in human primary
macrophages after stimulation with live or inactivated wild-type GAS as well
as with live SLO and SLS defective bacteria. Interleukin (IL)-1β, IL-10,
tumour necrosis factor (TNF)-α and chemokine (C-X-C motif) ligand
(CXCL)-10 cytokines were produced after bacterial stimulation in a dose-
dependent manner and no differences in cytokine levels were seen between
live, inactivated or mutant bacteria. These data suggest that streptolysins or
other secreted bacterial products are not required for the inflammatory
responses induced by GAS. Our data indicate that inhibition of dynamin-
dependent endocytosis in macrophages attenuates the induction of IL-1β,
TNF-α, interferon (IFN)-β and CXCL-10 mRNAs. We also observed that
pro-IL-1β protein was expressed and efficiently cleaved into mature-IL-1β
via inflammasome activation after bacterial stimulation. Furthermore, we
demonstrate that multiple signalling pathways are involved in GAS-
stimulated inflammatory responses in human macrophages.
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Introduction

The Gram-positive bacterium Streptococcus pyogenes (GAS)
is an important human pathogen causing a wide range of
infections, from mild superficial infections (e.g. pharyngitis,
tonsillitis) to severe invasive infections (e.g. necrotizing
fasciitis, sepsis, toxic shock syndrome), which are all charac-
terized by a robust inflammatory response. The disease
burden of GAS infections is huge, and it is estimated that
approximately 700 million mild cases occur globally each
year; nearly 650 000 of these infections progress to severe

invasive infections. More than 500 000 people die annually
from severe GAS infections, of which ca. 160 000 deaths are
due to invasive infections [1,2]. Mild infections can be
treated easily with antibiotics. However, if left untreated
these infections can lead to severe post-streptococcal dis-
eases such as rheumatic fever and glomerulonephritis. Espe-
cially in the developing countries, GAS is a major cause of
mortality. The GAS family is highly variable, with multiple
clades and genetic variants. The antigenically variable M
surface protein is used for serological typing of GAS strains.
The M protein is encoded by the emm gene, of which more
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than 200 different gene types have been identified. The M1
serotype is one of the most frequently isolated serotypes in
severe invasive GAS infections [3].

GAS encodes a wide range of virulence factors that are
involved in the activation of the immune system, as well as
allowing the bacterium to escape from the immune surveil-
lance of the host [4]. These factors can, for example, inter-
fere with the recognition of the bacterium, prevent
complement activation and disturb the recruitment of
neutrophils to the site of infection. One of the fundamental
mechanisms of immune evasion is the ability of streptococ-
cal virulence factors to inhibit phagocytosis or phagosome
function [3]. It has been reported previously that GAS can
survive inside human macrophages through M protein-
dependent disturbance of phagosomal maturation, result-
ing in impaired fusion with lysosomes [5]. Streptolysins are
responsible for the ability of GAS to lyse red blood cells [6].
Streptolysin O (SLO) is encoded by the slo gene, and resem-
bles other bacterial cytolysins (e.g. listeriolysin, pneumo-
lysin) in its sequence, sensitivity to oxygen and cholesterol
binding [7,8]. SLO is involved in the escape of GAS from
the endosome–lysosome pathway. Streptolysin S (SLS),
encoded by the sagA gene, is unrelated to SLO and other
cholesterol-binding cytolysins and its functions are associ-
ated with intracellular invasion of GAS. Both SLO and SLS
can form pores in host cell membranes and induce
apoptosis. The expression of SLO is higher in GAS strains
that have been isolated from severe invasive cases compared
with serotype-matched bacteria isolated from non-invasive
cases [3].

Macrophages play a central role in innate and adaptive
immune responses. Macrophages function mainly locally in
different tissues by recognizing, taking up and destroying
microbial pathogens [9]. They are also important in main-
taining inflammatory responses in inflamed tissues. During
activation, macrophages produce cytokines that regulate
host immune responses. Recognition of microbes by cell
surface and intracellular pattern recognition receptors
(PRRs) is an important step in host defence against bacte-
ria, viruses and other infectious agents. PRRs are expressed
in different cellular compartments, such as on the cell
surface, in endosomes or in the cytoplasm. Upon activation
by microbes, their genetic material or structural compo-
nents PRRs activate specific signalling pathways leading to
expression of multiple genes involved in innate immune
responses. PRRs include Toll-like receptors (TLRs),
nucleotide-binding oligomerization domain (NOD)-like
receptors (NLRs), C-type lectin receptors (CLRs), RIG-I
receptors (RLRs) and other receptors that contribute to
activation of the immune system in response to diverse
stimuli [10]. Ligand binding to a TLR leads to activation of
multiple signalling cascades and to the production of
proinflammatory cytokines, anti-microbial peptides and
co-stimulatory and adhesion molecules. At present, no spe-
cific receptor for GAS has been identified. Interestingly, in a

mouse model TLR-2, TLR-4 and TLR-9, generally consid-
ered to be important in microbe recognition, were not
required for GAS-induced signalling [11], suggesting that
alternative molecules are involved in GAS recognition.

NLRs mediate cytoplasmic recognition of bacterial prod-
ucts. The NLR family member, NALP3 inflammasome, is a
protein complex composed of NLR protein, adaptor protein
ASC (apoptotic speck-containing protein with a CARD)
and pro-caspase-1 [12]. The NALP3 inflammasome medi-
ates caspase-1 activation in response to microbial and
endogenous stimuli, which drives proteolytic processing of
inflammatory cytokines interleukin (IL)-1β and IL-18 [13].
IL-1β and IL-18 play important roles in inflammatory con-
ditions [13,14]. These cytokines are synthesized as inactive
precursors and their processing into bioactive form depends
on cleavage by proteases [13,15]. Synthesis and release of
IL-1β differ between human monocytes and macrophages.
Monocytes have constitutively activated caspase-1, leading
to the release of active IL-1β after a single stimulation event
with bacterial ligands such as lipopolysaccharide (LPS). In
contrast, macrophages need two distinct stimuli; one stimu-
lus induces transcription and translation of pro-IL-1β, a
second stimulus is needed for caspase-1 activation with
subsequent IL-1β processing and secretion of bioactive
mature IL-1β [16].

The purpose of this study was to investigate host cell–
bacteria interactions in the human macrophage model
system during the early phase of GAS infection. We cultured
human monocyte-derived macrophages from healthy adults
and stimulated these cells in-vitro with live, inactivated and
live mutant bacteria. The cells were stimulated with wild-
type GAS and SLO or SLS virulence factor defective
mutants to compare and analyse the importance of these
virulence factors in GAS infections. In addition, we analysed
the mechanisms and signalling pathways involved in GAS-
induced cytokine gene expression and inflammasome acti-
vation. These data provide us with a better understanding
of the mechanisms of GAS–human macrophage interac-
tions, which may be helpful in controlling excessive GAS-
induced inflammatory responses or designing novel
strategies to enhance anti-bacterial immunity.

Materials and methods

Monocyte purification and differentiation
into macrophages

Human peripheral blood mononuclear cells (PBMCs) from
leukocyte-rich buffy coats obtained from healthy anony-
mous blood donors (Finnish Red Cross Blood Transfusion
Service, Helsinki, Finland) were isolated by density gradient
centrifugation over a Ficoll-Paque gradient (GE-Healthcare
BioSciences, Uppsala, Sweden). Monocytes were further
purified from PBMCs by adherence on plastic plates
(Falcon, Becton Dickinson, Franklin Lakes, NJ, USA) at a
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concentration of 2·5 × 106 cells/24 wells or 5 × 106 cells/six
wells for 1 h at +37°C. To differentiate monocytes into
macrophages, cells were grown in macrophage serum-free
substitution medium (Gibco Invitrogen, Grand Island,
NY, USA) supplemented with 0·6 μg/ml penicillin,
60 μg/ml streptomycin and 10 ng/ml recombinant human
granulocyte-macrophage colony-stimulating factor (GM-
CSF) (Biosource, Camarillo, CA, USA), as described previ-
ously [17]. The identity and expression of macrophage
markers in these differentiated cells has been previously
characterized in detail [18]. Fresh medium was changed
every 2 days, and experiments were started after 7 days of
cultivation.

Bacterial strains and viruses

Streptococcus pyogenes serotype M1 (ATCC 700294) is a
clinical strain originally isolated from an infected wound.
GAS mutants lacking slo (EC997) [11] or sagA (EC695), the
genes encoding cytolysins, streptolysin O and streptolysin S,
respectively, were provided by Emmanuelle Charpentier.
Bacteria were stored in skimmed milk at −70°C, and grown
to the end of logarithmic growth phase before they were
used in experiments. Bacterial cultivations were performed
on sheep blood agar and Nefrit broth, as described previ-
ously [19]. Bacteria were passaged three times before they
were used in stimulation experiments. The number of bac-
teria was determined by counting in a Petroff–Hausser
chamber. The bacterial preparations were confirmed to be
endotoxin-free by a Limulus test (detection limit 0·125 IU/
ml).

Sendai virus, which was used as control, was grown in
embryonated chicken eggs and stored in −70°C. The hae-
magglutination titre of the virus stock was 4096 and the
infectivity in macrophages and dendritic cells (DCs) was
6 × 109 plaque-forming units (pfu)/ml. Multiplicity of
infection (MOI) values of 5 were used in cell stimulation
experiments.

Reagents

Pharmacological kinase-specific inhibitors were used to
block different signalling pathways. Macrophages were
treated with inhibitors for 30 min prior to bacterial stimula-
tion. Signalling inhibitors PD98059 [mitogen-activated
protein kinase (MEK1) inhibitor, used at 10 μmol/l] and
LY294002 (PI3K inhibitor, 50 μmol/l) were obtained from
Calbiochem (San Diego, CA, USA) and SB202190 (p38
inhibitor, 10 μmol/l), SP600125 [stress-activated protein
kinase/c-Jun N-terminal kinase (JNK) inhibitor, 10 μmol/l]
and pyrrolidine dithiocarbamate [PDTC, specific nuclear
factor (NF)-κB inhibitor, 100 μmol/l] were purchased from
Alexis Biochemicals (Lausen, Switzerland). The functional
concentrations of inhibitors used in the present study have
been determined previously and used in a number of

studies [19–23]. Similarly, macrophages were treated with
the dynamin inhibitor dynasore (D7693; Sigma-Aldrich, St
Louis, MO, USA) for 30 min prior to bacterial stimulation.
The optimal concentration of 80 μM was determined previ-
ously [21,24,25]. Kinase-specific inhibitors or dynasore had
no effect on cell viability (data not shown). This was con-
firmed by fluorescence activated cell sorter (FACS) analysis
with a dead cell discriminator (Caltag Laboratories,
Burlingame, CA, USA) containing propidium iodide (PI),
which labels dead cells by integrating with the DNA in cells
with disrupted cell membranes.

Stimulation experiments

All stimulation experiments were carried out with cells
obtained from three or four blood donors and conducted in
RPMI-1640 medium. For stimulation experiments bacteria
were collected and suspended into RPMI-1640 medium
(Sigma, St Louis, MO, USA). Heat inactivation of bacteria
was performed in 95°C dry heat block for 5 min and ultra-
violet (UV) inactivation by exposing bacteria to UV light
at an energy level of 2 × 0·12 J. Complete inactivation
of bacteria was verified by the sheep blood agar plate-
counting method. Streptolysin-defective mutant strains
SLO− (EC997) and SLS− (EC695) were used as live bacteria
in all experiments. Macrophages were stimulated with dif-
ferent bacteria : host cell ratios for 3, 9 or 24 h, as indicated
in the figure legends.

Enzyme-linked immunosorbent assay (ELISA) and
Western blot analysis

The levels of secreted cytokines from cell culture superna-
tants were determined by a sandwich ELISA method, as
described previously [26]. Tumour necrosis factor (TNF)-α,
IL-10 and chemokine (C-X-C motif) ligand (CXCL)-10
cytokine levels were determined by using antibody pairs
and standards obtained from BD PharMingen (San Diego,
CA, USA). IL-1β cytokine levels were determined using
antibody pairs and standards from R&D Systems
(Abingdon, UK). Whole cell lysates were prepared in
Laemmli sample buffer for Western blot analysis. The pro-
teins were separated on 15% sodium dodecyl sulphate-
polyacrylamide gel electrophoresis (SDS-PAGE), blotted
and membranes were stained with specific antibodies
against IL-1β [27] and β-actin (SC-10731; Santa Cruz Bio-
technology, Santa Cruz, CA, USA).

RNA isolation and quantitative reverse
transcription–polymerase chain reaction (qRT–PCR)

For RNA analysis, cells were collected and lysed with TRI
reagent (Sigma-Aldrich) and total cellular RNA was isolated
with the RNeasy Mini kit (Qiagen, Crawley, UK). In mRNA
analysis, pooled samples from four blood donors were used
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unless indicated otherwise. Synthesis of cDNA was per-
formed as described [28] using Multiscribe RT (Applied
Biosystems, Foster City, CA, USA) with oligo(dT) primers
(Applied Biosystems). To analyse mRNA levels, cDNA
amplification was performed using Master Mix Buffer
with Assays-on-Demand gene expression assay primers
and probes for IL-1β (Hs00174097_m1), TNF-α
(Hs00174128_m1), interferon (IFN)-β (Hs00277188_s1),
CXCL-10 (Hs00171042_m1), NALP3 (Hs00918082_m1)
and β-actin (Hs99999903_m1; all from Applied Bio-
systems). Each cDNA sample was amplified in duplicate
with Stratagene MxPro 3005P. The threshold cycle values
were normalized against β-actin and relative amounts of
mRNAs were calculated with the ΔΔ comparative threshold
(Ct) method as instructed by the manufacturer using
dimethylsulphoxide (DMSO)-treated cells as a calibrator.

Statistical analysis

Statistical analysis was performed with Student’s t-test and
P-values < 0·05 were considered statistically significant.

Results

Pro- and anti-inflammatory cytokines are secreted
from human macrophages in response to stimulation
with GAS

The ability of pathogenic GAS to induce cytokine produc-
tion was analysed from macrophages stimulated with live,
heat-inactivated or UV-inactivated wild-type bacteria as
well as with live SLO- or SLS-defective bacteria. The ability
of GAS to activate the NALP3 inflammasome and to induce
the maturation of IL-1β has not been characterized previ-
ously in human macrophages, while extensive studies have
been conducted with mouse models and mouse
macrophages [29,30]. Macrophage responses to live GAS
were compared to those induced by inactivated bacteria or
live virulence factor defective mutant bacteria in order to
analyse the effects of bacterial viability and the contribution
of virulence factors SLO and SLS to the immune responses
induced by GAS. Macrophages were stimulated with differ-
ent doses of bacteria to determine the optimal dose for
further stimulation experiments (Fig. 1a). MOI ranging
from 1 to 100 bacteria/macrophage was used for stimula-
tions. Proinflammatory IL-1β and TNF-α, anti-
inflammatory IL-10 and CXCL-10 production was
measured by ELISA after 24 h stimulation to obtain a view
of the overall cytokine responses induced by GAS stimula-
tion. IL-10 was included as a representative of an anti-
inflammatory cytokine and CXCL-10 as an IFN-inducible
gene generally expressed after inflammatory stimuli. All
bacteria induced cytokine production similarly, and no dif-
ferences in secreted IL-1β, TNF-α, IL-10 or CXCL-10 levels
were seen after 24 h stimulation between live, inactivated or

mutant bacteria. Cytokine production was clearly depend-
ent upon the bacterial dose and MOI 10 was chosen for
further experiments, as this dose was sufficient to induce
submaximal cytokine response without toxic effects on
cells.

Individual blood donors responded to bacterial stimula-
tion with different cytokine levels (Fig. 1b). Four blood
donors were analysed individually for their IL-1β, TNF-α,
IL-10 and CXCL-10 cytokine production levels induced
after bacterial stimulation with MOI 10 at 24 h. Some
donors were high responders, while others induced lower or
undetectable cytokine production levels. However, the
cytokine production trends were quite similar between
individual donors.

Inhibition of dynamin-dependent endocytosis
attenuates cytokine mRNA expression

The role of dynamin-dependent endocytosis and
endosomal signalling in the induction of immune responses
against GAS was analysed using dynasore, a dynamin
inhibitor. Because our interest was in the early events of
GAS infection, we analysed cytokine mRNA expression in
GAS-stimulated cells with or without dynasore at an early
time-point of 3 h after bacterial stimulation (Figs 2 and 3
and Supporting information, Fig. S2). We were interested in
proinflammatory cytokine responses, and therefore IL-10
mRNA expression was not analysed. In addition, unlike
proinflammatory and IFN mRNAs, which are induced
rapidly, IL-10 mRNA was induced at later time-points,
making it an unsuitable marker for an early cytokine gene.
To confirm that there were no kinetic differences in
cytokine mRNA expression levels induced by live, inacti-
vated or live mutant bacteria in the early stages of infection,
TNF-α mRNA expression was analysed at 3 and 9 h after
stimulation (Supporting information, Fig. S1). TNF-α
levels are presented as it is one of the early genes activated
in response to microbial stimulation. No kinetic differences
in TNF-α mRNA expression levels were seen between dif-
ferent stimulants. The concentration of dynasore (80 μM)
used in this study has been determined previously as
optimal for human primary cells and cell lines [21,24].
Dynasore was reconstituted in DMSO, therefore DMSO-
treated cells were used as a control. Cytokine mRNA expres-
sion rather than protein production was measured, as
dynasore could also interfere with protein secretion. In
addition, the early time-point of 3 h is not optimal for
detecting secreted cytokines. Sendai virus was included as a
negative control for dynamin-dependent endocytosis (Sup-
porting information, Fig. S2), as it is known to be able to
fuse directly with the plasma membrane to enter the host
cells in a dynamin-independent manner [31].

Proinflammatory IL-1β and TNF-α gene expression was
inhibited efficiently in dynasore-treated GAS-stimulated
macrophages compared with DMSO-treated control cells
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Fig. 1. Group A streptococcus (GAS) induces cytokine production in human macrophages in a dose-dependent manner. (a) Macrophages were

stimulated with live, ultraviolet (UV)-inactivated, heat-inactivated, live streptolysin O (SLO)-mutant or live streptolysin S (SLS)-mutant GAS with

different multiplicity of infection (MOI) values (1–100). Cell culture supernatants were collected 24 h after bacterial stimulation and cytokine levels
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(b) Samples from individual blood donors were analysed separately for MOI 10 to demonstrate the individual variation between donors. The means

are marked in the figure with horizontal lines. n.d. = not detectable.
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(Fig. 2). The effects of dynasore on IL-1β gene expression
were statistically significant in macrophages stimulated with
heat-inactivated GAS, as well as in cells stimulated with
SLO- or SLS-defective bacteria as analysed by Student’s
t-test (P < 0·05). TNF-α gene expression was also signifi-
cantly (P < 0·05) inhibited in dynasore-treated macrophages
stimulated with all bacteria except for heat-inactivated GAS.
No significant differences between live, inactivated or
mutant bacteria were observed in cytokine mRNA expres-
sion in dynasore-treated or untreated cells. Heat-inactivated
bacteria induced slightly lower cytokine mRNA expression
levels than other bacteria, which could be due to possible
destruction of bacterial surface components or aggregation
of bacteria during the inactivation process. The effects of

dynasore were also analysed with three individual blood
donors (Supporting information, Fig. S2a). Individual
donors induced differential levels of IL-1β and TNF-α
mRNAs, which were inhibited efficiently by dynasore treat-
ment. Sendai virus, the negative control for dynamin-
dependent endocytosis, did not induce IL-1β or TNF-α
cytokine mRNAs at 3 h (Supporting information, Fig. S2a).
This is due probably to the lack of viral replication, which is
not taking place efficiently at the 3-h time-point in human
macrophages.

IFN responses were also analysed in GAS-stimulated cells
in the presence or absence of dynasore at 3 h after bacterial
stimulation (Fig. 3). No significant differences between live,
UV-inactivated or mutant bacteria were observed in IFN-β
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or CXCL-10 mRNA expression levels. IFN-β expression was
reduced significantly in dynasore-treated cells stimulated
with all bacteria (P < 0·05). IFN-inducible CXCL-10 gene
expression was also affected significantly in dynasore-
treated cells stimulated with live or UV-inactivated GAS
(Fig. 3). In cells stimulated with heat-inactivated and
mutant GAS, CXCL-10 mRNA levels were also clearly
reduced after dynasore treatment. However, this did not
reach statistical significance, due to a marked variation
between the donors. In accordance with IL-1β and TNF-α
gene expression (Fig. 2), heat-inactivated bacteria induced
lower, although not statistically significant, IFN-β and
CXCL-10 mRNA expression levels compared to other
stimuli.

Three donors were also analysed for their individual
IFN-β and CXCL-10 mRNA expression levels (Supporting
information, Fig. S2b). IFN-β mRNA was strongly induced
in bacteria-stimulated cells in all donors and the levels were
attenuated by dynasore treatment. Sendai virus induced
strong IFN-β mRNA expression which, to a lesser extent,
was attenuated by dynasore (Supporting information,
Fig. S2b), demonstrating that Sendai virus enters the cells
primarily via the dynamin-independent endocytic pathway
by fusing directly with the plasma membrane, as shown
previously [31]. In addition, Sendai virus-induced CXCL-10
mRNA expression was attenuated by dynasore-treatment
similarly to GAS-induced responses. Because CXCL-10 is an
IFN-inducible gene with a promoter region consisting of
various transcription factor binding sites it is likely that
dynasore interferes with some of the signalling pathways
needed for CXCL-10 mRNA expression. In addition, dyna-
sore has been associated previously with the internalization
of cytokine receptors, including interferon receptor chains
[32]. This probably also affects Sendai virus-induced
CXCL-10 mRNA expression, as it is considered to be an
IFN-inducible gene. Thus, dynasore may interfere with
cytokine networks and their positive and negative feedback
loops.

The NALP3 inflammasome-complex is activated in
GAS-stimulated macrophages

Inflammasome activation in human macrophages in
response to bacterial stimulation was analysed by Western
blotting. Activation of the NALP3 inflammasome leads to
self-cleavage and activation of caspase-1 and cleavage of
pro-IL-1β into its mature biologically active form. The
kinetics of inflammasome activation was analysed by
detecting the maturation of IL-1β at different time-points
after stimulation with live wild-type GAS (Fig. 4). Cleavage
of pro-IL-1β into various intermediate and mature forms
was seen at 6 h after bacterial stimulation and the levels
continued to increase up to 24 h after stimulation. It is
noteworthy that the expression of pro-IL-1β continued to
take place with a similar kinetics.

The role of dynamin-dependent endocytosis in
inflammasome activation after bacterial stimulation was
analysed by stimulating the cells with live, heat-inactivated,
UV-inactivated, SLO-mutant and SLS-mutant bacteria for
24 h with MOI 10 in the absence or presence of dynasore. In
dynasore-treated cells the accumulation of pro- and
mature-IL-1β levels were clearly reduced (Fig. 5). The
induction of pro-IL-1β protein expression or the cleavage of
it into the mature form were similarly decreased in cells
stimulated with live, inactivated or virulence factor-
defective live bacteria (Fig. 5).

NALP3 mRNA expression was expressed constitutively in
macrophages and a clear, up to fourfold increase in NALP3
gene expression was seen at the early time-point of 3 h after
bacterial stimulation (Fig. 6). Interestingly, dynasore treat-
ment almost completely inhibited bacteria-induced NALP3
mRNA expression, indicating that some early steps in
macrophage–GAS interactions can trigger NALP3 gene
expression. However, this phenomenon did not reach statis-
tical significance due to individual variation between
donors.

Multiple signalling pathways are involved in
GAS-stimulated innate immune responses in
human macrophages

Next, we analysed the contribution of different signalling
pathways in immune responses induced by GAS by stimu-
lating the cells with live wild-type bacteria in the presence
or absence of different pharmacological kinase-specific sig-
nalling inhibitors (Fig. 7). Macrophages were left untreated
or pretreated with different signalling inhibitors followed
by stimulation with live GAS. Cells were collected at 3 h
after stimulation, total cellular RNA was isolated and
proinflammatory IL-1β and TNF-α mRNAs (Fig. 7a),
as well as IFN-β and CXCL-10 mRNAs (Fig. 7b), were

Ctrl

30´ 30´ 1 2 3 6 9 24 (h)24

GAS

Pro-IL-1β

IL-1β

β-actin

Fig. 4. Kinetics of interleukin (IL)-1β production in group A

streptococcus (GAS)-stimulated macrophages. Macrophages were

stimulated with live GAS [multiplicity of infection (MOI) 10] and the

cells were collected at times indicated in the figure. Cell lysates were

prepared, proteins were separated on 15% sodium dodecyl

sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) and Western

blotting was performed with rabbit anti-human IL-1β or anti-β-actin

antibodies. Analysis of β-actin expression functions as a loading

control.
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measured. Mitogen-activated protein kinase (MAPK) p38
inhibitor SB202190 decreased GAS-induced proinflam-
matory IL-1β and TNF-α as well as IFN-β and CXCL-10
mRNA expression levels. Only the effects on IL-1β mRNA
levels were statistically significant (P < 0·05). JNK inhibitor
SP600125 was also able to decrease IL-1β, TNF-α and
CXCL-10 mRNA expression levels, but this inhibitor had no
effect on IFN-β mRNA levels in GAS-stimulated cells. The

SP600125 inhibitor had significant (P < 0·05) effects only
on IL-1β mRNA levels. PI3K inhibitor LY294002 had minor
effects on TNF-α and IFN-β mRNA expression levels.
MEK1 inhibitor PD98059 and NF-κB inhibitor PDTC had
no inhibitory effects on IL-1β, TNF-α, IFN-β and CXCL-10
mRNA levels; rather, some stimulatory effects were seen.
These data suggest that compensatory pathways are acti-
vated after treatment with these inhibitors. NALP3 mRNA
expression was measured in GAS-stimulated cells after
treatment with the same inhibitors (Fig. 7c). NALP3 mRNA
expression was clearly induced in GAS-stimulated cells.
However, in contrast to cytokine and IFN mRNAs, whose
expression was reduced to some extent by multiple inhibi-
tors, only the JNK inhibitor SP600125 weakly reduced
NALP3 expression levels. This suggests that the expression
of NALP3 mRNA is regulated by signalling pathways apart
from those that are regulating cytokine mRNA expression.

Because production of the mature form of IL-1β requires
other cellular processing steps, we analysed whether the
signalling inhibitors would also have an effect on the accu-
mulation of mature IL-1β. IL-1β protein levels in inhibitor-
treated, GAS-stimulated macrophages were analysed by
Western blotting (Fig. 8a). All inhibitors efficiently inhibited
the production of mature form of IL-1β, but not that of
pro-IL-1β, suggesting that the second signal of inflam-
masome activation was disturbed by these inhibitors. IL-1β
cytokine secretion in GAS-stimulated cells after treatment
with inhibitors was analysed from cell culture supernatants
at 9 h after stimulation (Fig. 8b). All inhibitors decreased
IL-1β cytokine secretion levels significantly (P < 0·05),
MAP kinase inhibitors SP600125 and SB202190 and PI3K
inhibitor LY294002 having the strongest effects.

Discussion

S. pyogenes is a human pathogen capable of causing a wide
range of different diseases. GAS has multiple virulence
factors that contribute to bacterial carriage, invasion, patho-
genesis of the infection and induction and inhibition of
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host inflammatory and anti-microbial responses [3,5,33].
Although the bacterium itself and its virulence determi-
nants have been studied extensively, GAS–host cell interac-
tions, especially in the human system, have remained less
well characterized. In the present study we have analysed
the mechanisms of GAS-activated host cell signalling path-
ways and the expression of cytokine genes in human

monocyte-derived macrophages at the early phase of GAS
infection. We show that in the human macrophage model
system live and both heat- or UV-inactivated, as well as
SLO- and SLS-deletion mutant GAS bacteria, readily acti-
vate host cytokine responses. Dynamin inhibitor dynasore
efficiently attenuated GAS-induced cytokine gene expres-
sion at the early steps of infection. PI3K-, NF-κB- and
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multiple MAPK-inhibitors had weak inhibitory effects on
GAS-induced cytokine mRNA expression. Inflammasome-
dependent pro-IL-1β processing and secretion into the cell
culture supernatant was clearly attenuated by different
kinase-specific inhibitors. This indicates that GAS–
macrophage interaction triggers a cascade of multiple host

cell signalling and activation processes that contribute to
the activation of host innate immune system.

Phagocytic cells have an essential role in the host defence
against microbial infections and the important role of
macrophages in the early control of GAS infections has
been reported previously in mice [34]. An intracellular res-
ervoir of GAS, residing predominantly in macrophages, was
found in patients suffering from invasive tissue infections
[35]. Intracellular streptococci have also been demonstrated
in epithelial cells [36,37] and neutrophils [38]. In the
present study, we observed that stimulation of human
macrophages with GAS resulted in the production of
proinflammatory cytokines such as IL-1β, TNF-α, anti-
inflammatory IL-10, as well as in the gene expression of
IFN-β and IFN-inducible chemokine CXCL-10. Interest-
ingly, unlike in human DCs [39], live and inactivated Gram-
positive bacteria induced cytokine production equally well,
suggesting that macrophages take up and respond to GAS
regardless of secreted bacterial factors or active bacterial
internalization mechanisms. Our results are in line with a
previous study demonstrating that live and inactivated
(paraformaldehyde-fixed) bacteria were taken up by human
macrophages in a similar fashion [5]. It has been reported
that in mouse macrophages live, but not killed, GAS
induced caspase-1 activation and IL-1β secretion [30].
However, in our human macrophage model system both
UV- and heat-inactivated bacteria induced cytokine
responses, including IL-1β secretion, practically as effi-
ciently as live GAS at 24 h after infection. This apparent dis-
crepancy between our results and those of Harder and
co-workers [30] may be related to differences between
mouse and human cells. We have reported previously, using
the same human macrophage system, that other inactivated
Gram-positive bacteria such as probiotic lactobacilli are also
able to induce pro-IL-1β production and IL-1β maturation
equally, or even more efficiently, than live bacteria [40]. The
differences in these studies may be related to the host cell
species (human versus mouse) as well as to the different
bacteria used in these two studies.

GAS is generally considered to be an extracellular patho-
gen, but there are previous findings suggesting intracellular
survival of the bacterium [35,38,41,42]. Various intracellu-
lar survival strategies have been proposed for GAS, includ-
ing streptolysin O-mediated evasion of lysosomal
degradation in epithelial cells [42]. The role of virulence
factors SLO and SLS in GAS pathogenesis is unclear. We
show that virulence factor-defective SLO and SLS mutants
did not differ in their ability to induce IL-1β, TNF-α,
CXCL-10 or IFN-β cytokine gene expression compared to
wild-type GAS, suggesting that these virulence factors are
probably not regulating inflammatory responses in human
macrophages. Maturation of IL-1β is indicative of NALP3-
dependent inflammasome activation. In addition to TLR
stimulation, which triggers pro-IL-1β mRNA expression
and protein production, the activation of NALP3
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inflammasome in macrophages requires a second signal
that leads to caspase-1 activation and cleavage of pro-IL-1β
into its mature active form. Certain pore-forming toxins
have been shown to be responsible for inducing the second
signal of inflammasome activation [43,44]. In GAS infec-
tions, pore-forming SLO has been shown to mediate the
delivery of microbial molecules to the host cytosol and
cytosolic escape of GAS [41], which could trigger NALP3-
dependent caspase-1 activation. In mouse cells, GAS-
induced caspase-1 activation and IL-1β secretion was
dependent upon NF-κB activation and the pore-forming
toxin SLO [30]. SLO has also been reported to be a critical
modulator of GAS internalization, intracellular traffick-
ing and bacterial killing by human oropharyngeal
keratinocytes. Streptolysin-defective bacteria were internal-
ized into lysosomes and were killed by pharyngeal epithelial
cells, while wild-type bacteria were not targeted into
lysosomes for intracellular killing [42]. Our results, showing
that there is no difference in the maturation of IL-1β after
stimulation with virulence factor SLO- or SLS-defective
bacteria, suggest that other factors apart from streptolysins
are responsible for the inflammasome activation in human
macrophages. Previous studies in macrophages have also
identified that serine proteases (e.g. proteinase-3, elastase
and cathepsin-G) and some bacterial proteases can process
the inactive precursor of IL-1β into its active forms [14,45].
Recently, non-canonical inflammasome activation by
caspase-11 was also identified in mice [46].

Gram-positive bacteria are generally thought to be recog-
nized by TLR-2. The streptococcal surface protein M1 can
interact with TLR-2 in human blood monocytes, resulting
in the expression of IL-6, IL-1β and TNF-α [47]. Transcrip-
tional systems activated downstream of TLR signalling
include NF-κB, IFN regulatory factor (IRFs) and MAPK-
activated factors [10]. Using different signalling inhibitors,
we observed that the p38 and JNK MAPK pathways are par-
ticularly involved in IL-1β cytokine responses induced by
GAS (Fig. 7). Different inhibitors had also some, but not
statistically significant, inhibitory effects on TNF-α, IFN-β
and CXCL-10 gene expression. These results support the
idea that multiple signalling pathways are involved in
immune responses induced by GAS.

Bacteria can induce IFN responses via TLR-9 [48] and
the initially cell surface localized TLR-2 and TLR-4 can turn
on IFN-β gene expression after they are internalized in a
ligand-specific manner [49,50]. Some bacteria, such as
Listeria monocytogenes, can efficiently induce IFN-β gene
expression in mice [51]. Previously, we observed that GAS
can induce some IFN-β gene expression in human
macrophages [17]. Activation of IFN-β gene requires the
recruitment of activated IRF, NF-κB and AP-1 factors to the
promoter [52]. In mice infected with intracellular
L. monocytogenes, IFN production was independent of TLRs
but required IRF3 activation [53]. Listeriolysin (LLO)-
defective L. monocytogenes, which is incapable of escaping

from phagosomes into the cytosol, was unable to induce
IFN-β gene expression in mice [53]. In mouse macrophages
streptococcal DNA was the bacterial factor involved in
IFN-β production, and this phenomenon appeared to be
dependent upon myeloid differentiation primary response
gene 88 (MyD88), stimulator of IFN genes (STING),
TANK-binding-kinase 1 (TBK1) and IRF3 signalling com-
ponents [29]. Our results, showing that in GAS-stimulated
human macrophages neither SLO nor SLS was required for
IFN mRNA expression, are in line with a previous study
performed in murine BMDMs [11]. Interestingly, in other
Gram-positive bacterial infections, either cytolysin itself or
cytolysin-mediated cytoplasmic escape of bacteria was
implicated in triggering IFN production [53–56]. In mice,
MyD88-dependent IFN production occurred without
involvement of TLR-2, TLR-4 or TLR-9 [29], suggesting the
involvement of an as-yet unknown receptor in the immune
responses induced by GAS.

To study the role of endocytosis and endosomal signal-
ling in immune responses induced by GAS, we inhibited the
dynamin-dependent endocytosis with dynasore, a specific
inhibitor. Dynamin participates in the severing of
membrane-bound vesicles such as clathrin-coated pits and
caveolae from cell membrane [57], and is also involved in
actin comet formation and transport of macropinosomes
[25]. Dynamin inhibits the endocytic functions of dynamin
and vesicle formation from other organelles [24]. Although
many internalization mechanisms require dynamin, there
are also dynamin-independent pathways. Lipid raft-
dependent endocytosis is a dynamin-independent pathway
required for internalization by some viruses, bacteria and
bacterial toxins [58]. In the present study we noted that
inhibition of dynamin-dependent endocytosis with
dynasore led to decreased expression of IL-1β, TNF-α,
IFN-β, CXCL-10 and NALP3 mRNAs in GAS-infected cells
at an early time-point of 3 h. In addition, the proteolytic
cleavage of pro-IL-1β was decreased in dynasore-treated
macrophages, suggesting the disturbance of the second
signal of inflammasome activation by dynasore. It has been
shown previously that dynamin-dependent endocytosis is
also involved in type III IFN, CXCL-10 and IL-6 expression
in Salmonella-infected human monocyte-derived DCs. It
was also shown that dynasore prevented bacteria-induced
phosphorylation of IRF-3 and the internalization of Salmo-
nella [21]. However, we were unable to detect the
phosphorylation of IRF3 in our macrophage system after
GAS stimulation. These differences might result from dif-
ferent cells and bacteria used in these studies. Unlike GAS,
Salmonella is rich in LPS and it has an active internalization
mechanism, which might activate different signalling path-
ways in host cells.

In the present study, carried out in human primary
macrophages, we show that GAS is able to induce strong
inflammatory responses and efficient inflammasome activa-
tion. As this activation occurred in a similar fashion by live
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and dead bacteria and independently of major streptococcal
virulence factors SLO or SLS, it seems that no secreted bac-
terial components or the ability to escape from the
endosome–lysosome pathway are required. We also show
that dynamin-dependent endocytosis is required for the
induction of inflammatory responses after GAS stimula-
tion, but the exact mechanism remains unknown. The data
provided by this study may be essential in developing novel
ways to control excessive inflammatory reactions during
bacterial infections such as those induced by S. pyogenes.
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Supporting information

Additional Supporting information may be found in the
online version of this article at the publisher’s web-site:

Fig. S1. Kinetics of tumour necrosis factor (TNF)-α
mRNA expression in bacteria-stimulated macrophages.
Macrophages were stimulated with live, ultraviolet (UV)-
inactivated, heat-inactivated, live streptolysin O (SLO)-
mutant or live streptolysin S (SLS)-mutant group A
streptococcus (GAS) (multiplicity of infection 10).
Macrophages were collected at 3 or 9 h after stimulation
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and cells from different blood donors were pooled. Total
cellular RNA was isolated and TNF-α mRNA levels were
analysed by quantitative reverse transcription–polymerase
chain reaction (qRT–PCR). Relative mRNA levels were nor-
malized against β-actin and the relative level of mRNA was
calculated with the ΔΔ comparative threshold (Ct) method
using untreated cells as a calibrator. Data are from a repre-
sentative experiment of three.
Fig. S2. Proinflammatory cytokine mRNA expression and
interferon (IFN)-β and IFN-inducible chemokine (C-X-C
motif) ligand (CXCL)-10 mRNA expression are induced in
group A streptococcus (GAS)-stimulated macrophages and
inhibited by the dynamin inhibitor dynasore. Macrophages
were left untreated or treated with dynasore (80 μM) for
30 min prior to stimulation with live, Group A streptococ-

cus (GAS)-inactivated, heat-inactivated, live streptolysin
O (SLO)-mutant, live streptolysin S (SLS)-mutant GAS
[multiplicity of infection (MOI) 10] or Sendai virus (MOI
5) for 3 h. (a) Interleukin (IL)-1β and tumour necrosis
factor (TNF)-α mRNA levels and (b) IFN-β and CXCL-10
levels were analysed by quantitative reverse transcription–
polymerase chain reaction (qRT–PCR). Relative mRNA
levels were normalized against β-actin and the relative
level of mRNA was calculated with the ΔΔ comparative
threshold (Ct) method using dimethylsulphoxide
(DMSO)-treated cells as a calibrator. Results are from
three independent blood donors and the means are
indicated in the figure by horizontal lines. Data are
from a representative experiment. Note the differences in
scales.
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