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Summary

Streptococcus sanguinis is frequently isolated from the blood of patients with infective
endocarditis and contributes to the pathology of this disease through induction of
interleukin (IL)-1p responsible for the development of the disease. However, the
mechanism of IL-1f induction remains unknown. In this study, S. sanguinis activated a
murine dendritic cell (DC) to induce IL-1[ and this activity was attenuated by silencing
the mRNAs of nucleotide-binding domain-like receptor containing protein 3 (NLRP3)
and caspase-1.

S. sanguinis induced IL-1p production in murine bone marrow-derived macrophage
(BMM), but this activity was significantly reduced in BMMs from NLRP3-,
apoptosis-associated speck-like protein containing a caspase-recruitment domain-, and
caspase-1-deficient mice. DC phagocytosed S. sanguinis cells, followed by the release
of adenosine triphosphate (ATP). The ATP-degradating enzyme attenuated the release of
ATP and IL-1B. The inhibitors for ATP receptor reduced IL-1 release in DC.

These results strongly suggest that S. sanguinis has the activity to induce IL-1f3
through the NLRP3 inflammasome in macrophage and DC and interaction of purinergic

receptors with ATP released is involved in expression of the activity.



Introduction

More than 700 bacterial species have been identified in the human oral microbiota
(Jenkinson et al., 2005). Among these bacteria, streptococci are the most abundant and
the initial colonizers in the formation of dental plaque (Hamada ef al., 1980, Aas et al.,
2005, Jenkinson et al., 2005). While most oral streptococci are beneficial for
establishing healthy microbial communities, they have the potential to cause
lifethreatening infective endocarditis (IE) when they enter the bloodstream after certain
dental procedures or oral injuries, such as those that may occur while chewing or tooth
brushing (Douglas ef al., 1993, Moreillon et al., 2004). IE caused by oral streptococci is
thought to occur when blood-borne bacteria adhere to preformed cardiac vegetations
composed of platelets and fibrin that formed in response to an injury (Moreillon et al.,
2004, Bashore ef al., 2006). Among these oral streptococci, Streptococcus sanguinis has
been most frequently isolated from the blood of patients with IE (Douglas et al., 1993,
Di Filippo et al., 2006). Although the pathogenesis of IE is complex and poorly
understood, the proinflammatory cytokine interleukin (IL)-1 has been shown to play a
role (Veltrop et al., 1999, Hahn ef al., 2007). The clotting system, in which tissue factors
(TFs) play a key role, has to be activated for endocardial vegetations to form (Camerer
et al., 1996, Steftel et al., 2006). It has been reported that IL-1 and bacteria such as S.
sanguinis, Staphylococcus aureus, and Staphylococcus epidermidis have a synergistic
effect on the induction of TF-dependent procoagulant activity of endothelial cells
(Veltrop et al., 1999, Hahn et al., 2007). IL-1 consists of IL-la and IL-1B. IL-1fB
induces TF in endothelial cells about 10 times more strongly than IL-la, and

IL-1B produced by monocytes plays important roles in the upregulation of endothelial



TF (Wharram ef al., 1991, Napoleone et al., 1997).

Caspase-1, which is activated by an inflammasome, processes prolL-1 to IL-1p.
Inflammasomes are intracellular multiprotein complexes comprising nucleotide-binding
domain-like receptor (NLR), the adaptor protein apoptosis-associated speck-like protein
containing a caspase-recruitment domain (ASC), and procaspase-1. Several types of
NLRs are involved in inflammasome activation (Mariathasan et al., 2007, Martinon et
al., 2009, Davis et al., 2011, Lamkanfi et al., 2012, Latz et al., 2013, Lamkanfi et al.,
2014). Active caspase-1 is required for the processing and subsequent release of active
IL-1B. In addition, the inflammasome activation can lead to host cell death, called
pyroptosis, in certain types of cells (Mariathasan et al., 2007, Bergsbaken et al., 2009,
Lamkanfi et al., 2010, Miao et al., 2011). This mechanism might be important in
restricting the intracellular replication of invasive bacterial pathogens.

The mechanism by which S. sanguinis induces IL-1f production in mammalian cells
is poorly understood. Therefore, this study sought to elucidate the pathogenesis of S.
sanguinis in [E. The result of this study address whether S. sanguinis can activate the
intracellular sensor inflammasome to induce IL-1f production in innate immune cells
such as dendritic cells (DCs) or macrophages and, if so, what kinds of inflammasomes

are activated.

Results

IL-1p production and caspase-1 activation by XS106 cells, a murine dendritic cell, in

response to S. sanguinis



The activation and release of IL-1p requires two distinct signals; The first signal is
triggered by pattern recognition receptors such as Toll-like receptors (TLRs), leading to
the synthesis of prolL-13 and NLRs; and the second signal is triggered by
environmental stimulators (alum, asbestos, silica etc.), endogenous danger stimulators
called danger-associated molecular patterns (DAMPs)(ATP, monosodium urate etc.),
and microbial stimulators (pore-forming toxins, RNA etc.) which trigger the assembly
of NLR, ASC and procaspase-1(Martinon et al., 2006, Kanneganti et al., 2007,
Mariathasan et al., 2007, Dostert et al., 2008, Hornung et al., 2008, Kool et al., 2008, Li
et al., 2008, Cassel et al., 2009, Davis et al., 2011, Franchi et al., 2012, Lamkanfi et al.,
2012, Latz et al., 2013, Ratsimandresy et al., 2013, Vladimer et al., 2013, Lamkanfi et
al., 2014). Therefore, expression of TLR2 and TLR4 in XS106 cells, which are
representative sensors for bacterial pathogen-associated molecular patterns (PAMPs),
was examined at first. We found that XS106 cells express TLR2 but not TLR4
(supplement Fig. 1), which is responsible for the recognition of PAMPs of
Gram-positive bacteria such as peptidoglycans and lipoproteins. Therefore, the next
experiment was carried out to examine whether S. sanguinis cells induce production of
IL-1B in XS106 cells. XS106 cells were stimulated with live S. sanguinis cells and the
amounts of IL-1p released into the culture supernatant were measured. Live S. sanguinis
cells induced IL-1p release by the cells in dose- and time-dependent manners (Fig. 1A)
and the activation of caspase-1 (p20) (Fig. 1B). However, S. sanguinis grew when they
were incubated with XS106 cells (Fig. 1C), changing the MOI (multiplicity of
infection). Therefore, XS106 cells were stimulated with S. sanguinis cells in the
presence of penicillin and streptomycin. Hereafter, B/T ratio (ratio of bacteria cell to

XS106 cell number) is used instead of MOI, because S. sanguinis cells lose the viability



by these antibiotics. However, we confirmed that these antibiotics did not disrupt but
keep S. sanguinis cells and kept a chain of round cells like intact streptococci (data not
shown). S. sanguinis cells induced IL-1f production by XS106 cells in dose- and
time-dependent manners even in the presence of these antibiotics (Fig. 1D, E).
Therefore, the following experiments in which DCs and macrophages were stimulated
with S. sanguinis were performed in the presence of these antibiotics. Although the
culture supernatant of S. sanguinis also induced IL-1p production by XS106 cells (Fig.

1F), the activity of S. sanguinis cells was studied in the following experiments.

Involvement of caspase-1 in IL-1p-inducing activity and cell death

Mature IL-1p secretion is induced after prolL-1p processing by caspase-1, which is
activated by inflammasomes (Mariathasan et al., 2007, Martinon ef al., 2009, Davis et
al., 2011, Lamkanfi et al., 2012, Latz et al., 2013, Lamkanfi ef al., 2014). Therefore, in
order to initially clarify the involvement of caspase-1 in the IL-1B-inducing activity of S.
sanguinis, the pan-caspase inhibitor z-VAD-fmk or the caspase-1 inhibitor
z-Y VAD-fmk was used. Both z-VAD-fmk and z-Y VAD-fmk attenuated the
IL-1pB-inducing activity in a dose-dependent manner (Fig. 2A). Furthermore,
transfection of caspase-1-specific siRNA downregulated caspase-1 mRNA by
approximately 50% (Fig. 2B) and the IL-1B-inducing activity was reduced by
approximately 40% (Fig. 2C). These results strongly suggest that caspase-1 is involved
in the IL-1 production.

Inflammasome activation triggers an inflammatory caspase-1-dependent cell death

termed pyroptosis (Bergsbaken et al., 2009, Lamkantfi et al., 2010, Miao et al., 2011);



Pyroptosis is morphologically similar to necrosis, which is characterized by cell
expansion and lysis (Lamkanfi et al., 2010). To initially determine whether S. sanguinis
cells could induce cell death in XS106 cells, extracellular lactate dehydrogenase (LDH)
was measured after stimulation with S. sanguinis cells. They induced cell death in
XS106 cells in a dose-dependent manner (Fig. 3A). Therefore, XS106 cells were stained
with PI and annexin-V to evaluate the mode of cell death and analyzed by flow
cytometry. The percentages of swelling cell (Fig. 3B) and PI-stained cell (Fig. 3C)
populations were increased relative to non-stimulated cells. Thus, S. sanguinis cells
induced necrosis-like, but not apoptosis-like, cell death in XS106 cells. In addition, we
confirmed whether the cell death was downregulated by silencing caspase-1 mRNA (Fig.
3D and 3E), because pyroptosis is dependent on caspase-1 as described above. The cell
death was considered to be pyroptosis because it was accompanied by IL-1 production

as described above.

Involvement of NLRP3 in IL-1p-inducing activity

The inflammasome is a complex consisting of procaspase-1, ASC and NLR
(Mariathasan et al., 2007, Martinon et al., 2009, Davis et al., 2011, Lamkanfi et al.,
2012, Latz et al., 2013, Lamkanfi et al., 2014). NLRP3 is a representative cytosolic
NLR that recognizes various bacterial pathogens (Franchi ef al., 2012, Vladimer ef al.,
2013). Therefore, we hypothesized that S. sanguinis also activates the NLRP3
inflammasome to induce IL-1f production. In order to determine the involvement of
NLRP3 in the IL-1B-inducing activity, we established transfectants that stably and

strongly expressed GFP after transection with the GFP-containing plasmid expressing



NLRP3-specific or non-specific siRNA. These transfectants were examined for the
production of IL-1f after stimulation with S. sanguinis cells. NLRP3 mRNA expression
in the transfectant containing the NLRP3 specific plasmid was significantly
downregulated by approximately 30% than that in the transfectants containing the
non-specific plasmid (Fig. 4A). The IL-1B-inducing activity of the transfectant with the
NLRP3 specific plasmid was also significantly downregulated relative to that with the
non-specific plasmid (Fig. 4B), suggesting that NLRP3 is involved in the

IL-1pB-inducing activity of S. sanguinis.

IL-1p-inducing activity toward bone marrow-derived macrophages from C57BL/6,

caspase-1 '/', NLRPS'/', or ASC”" mice

As mentioned above, the NLRP3 inflammasome appears to be involved in the
IL-1pB-inducing activity of S. sanguinis toward XS106 cells. The NLRP3 inflammasome
is a protein complex comprising NLRP3, ASC and procaspase-1 (Mariathasan et al.,
2007, Sutterwala et al., 2014). In order to further confirm that S. sanguinis activates the
NLRP3 inflammasome, IL-1f production by bone marrow-derived macrophages
(BMMs) from C57BL/6 (B6) mice and caspase-1-, NLRP3-, or ASC-deficient mice
(caspase-1", NLRP3 ™", and ASC™", respectively) in response to S. sanguinis cells was
examined. S. sanguinis cells induced production of IL-18 by BMMs from B6 mice in a
dose dependent manner, whereas the activity toward BMMs from caspase-1""and ASC™
mice was almost completely lost and the activity toward BMMs from NLRP3”" mice
was significantly, but not completely, attenuated (Fig. 5A). In addition, heat-killed cells

of S. sanguinis also revealed the activity toward BMMs from B6 mice in a dose



dependent manner, whereas the activity toward BMMs from caspase-1"", NLRP3”" and
ASC”" mice was almost completely lost (Fig. 5B). These results strongly suggest that
the IL-1B-inducing activity of S. sanguinis is modulated by at least the NLRP3

inflammasome activation and one of the active entities is heat-stable.

Detection of active caspase-1 in BMMSs from B6 mice

The activation of the NLRP3 inflammasome leads to the processing of procaspase-1 to
active caspase-1. Therefore, the next experiment was carried out to detect active
caspase-1 by western blotting using anti-caspase-1 antibody (Ab). However, we failed
to detect the band of active caspase-1 under the assay conditions used (data not shown).
We thought that this failure was attributed to the level of the IL-1pB-inducing activity and
the detection sensitivity of the western blotting. LPS priming was used before
stimulation with S. sanguinis cells to increase the activity, because LPS priming before
stimulation with the NLRP3 inflammasome activators is often used to detect active
caspase-1 by western blotting. In addition, LPS priming upregulated the expression of
the Gram-positive bacterial sensor TLR2 but not TLR4 (Fig. 6A). After LPS priming we
used ATP, a strong NLRP3 inflammasome activator, as a positive control. As a result, it
was found that the IL-1B-inducing activity (Fig. 6B) at a B/T ratio of 40 was increased
by approximately 4-fold relative to that obtained by stimulation with S. sanguinis alone
(Fig. 5), although the activity was much lower than that produced by LPS-ATP
stimulation (Fig. 6C). Therefore, we tried to detect active caspase-1 under this assay
condition and found that both active caspase-1 as well as mature IL-13 was detected in

LPS-S. sanguinis at a B/T ratio of 80 and LPS-ATP stimulation by western blotting (Fig.



6D, E).

Involvement of phagocytosis in IL-1f-inducing activity

It has been reported that phagocytosis of particles such as silica, asbestos, bacteria and
fungi is essential for NLRP3 inflammasome activation and mature IL-1f3 production
(Martinon et al., 2006, Hornung et al., 2008, Gross et al., 2009, Shimada et al., 2010).
Therefore, we first investigated whether XS106 cells phagocytose S. sanguinis cells.
The cells did phagocytose FITC-labeled S. sanguinis cells (Fig. 7A, B). Cytochalasin D
(Cyt-D), an inhibitor of actin polymerization, inhibited phagocytosis of S. sanguinis and
reduced the IL-1B-inducing activity (Fig. 7C, D), suggesting that phagocytosis of the
organism plays an essential role in expression of the IL-1B-inducing activity of S.

Sanguinis.

Release of ATP by XS106 cells in response to S. sanguinis

ATP released from damaged cells has been shown to activate the NLRP3 inflammasome
through the receptor P2X7 (P2X7R) for ATP (Iyer et al., 2009, Riteau et al., 2012).
Furthermore, it has been reported that ATP and its metabolic derivatives, ADP and UTP,
are involved in particle-induced IL-1B production by the NLRP3 inflammasome
through multiple purinergic signal by both P2XR and P2YR (Riteau et al., 2012).
Therefore, we examined if stimulation with S. sanguinis cells induced ATP release.
Stimulation of XS106 cells with S. sanguinis cells at B/T ratios of 0, 4, and 40 induced

ATP release (Fig. 8A) and IL-1P production (Fig. 8B) by XS106 cells in time- and
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dose-dependent manners. The amount of ATP released at a B/T ratio of 40 peaked at 18
h, but the amount of ATP decreased drastically after 18 h (Fig. 8A). This drastic decline
was considered to be due to the degradation of released ATP by an ecto-ATPase (Joseph
et al., 2003) of S. sanguinis cells. A small amount of ATP was also released when S.
sanguinis cells were incubated for 7 h in the absence of XS106 cells, but the amount of
ATP released gradually decreased to zero after 15 h (Fig. 8A). These declines in ATP
were also considered to be due to an ecto-ATPase of S. sanguinis. The next experiment
was carried out to investigate if the IL-1B-inducing activity is mediated through the
interaction of extracellular ATP with P2X7R. It was found that both the P2XR and
P2YR inhibitor oxidized ATP (0oATP) and the P2X7R selective inhibitor (KN-62)
significantly downregulated IL-1p production in a dose-dependent manner (Fig. 8C, D),
suggesting that signaling pathways mediated by P2XRs including P2X7R and/or P2YR
are involved in the activity. The ATP- and ADP-degrading enzyme apyrase did not only
downregulate the level of extracellular ATP but also IL-1B production (Fig. 8E, F),
strongly suggesting that extracellular ATP released by XS106 cells in response to S.
sanguinis cells is involved in the IL-1B-inducing activity. As described above, we
obtained the results suggesting that phagocytosis of S. sanguinis cells by XS106 cells
plays an essential role in modulation of the IL-1B-inducing activity of S. sanguinis (Fig.
7C, D). To further confirm the involvement of ATP in the IL-1B-inducing activity,
therefore, we investigated if the actin polymerization inhibitor Cyt-D, which reduced
the activity (Fig. 7D), attenuated the ATP release. Indeed, Cyt-D reduced the ATP

release in a dose-dependent manner (Fig. 8G).
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Discussion

S. sanguinis 1s a member of the Mitis group of streptococci (Facklam, 2002). The
species name (formerly sanguis) originates from streptococcal strains isolated from
patient with IE (White et al., 1946). S. sanguinis is isolated most frequently from the
blood of IE patients (Douglas et al., 1993). Numerous lines of evidence have been
accumulated that the organism plays pathogenic roles in IE (Herzberg ef al., 1983,
Erickson et al., 1990, Herzberg et al., 1992, Veltrop et al., 1999, Ohashi et al., 2000,
Kerrigan et al., 2002, Herzberg et al., 2005, Plummer ef al., 2005, Das et al., 2009,
Turner et al., 2009, Okahashi et al., 2010, Do et al., 2011, Zhu et al., 2011, Chen et al.,
2012). IL-1 and Tissue factor play important roles in the pathogenesis of IE, although
the pathogenesis is complex and poorly understood (Drake et al., 1984, Bancsi ef al.,
1996, Veltrop et al., 1999, Veltrop et al., 2001, Steffel et al., 2006, Hahn ef al., 2007).
IL-1, especially IL-1p, from monocytes has been reported to induce tissue factor in the
endothelial cells (Wharram et al., 1991, Napoleone et al., 1997, Veltrop et al., 2001). In
addition, it has been reported that S. sanguinis cells induce IL-1p production in human
monocytes (Banks et al., 2002, Hahn ef al., 2007, Okahashi et al., 2011). However, the
mechanism by which S. sanguinis induces IL-1p in monocytes still remains unknown.
Therefore, this study was designed to clarify the mechanism. The activation and release
of IL-1P requires formation of an inflammasome complex. Several types of NLRs are
involved in inflammasome activation (Mariathasan et al., 2007, Davis et al., 2011,
Lamkanfi et al., 2012, Lamkanfi et al., 2014). Of these NLRs, the NLRP3
inflammasome is most extensively studied (Latz ef al., 2013). Therefore, we thought

that S. sanguinis cells also activated the NLRP3 inflammasome and found that S.
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sanguinis cells induced IL-1 and pyroptosis in XS106 cells (Fig. 1 and Fig. 3). The
IL-1B-inducing activity of the organism was downregulated by the caspase-1 inhibitor
and by silencing caspase-1 and NLRP3 mRNAs (Fig. 2 and Fig. 4). These results
suggest that S. sanguinis activates the NLRP3 inflammasome in XS106 cells to induce
IL-1B production. This was further confirmed by drastic downregulation of the activity
in BMMs from procaspase-1-, and ASC- and NLRP3-deficient mice and B6 mice (Fig.
5).

The NLRP3 inflammasome is activated by a diverse set of soluble or particulate
stimuli from microbes that are collectively referred to as PAMPs (Franchi ef al., 2012,
Ratsimandresy et al., 2013, Vladimer et al., 2013), by DAMPs such as monosodium
urate (Martinon et al., 2006) or by environmental stimulators such as asbestos (Cassel et
al., 2008, Dostert et al., 2008, Hornung et al., 2008), and alum (Eisenbarth et al., 2008,
Hornung et al., 2008, Kool et al., 2008, Li et al., 2008). However, the mechanism by
which these diverse and structurally and chemically unrelated stimuli activate the
NLRP3 inflammasome remains unclear. Microbial activators include Gram-positive and
-negative bacteria, fungi, viruses and protozoa (Franchi et al., 2012, Ratsimandresy et
al., 2013, Vladimer et al., 2013), but the mechanism that causes activation of the
NLRP3 inflammasome is also still controversial. Numerous lines of study reveal that
phagocytosis of particulate stimuli such as monosodium urate, silica, asbestos and alum
play important roles in the activation of the NLRP3 inflammasome (Martinon et al.,
20006, Cassel et al., 2008, Dostert et al., 2008, Eisenbarth et al., 2008, Hornung et al.,
2008). In addition, Riteau et al. (Riteau et al., 2012) demonstrate that internalization of
these particulate stimulators triggers the extracellular release of endogenous ATP. The

extracellular ATP is recognized by the purinergic receptor P2X7, which is required for
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the secretion of mature IL-1B8. ATP, ADP and UTP act upon multiple purinergic
receptors to activate IL-1P production through the NLRP3 inflammasome. Therefore,
we first investigated whether XS106 cells phagocytose S. sanguinis cells. We found that
the cell did phagocytose S. sanguinis cells (Fig. 7A, B) and that Cyt-D, an inhibitor of
actin polymerization, inhibited the phagocytosis of S. sanguinis and reduced the
IL-1B-inducing activity (Fig. 7C, D). These results suggest that phagocytosis of the
organism is required for expression of the IL-1B-inducing activity. On the basis of the
findings of Riteau et al. (Riteau et al., 2012), the next experiment was carried out to
determine whether stimulation of XS106 cells with the organism induces ATP release.
Expectedly, we found that the stimulation induced extracellular ATP release in time- and
dose-dependent manners (Fig. 8A). In addition, we found that both the P2XR and P2YR
inhibitor oATP and the P2X7R selective inhibitor KN-62 significantly downregulated
IL-1B production in a dose-dependent manner (Fig. 8C, D) and that the ATP- and
ADP-degrading enzyme apyrase inhibited ATP release and reduced IL-1p production
(Fig. 8E, F). The actin polymerization inhibitor Cyt-D inhibited ATP release as well as
IL-1P release in a dose-dependent manner (Fig. 8G). These results strongly suggest that
the interaction of purinergic receptors with ATP released by phagocytosis of S.
sanguinis cells and its derivatives including ADP plays a key role in the IL-1p-inducing
activity.

It has been reported that Streptococci induce IL-1B production by
monocytes/macrophages. For example, exposure of S. pneumoniae to the human
monocytic THP-1 cells induced ATP release, which was blocked by oATP (Hoegen et
al., 2011). However, the ATP release was not inhibited by Cyt-D, suggesting that the

ATP release is not involved in phagocytosis of the bacterium. In addition, Harder et al.
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have reported that caspase-1 activation in response to S. pyogenes infection proceeds
independently of P2X7R using P2X7R-deficient mice, although they did not measure
ATP release (Harder ef al., 2009). Taken together, this is the first study to show that a
Streptococcus species induces the production of IL-1B in dendritic cells through
activation of the NLRP3 inflammasome, in which ATP released by phagocytosis of the
bacterium plays a key role, although there are some reports that an oral gram-negative
bacterium, Porphyromonas gingivalis, activates an inflammasome through the
interaction of ATP and purinerigic receptors (Yilmaz et al., 2010, Hung et al., 2013).
Thus, the present finding that S. sanguinis activates monocytes to induce IL-1(
production through activation of the NLRP3 inflammasome explains a previously

unknown pathological role of S. sanguinis in IE.

Experimental procedures

Bacterium

S. sanguinis ATCC 10556 was grown in brain heart infusion broth (BD Biosciences,

San Jose, CA, USA). Cultures were incubated at 37°C and centrifuged at 8,000 x g for

15 min at the late log-phase. The cell pellets were washed three times with sterilized

PBS, suspended in PBS to make aliquots, and then stored at —80°C.

Mice

Sex-matched 8-week-old B6 mice were purchased from CLEA (Tokyo, Japan) and
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maintained in specific pathogen-free conditions at the animal facility of the Graduate
School of Dental Medicine, Hokkaido University. Caspase-l_/ 5, NLRP3™ -, and ASC ™
of'the same genetic background were maintained in specific pathogen-free conditions at
the animal facility of the Graduate School of Medicine, University of the Ryukyus.

All experiments were performed in accordance with the regulations of the Animal

Care and Use Committees of both universities.

Cell culture

XS106, a murine DC line, kindly provided by Professor Akira Takashima (University of
Texas Southwestern, Dallas, TX, USA), is a long-established DC line derived from the
epidermis of newborn A/J mice (Mohan et al., 2005). XS106 cells were cultured in
RPMI 1640 medium (Sigma-Aldrich, St. Louis, MO, USA) containing 10% FBS
(Invitrogen, Carlsbad, CA), 2 mM L-glutamine, 1 mM sodium pyruvate (Sigma), 10
mM HEPES buffer (Sigma), 100 U/ml penicillin G, 100 pg/ml streptomycin (Sigma),
50 uM 2-ME (Sigma), 1% non-essential amino acids (Sigma), 0.5 ng/ml murine
recombinant GM-CSF (Pepro Tech, Rocky Hill, NJ, USA), and 5% culture supernatant
derived from NS47 fibroblast cells (hereafter referred to as XS medium)(Mohan et al.,
2005).

Femurs and tibias prepared from caspase-1"", NLRP3 ™~ or ASC™" mice at the
University of the Ryukyus were sent to Hokkaido University. Femurs and tibias from
B6 mice were prepared at Hokkaido University.

Bone marrow cells were obtained from femurs and tibias as follows. The ends of the

bones were cut off, and marrow tissue was eluted by irrigation with RPMI 1640
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medium containing 10% FBS, 100 U/ml penicillin G, and 100 pg/ml streptomycin.
Cells were suspended by pipetting and washed by centrifugation. The cells were
cultured in a non-tissue culture plastic 10-cm petri dish in RPMI 1640 medium
containing 10% FBS, 100 U/ml penicillin G, 100 pg/ml streptomycin, and cell
conditioned medium (i.e., culture supernatants derived from L929 fibroblast cells).
After 7-9 days of culture, macrophages loosely adhered to the dishes were harvested by

using cold PBS and used as BMMs (Celada et al., 1984).

Expression of TLR2 or TLR4 by flowcytometry

For TLR2 expression, XS106 cells or BMMs were stained at room temperature for 1 h
with Alexa Fluor 488-conjugated anti-TLR2 mAb (T2.5; BioLegend, San Diego, CA,
USA) or Alexa Fluor 488-conjugated isotype-matched mouse IgG (MOPC-21;
BioLegend). For TLR4 expression, PE-conjugated isotype-matched mouse IgG (P3;
eBioscience, San Diego, CA, USA) and PE-conjugated anti-TLR4 mAb (UT41;
eBioscience) were used. Expression of TLR2 or TLR4 after stimulation with or without
1 pg/ml of ultrapure E. coli LPS (InvivoGen, San Diego, CA, USA) was then analyzed
by a FACSCalibur flow cytometer (BD Biosciences). Data for 20,000 cells falling
within the appropriate forward and side light scatter gates were collected from each

sample. Data were analyzed using FlowJo software (Tree Star Inc., Ashland, OR, USA).

Measurement of IL-1

XS106 cells were added to a 24-well plate at 3 x 10° cells per well in 500 pl XS

17



medium and incubated at 37°C for 16 h at a 5% CO; atmosphere. The cultures were
centrifuged at 400 x g for 5 min, and the cells were washed with supplement-free RPMI
1640 basal medium. The cells were resuspended in 300 ul RPMI 1640 basal medium
and incubated at 37°C for various periods of time at several MOI or B/T ratios in the
absence or presence of 100 U/ml penicillin G and 100 pg/ml streptomycin. The
following chemicals were applied to the cells: z-VAD-fmk, z-YVAD-fmk, Cyt-D, oATP,
KN-62, apyrase and NAc. All of these chemicals were obtained from Sigma. The cells
were resuspended in 300 pl RPMI 1640 basal medium in the absence or presence of
various concentrations of these chemicals and incubated at 37°C for 24 h at a B/T ratio
of 40. Concentrations of these chemicals used are indicated in figures and figure
legends.

BMMs from B6, caspase-l_/ 5, NLRP3 ™ or ASC” mice were added to a 24-well
plate at 4 x 10° cells per well in 500 pl RPMI 1640 medium containing 10% FBS. The
cells were resuspended in 300 ul RPMI 1640 basal medium and incubated at 37°C for
12 h with S. sanguinis cells at B/T ratios of 4 and 40 in the presence of 100 U/ml
penicillin G and 100 pg/ml streptomycin. BMMs are also treated with heat-killed cells
(treated for 10 min in boiling water) of S. sanguinis at B/T ratios of 4 and 40 in the
absence of 100 U/ml penicillin G and 100 pg/ml streptomycin.

The amounts of IL-1p in cell culture supernatants were measured using an ELISA
kit (BD OptEIA™ Set Mouse IL-1p, BD Biosciences). The cell culture supernatants
were subjected to SDS-PAGE to distinguish mature IL-1 from prolL-1p, and proteins
were transferred to a PVDF membrane (Bio-Rad, Hercules, CA, USA). These proteins
were reacted with the appropriate polyclonal Ab against IL-1 (R&D Systems,

Minneapolis, MN, USA).
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Cell death assay

XS106 cells or the caspase-1-silencing XS106 cells as described below were added to a
24-well plate at 3 x 10 cells per well in 500 pl XS medium and incubated at 37°C for
16 h in a 5% CO; atmosphere. The cultures were centrifuged at 400 x g for 5 min, and
the cells were washed with RPMI 1640 basal medium. The cells were resuspended in
300 pl RPMI1640 basal medium and incubated at 37°C for 24 h at a B/T ratio of 40 in
the presence of 100 U/ml penicillin G and 100 pg/ml streptomycin. The cells were
stained with PI (propidium iodide) and annexin-V using an Annexin-V-FLUOS
Staining Kit (Roche, Mannheim, Germany) and subsequently analyzed by a
FACSCalibur flow cytometer (BD Bioscience). Data for 30,000 cells falling within the
appropriate forward and side light scatter gates were collected from each sample. Data
were analyzed using FlowJo software (Tree Star Inc.).

XS106 cells were added to a 24-well plate at 3 x 10> cells per well in 500 pl XS
medium and incubated at 37°C for 16 h at a 5% CO, atmosphere. The cultures were
centrifuged at 400 x g for 5 min, and the cells were washed with supplement-free RPMI
1640 basal medium. The cells were resuspended in 300 pl RPMI 1640 basal medium
and incubated at 37°C for 24 h at several B/T ratios in the presence of 100 U/ml
penicillin G and 100 pg/ml streptomycin. LDH content in the supernatants was
measured using a CytoTox 96 kit (Promega, Madison, WI, USA), according to the
manufacturer's instructions. Cytotoxicity was calculated against the maximum release of
LDH, which was obtained by cell lysis with 0.09% Triton X-100. The percentage of

cytotoxicity was calculated as LDH released in [tested sample (A490)/maximum LDH

19



release (A490)] x 100.

RNA interference

Caspase-1 was silenced in XS106 cells as follows. siRNAs specific for caspase-1 and a
non-targeting siRNA control (Applied Biosystems, Carlsbad, CA, USA) at final
concentrations of 2 uM were transfected into XS106 cells (2 x 10° cells/0.1 ml
Opti-MEM) by electroporation using a two-step electroporator (CUY21 Pro-Vitro,
NEPA GENE, Tokyo, Japan) at 175 V for 3 ms. The cells were cultured in XS106
medium at 37°C for 40 h to reach 100% confluence in a 10-cm dish. The cells collected
from the dish were subsequently inoculated onto a 24-well plate at 3 x 10° cells per well.
After a 16-h incubation, the cells were stimulated at 37°C for 24 h at B/T ratios of 4 and
40.

NLRP3 was silenced in XS106 cells as follows. The GFP-containing plasmids
psiRNA-mNLRP3 and psiRNA-LucGL3 (InvivoGen), which express an
NLRP3-specific and a nonspecific siRNA, respectively, were transfected into XS106
cells by electroporation as described above. Transfectants stably expressing
NLRP3-specific or nonspecific siRNA were established by selection in the presence of
100 pg/ml Zeocin (Invitrogen) at 37°C for 2 weeks in a 10-cm dish.

Total RNA was extracted from the washed cells using the ReliaPrep™ RNA Cell
Miniprep System (Promega), and cDNA was synthesized using the High Capacity
cDNA Reverse Transcription Kit (Applied Biosystems). For real-time PCR analysis,
PCR amplification was performed in the presence of a TagMan probe using a StepOne

Real-Time PCR system (Applied Biosystems). Specific primers for caspase-1, NLRP3,
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and GAPDH were purchased from Applied Biosystems. The cycling threshold (Cr)
value was defined as the number of PCR cycles in which the fluorescence signal
exceeded the detection threshold. The normalized amount of target mRNA (Nt) was
calculated from the Ct value obtained for both target and GAPDH mRNAs according to
the following equation: Nt = 2C{GAPPI) ~Cultaree) ‘R ojative mRNA expression was
obtained by setting Nt to 1 in samples transfected with non-specific siRNA in each

experiment.

Detection of mature caspase-1

XS106 cells were added to a 6-well plate at 1.2 x 10° cells per well in 2 ml XS medium
and incubated at 37°C for 16 h at a 5% CO, atmosphere. The cultures were centrifuged
at 400 x g for 5 min, and the cells were washed with supplement-free RPMI 1640 basal
medium. The cells were resuspended in 1 ml RPMI 1640 basal medium and incubated
at 37°C for 24 h at B/T ratios of 0.4 or 4. The cells (one well) were lysed in cell lysis
buffer [(25 mM Tris-HCI pH7.5, 150 mM NacCl, 1% (w/v) IGEPAL® CA-630 (Sigma),
complete protease inhibitors (Roche)] and combined with the supernatant (one well)
precipitated with 6% TCA. The samples were treated with SDS sample buffer and
submitted to SDS-PAGE analysis. Proteins were transferred to a PVDF membrane and
reacted with mouse anti-mouse caspase-1 p20 Ab (AdipoGen, USA).

BMMs from B6 mice were added to a 6-well plate at 2 x 10° cells per well in 2 ml
RPMI 1640 medium containing 10% FBS and incubated at 37°C for 4 h with 1 pg/ml
ultrapure Escherichia coli LPS (InvivoGen). The cells were resuspended in 1 ml RPMI
1640 basal medium and incubated at 37°C for 12 h with S. sanguinis cells at a B/T ratio

of 80 in the presence of 100 U/ml penicillin G and 100 pg/ml streptomycin. The cells
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(one well) were lysed in cell lysis buffer and combined with the supernatant (three
wells) precipitated with 6% TCA. The samples were treated with SDS sample buffer
and submitted to SDS-PAGE analysis. Proteins were transferred to a PVDF membrane
and reacted with rabbit anti-mouse caspase-1 Ab (sc-514, Santa Cruz Biotechnology,
Santa Cruz, CA, USA) or anti-mouse IL-1p Ab.

BMMs from B6 mice were added to a 6-well plate at 1.6 x 10° cells per well in 2 ml
RPMI 1640 medium containing 10% FBS and incubated at 37°C for 4 h with 1 pg/ml
ultrapure E. coli LPS. The cells were resuspended in 1 ml RPMI 1640 basal medium
and incubated at 37°C for 1 h with 5 mM ATP. The cells (one well) were lysed in cell
lysis buffer and combined with the supernatant (one well) precipitated with 6% TCA.
The samples were treated with SDS sample buffer and submitted to SDS-PAGE analysis.
Proteins were transferred to a PVDF membrane and reacted with rabbit anti-mouse

caspase-1 Ab or anti-mouse IL-1p Ab.

Phagocytosis

Cell suspensions (10° cfu/ml) of S. sanguinis were treated at 95°C for 5 min and then
incubated at 37° C for 1 h with a solution (0.5 mg/ml) of FITC (Sigma) in 0.1 M
carbonate buffer (pH 9.5). The FITC-conjugated cells were washed three times with
PBS and resuspended with PBS to a concentration of 1 x 10" cfu/ml.

XS106 cells were added to a 24-well plate at 3 x 10> cells per well in 500 pl XS
medium and incubated at 37°C for 16 h at a 5% CO, atmosphere. The cultures were
centrifuged at 400 x g for 5 min, and the cells were washed with supplement-free RPMI

1640 basal medium. The cells were resuspended in 300 pl RPMI 1640 basal medium
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and incubated at 37°C for 1 h with FITC-conjugated cells at B/T ratios of 40 and 100 in
the absence or presence of Cyt-D (0.5 uM and 1 uM). After the cells had been washed
three times with PBS, they were suspended in PBS containing 0.2% trypan blue to
quench fluorescence caused by the binding of bacteria to surface of the cells. The level
of phagocytosis was analyzed by a FACSCalibur flow cytometer. Data for 20,000 cells
falling within appropriate forward and side-light scatter gates were collected from each

sample. Data were analyzed using FlowJo software.

Intracellular localization of S. sangunis cells in XS106 cells

XS106 cells were grown on poly-I-lysine-coated coverglasses. After a 6-h incubation,
the medium was removed, and the cells were resuspended in 1 ml RPMI 1640 basal
medium and incubated at 37°C for 1 h with FITC-conjugated S. sanguinis cells at a B/T
ratio of 100. After the cells had been washed three times with PBS, they were
suspended in RPMI 1640 containing Alexa Fluor 594-conjugated concanavalin A (50
pg/ml; Invitrogen) and incubated at room temperature for 20 min. After the cells had
been washed three times with PBS, they were fixed for 15 min at room temperature by
4% paraformaldehyde phosphate buffer solution (Wako, Tokyo, Japan). The cells were
washed three times with PBS containing 10 mM glycine and after finally washed one
time with PBS, they were sealed in SlowFade® Gold Antifade Mountant with DAPI
(Thermo Fisher Scientific, Tokyo, Japan). Confocal images were taken by a confocal
laser scannning microscopy system (Nikon A1l and Ti-E) equipped with a Plan Apo VC
x60 objective lens (NA 1.40, Nikon, Tokyo, Japan) and processed through the Huygens

Essential Deconvolution software (SVI, Hilversum, Natherlands).
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Measurement of extracellular ATP

XS106 cells were added to a 24-well plate at 3 x 10° cells per well in 500 pl XS
medium and incubated at 37°C for 16 h at a 5% CO; atmosphere. The cultures were
centrifuged at 400 x g for 5 min, and the cells were washed with supplement-free RPMI
1640 basal medium. The cells were resuspended in 300 ul RPMI 1640 basal medium
and incubated at 37°C for various periods of time with several B/T ratios in the presence
of 100 U/ml penicillin G and 100 pg/ml streptomycin. The extracellular ATP in cell
culture supernatant was quantified using an ATP Bioluminescence Assay Kit CLS II
(Roche) according to the manufacturer's instructions. Luminescence was measured with
a Wallac 1420 ARVOsx (PerkinElmer, Inc., Waltham, MA, USA) and the ATP

concentration was determined using a standard curve.

Statistical analysis

The statistical analyses were performed using Student’s t test. Differences were

considered significant at a P value of < 0.05.
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Figure legends

Fig.1. IL-1pB production by XS106 cells in response to S. sanguinis

XS106 cells were stimulated at 37°C for various periods of time with live cells of S.
sanguinis at various MOIs (0, 0.4, and 4) and the IL-1f production (A) was measured
by ELISA and western blotting. After a 24-h stimulation, p20 fragment of active
caspase-1 was measured by western blotting (B). The growth of S. sanguinis in the
reaction mixture was measured (C). The IL-1f production by XS106 cells was
measured at B/T ratios of 0, 0.4, 4, and 40 in the presence of penicillin G/streptomycin
(pen/str) (D). The time course of the IL-1 production was measured at a B/T ratio of 40
(E). The activity of culture supernatants of S. sanguinis to induce IL-1 production in
XS106 cells after dilutions (1:4 and 1:2) with PBS was measured using BHI broth as a
medium control (F). The amounts of total IL-1p released into the conditioned medium
were measured by ELISA and western blotting. The results are expressed as the mean +
SD of duplicate or triplicate assays of a representative experiment. All of the
experiments were repeated at least twice and similar results were obtained. mIL-1p was
evaluated according to molecular weight (mIL-1B: 17.5 kDa, prolL-1f: 31 kDa) of the
bands detected by western blotting.
Student’s T test: *, 0.01< P <0.05; **, 0.01< P <0.001; *** P <0.001.
Fig. 2. Involvement of caspase-1 in the IL-1B-inducing activity of S. sanguinis

XS106 cells were stimulated at 37°C for 1 h in the presence of z-VAD-fmk or
z-YVAD fmk and then for another 24 h with S. sanguinis cells at a B/T ratio of 40. The
IL-1B-inducing activity was expressed as the relative activity (%) calculated as (the

activity in the presence of the inhibitor/the activity in the absence of the inhibitor) x 100.
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The results are expressed as the mean + SD of duplicate assays of a representative
experiment (A). XS106 cells were transfected with caspase-1—specific siRNA or
non-targeting (control) siRNA. Relative mRNA expression was determined by real-time
PCR analysis. The results are expressed as the mean + SD of triplicate assays of a
representative experiment (B). The transfected cells were stimulated at 37° C for 24 h
with S. sanguinis at various B/T ratios (0, 4, and 40). Total IL-1p released into the
culture supernatant was measured by ELISA and western blotting. The results are
expressed as the mean + SD of duplicate assays of a representative experiment (C). All
of the experiments were repeated at least twice and similar results were obtained.

Student’s T test; *, 0.01< P < 0.05; *** P <0.001.

Fig. 3. Cell death of XS106 cells induced by S. sanguinis

XS106 cells were stimulated at 37°C for 24 h with S. sanguinis cells at various B/T
ratios (0, 0.4, 4, and 40). Cell death (%) was evaluated by LDH release (A). The
percentages of swelling cells (B) and necrotic cells (C) were analyzed by flow
cytometry; the former by FSC and the latter by Pl-stained cells. XS106 cells were
transfected with caspase-1—specific siRNA or non-targeting (control) siRNA. The
transfected cells were stimulated at 37° C for 24 h with S. sanguinis at a B/T ratio of 40.
The percentages of necrotic cells were analyzed by flow cytometry (D). The difference
of cell death (%) was calculated as (the PI stained cell population in the presence of S.
sanguinis cells) — (PI stained cell population in the absence of S. sanguinis cells) (E).
The results are expressed as the mean = SD of duplicate assays of a representative
experiment. All of the experiments were repeated at least twice and similar results were

obtained.
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Student’s T test; *, 0.01< P < 0.05.

Fig. 4. Effects of silencing NLRP3 mRNA on the IL-1-inducing activity of S.
sanguinis

XS106 cells were transfected with psiRNA-mNLRP3 and psiRNA-LucGL3
containing GFP-containing plasmids, which express NLRP3-specific and nonspecific
siRNA, respectively, by electroporation. Transfectants stably expressing
NLRP3-specific or nonspecific siRNA were established by selection in the presence of
Zeocin. Relative mRNA expression was determined by real-time PCR analysis. The
results are expressed as the mean & SD of triplicate assays of a representative
experiment (A). The transfectants were stimulated at 37° C for 24 h with S. sanguinis at
various B/T ratios (0, 4, and 40). Total IL-1P released into the culture supernatant was
measured by ELISA and western blotting. The results are expressed as the mean + SD
of duplicate assays of a representative experiment (B). All of the experiments were
repeated at least twice and similar results were obtained.

Student’s T test: **, 0.01< P < 0.001; *** P <0.001.

Fig. 5. IL-1p production by BMMs from B6, caspase-lf/ ~,NLRP3™", or ASC™" mice in
response to S. sanguinis

BMMs were stimulated at 37°C for 12 h with S. sanguinis cells (A) in the presence
of penicillin and streptomycin or with heat-killed cells of S. sanguinis (B) in the absence
of these antibiotics at B/T ratios of 0, 4, and 40. Total IL-1p released into the culture
supernatant was measured by ELISA and western blotting. The results are expressed as

the mean + SD of triplicate assays of a representative experiment. All of the
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experiments were repeated at least twice and similar results were obtained.

Student’s T test: *, 0.01< P <0.05; **,0.01< P <0.001; ***, P <0.001.

Fig. 6. Detection of active caspase-1 in BMM from B6 mice

BMM from B6 mice were incubated at 37°C for 4 h with ultrapure E. coli LPS
(1 pg/ml) and the expression of TLR2 or TLR4 was examined by flow cytometry using
anti-TLR2 mAb, anti-TLR4 mAb and their isotype controls (A). The numbers in
histograms express the ratio of mean fluorescence intensity of cells stained with isotype
control to that with anti-TLR2 or anti-TLR4 mAb. For IL-1B-inducing activity, the cells
were then stimulated at 37°C for 12 h and 1 h with S. sanguinis cells at B/T ratios of 0,
4, 40, and 80 (B) and with ATP (C), respectively. Total IL-1p released into the culture
supernatant was measured by ELISA. The results are expressed as the mean £ SD of
duplicate assays of a representative experiment. All of the experiments were repeated at
least twice and similar results were obtained. For the detection of active caspase-1 (D)
and IL-1B (E) by western blotting, the cells were resuspended in RPMI 1640 basal
medium and incubated at 37°C for 12 h at a B/T ratio of 80.

Student’s T test: *, 0.01< P < 0.05; **,0.01< P <0.001

Fig. 7. Phagocytosis of S. sanguinis by XS106 cells

XS106 cells were incubated at 37°C for 1 h with the FITC-conjugated S. sanguinis
cells at B/T ratios of 0, 40 and 100 in the absence or presence of Cyt-D. The level of
phagocytosis at a B/T raio of 40 was analyzed by flow cytometry (A). Intracellular
localization of S. sangunis cells in XS106 cells was analyzed by confocal microscopy.

Arrows indicate FITC-conjugated S. sanguinis cells incorporated (B). The mean
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fluorescence intensities of XS106 cells incubated in the absence or presence of Cyt-D
(0.5 pM and 1 uM) were obtained by flow cytometry (C). Total IL-1P released into the
culture supernatant at a B/T ratio of 40 was measured by ELISA. The results are
expressed as the mean = SD of triplicate assays of a representative experiment (D). The
experiment was repeated at least twice and similar results were obtained.

Student’s T test: *, 0.01< P < 0.05.

Fig. 8. Release of ATP by XS106 cells in response to S. sanguinis

XS106 cells were stimulated for various periods of time (7, 15, 18, and 24 h) with S.
sanguinis at B/T ratios of 0, 4, and 40. The amounts of extracellular ATP (A) or IL-1
(B) in the culture supernatant were measured. XS106 cells were stimulated at 37°C for 1
h in the presence of 0ATP (0, 100, and 500 uM) (C) or KN-62 (0, 1, and 10 uM) (D)
and then for another 24 h with S. sanguinis at a B/T ratio of 40. The IL-1B-inducing
activity was expressed as the relative activity (%) calculated as (the activity in the
presence of the inhibitor/the activity in the absence of the inhibitor) x 100. XS106 cells
were stimulated for various periods of time (7, 15, 18, and 24 h) with S. sanguinis at
B/T ratios of 0 and 40 in the absence or presence of apyrase (0.4, and 4 U/ml). The
amounts of extracellular ATP (E) or IL-1B (F) in the culture supernatant were measured.
XS106 cells were stimulated for 18 h with S. sanguinis cells at a B/T ratio of 40 in the
absence or presence of Cyt-D (0.5, 1.0 uM) and the amount of ATP released in the
culture supernatant was measured (G). The results are expressed as the mean + SD of
duplicate or triplicate assays of a representative experiment. All of the experiments were
repeated at least twice and similar results were obtained.

Student’s T test: *, 0.01< P <0.05, **,0.01< P <0.001, ***, P <0.001.
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Supplement Fig. 1.

Expression of TLR2 or TLR4 on the cell surface of XS106 cells was examined by
flow cytometry using anti-TLR2 mAb, anti-TLR4 mAb and their isotype controls.

31



References

Aas, J.A., Paster, B.J., Stokes, L.N., Olsen, I. and Dewhirst, F.E. (2005). Defining the
normal bacterial flora of the oral cavity. Journal of clinical microbiology 43,
5721-5732.

Bancsi, M.J., Veltrop, M.H., Bertina, R.M. and Thompson, J. (1996). Role of
phagocytosis in activation of the coagulation system in Streptococcus sanguis
endocarditis. Infection and immunity 64, 5166-5170.

Banks, J., Poole, S., Nair, S.P., Lewthwaite, J., Tabona, P., McNab, R., et al. (2002).
Streptococcus sanguis secretes CD14-binding proteins that stimulate cytokine
synthesis: a clue to the pathogenesis of infective (bacterial) endocarditis?
Microbial pathogenesis 32, 105-116.

Bashore, T.M., Cabell, C. and Fowler, V., Jr. (2006). Update on infective endocarditis.
Current problems in cardiology 31, 274-352.

Bergsbaken, T., Fink, S.L. and Cookson, B.T. (2009). Pyroptosis: host cell death and
inflammation. Nature reviews. Microbiology 7, 99-109.

Camerer, E., Kolsto, A.B. and Prydz, H. (1996). Cell biology of tissue factor, the
principal initiator of blood coagulation. Thrombosis research 81, 1-41.

Cassel, S.L., Eisenbarth, S.C., Iyer, S.S., Sadler, J.J., Colegio, O.R., Tephly, L.A., et al.
(2008). The Nalp3 inflammasome is essential for the development of silicosis.
Proceedings of the National Academy of Sciences of the United States of
America 105, 9035-9040.

Cassel, S.L., Joly, S. and Sutterwala, F.S. (2009). The NLRP3 inflammasome: a sensor

of immune danger signals. Seminars in immunology 21, 194-198.

32



Celada, A., Gray, P.W., Rinderknecht, E. and Schreiber, R.D. (1984). Evidence for a
gamma-interferon receptor that regulates macrophage tumoricidal activity. The
Journal of experimental medicine 160, 55-74.

Chen, L., Ge, X., Wang, X., Patel, J.R. and Xu, P. (2012). SpxA1 involved in hydrogen
peroxide production, stress tolerance and endocarditis virulence in Streptococcus
sanguinis. PloS one 7, e40034.

Das, S., Kanamoto, T., Ge, X., Xu, P., Unoki, T., Munro, C.L. and Kitten, T. (2009).
Contribution of lipoproteins and lipoprotein processing to endocarditis virulence
in Streptococcus sanguinis. Journal of bacteriology 191, 4166-4179.

Davis, B.K., Wen, H. and Ting, J.P. (2011). The inflammasome NLRs in immunity,
inflammation, and associated diseases. Annual review of immunology 29,
707-735.

Di Filippo, S., Delahaye, F., Semiond, B., Celard, M., Henaine, R., Ninet, J., et al.
(2006). Current patterns of infective endocarditis in congenital heart disease.
Heart 92, 1490-1495.

Do, T., Gilbert, S.C., Klein, J., Warren, S., Wade, W.G. and Beighton, D. (2011). Clonal
structure of Streptococcus sanguinis strains isolated from endocarditis cases and
the oral cavity. Molecular oral microbiology 26, 291-302.

Dostert, C., Petrilli, V., Van Bruggen, R., Steele, C., Mossman, B.T. and Tschopp, J.
(2008). Innate immune activation through Nalp3 inflammasome sensing of
asbestos and silica. Science 320, 674-677.

Douglas, C.W., Heath, J., Hampton, K.K. and Preston, F.E. (1993). Identity of viridans
streptococci isolated from cases of infective endocarditis. Journal of medical

microbiology 39, 179-182.

33



Drake, T.A., Rodgers, G.M. and Sande, M.A. (1984). Tissue factor is a major stimulus
for vegetation formation in enterococcal endocarditis in rabbits. The Journal of
clinical investigation 73, 1750-1753.

Eisenbarth, S.C., Colegio, O.R., O'Connor, W., Sutterwala, F.S. and Flavell, R.A. (2008).
Crucial role for the Nalp3 inflammasome in the immunostimulatory properties
of aluminium adjuvants. Nature 453, 1122-1126.

Erickson, P.R. and Herzberg, M.C. (1990). Purification and partial characterization of a
65-kDa platelet aggregation-associated protein antigen from the surface of
Streptococcus sanguis. The Journal of biological chemistry 265, 14080-14087.

Facklam, R. (2002). What happened to the streptococci: overview of taxonomic and
nomenclature changes. Clinical microbiology reviews 15, 613-630.

Franchi, L., Munoz-Planillo, R. and Nunez, G. (2012). Sensing and reacting to microbes
through the inflammasomes. Nature immunology 13, 325-332.

Gross, O., Poeck, H., Bscheider, M., Dostert, C., Hannesschlager, N., Endres, S., et al.
(2009). Syk kinase signalling couples to the Nlrp3 inflammasome for anti-fungal
host defence. Nature 459, 433-436.

Hahn, C.L., Best, A.M. and Tew, J.G. (2007). Rapid tissue factor induction by oral
streptococci and monocyte-1L-1beta. Journal of dental research 86, 255-259.

Hamada, S. and Slade, H.D. (1980). Biology, immunology, and cariogenicity of
Streptococcus mutans. Microbiological reviews 44, 331-384.

Harder, J., Franchi, L., Munoz-Planillo, R., Park, J.H., Reimer, T. and Nunez, G. (2009).
Activation of the Nlrp3 inflammasome by Streptococcus pyogenes requires
streptolysin O and NF-kappa B activation but proceeds independently of TLR

signaling and P2X7 receptor. Journal of immunology 183, 5823-5829.

34



Herzberg, M.C., Brintzenhofe, K.L. and Clawson, C.C. (1983). Aggregation of human
platelets and adhesion of Streptococcus sanguis. Infection and immunity 39,
1457-14609.

Herzberg, M.C., MacFarlane, G.D., Gong, K., Armstrong, N.N., Witt, A.R., Erickson,
P.R. and Meyer, M.W. (1992). The platelet interactivity phenotype of
Streptococcus sanguis influences the course of experimental endocarditis.
Infection and immunity 60, 4809-4818.

Herzberg, M.C., Nobbs, A., Tao, L., Kilic, A., Beckman, E., Khammanivong, A. and
Zhang, Y. (2005). Oral streptococci and cardiovascular disease: searching for the
platelet aggregation-associated protein gene and mechanisms of Streptococcus
sanguis-induced thrombosis. Journal of periodontology 76,2101-2105.

Hoegen, T., Tremel, N., Klein, M., Angele, B., Wagner, H., Kirschning, C., et al. (2011).
The NLRP3 inflammasome contributes to brain injury in pneumococcal
meningitis and is activated through ATP-dependent lysosomal cathepsin B
release. Journal of immunology 187, 5440-5451.

Hornung, V., Bauernfeind, F., Halle, A., Samstad, E.O., Kono, H., Rock, K.L., ef al.
(2008). Silica crystals and aluminum salts activate the NALP3 inflammasome
through phagosomal destabilization. Nature immunology 9, 847-856.

Hung, S.C., Choi, C.H., Said-Sadier, N., Johnson, L., Atanasova, K.R., Sellami, H., et al.
(2013). P2X4 assembles with P2X7 and pannexin-1 in gingival epithelial cells
and modulates ATP-induced reactive oxygen species production and
inflammasome activation. PloS one 8, €70210.

Iyer, S.S., Pulskens, W.P., Sadler, J.J., Butter, L.M., Teske, G.J., Ulland, T.K., ef al.

(2009). Necrotic cells trigger a sterile inflammatory response through the Nlrp3

35



inflammasome. Proceedings of the National Academy of Sciences of the United
States of America 106, 20388-20393.

Jenkinson, H.F. and Lamont, R.J. (2005). Oral microbial communities in sickness and in
health. Trends in microbiology 13, 589-595.

Joseph, S.M., Buchakjian, M.R. and Dubyak, G.R. (2003). Colocalization of ATP
release sites and ecto-ATPase activity at the extracellular surface of human
astrocytes. The Journal of biological chemistry 278, 23331-23342.

Kanneganti, T.D., Lamkanfi, M. and Nunez, G. (2007). Intracellular NOD-like receptors
in host defense and disease. Immunity 27, 549-559.

Kerrigan, S.W., Douglas, 1., Wray, A., Heath, J., Byrne, M.F., Fitzgerald, D. and Cox, D.
(2002). A role for glycoprotein Ib in Streptococcus sanguis-induced platelet
aggregation. Blood 100, 509-516.

Kool, M., Petrilli, V., De Smedt, T., Rolaz, A., Hammad, H., van Nimwegen, M., ef al.
(2008). Cutting edge: alum adjuvant stimulates inflammatory dendritic cells
through activation of the NALP3 inflammasome. Journal of immunology 181,
3755-3759.

Lamkanfi, M. and Dixit, V.M. (2010). Manipulation of host cell death pathways during
microbial infections. Cell host & microbe 8, 44-54.

Lamkanfi, M. and Dixit, V.M. (2012). Inflammasomes and their roles in health and
disease. Annual review of cell and developmental biology 28, 137-161.

Lamkanfi, M. and Dixit, V.M. (2014). Mechanisms and functions of inflammasomes.
Cell 157, 1013-1022.

Latz, E., Xiao, T.S. and Stutz, A. (2013). Activation and regulation of the

inflammasomes. Nature reviews. Immunology 13, 397-411.

36



Li, H., Willingham, S.B., Ting, J.P. and Re, F. (2008). Cutting edge: inflammasome
activation by alum and alum's adjuvant effect are mediated by NLRP3. Journal
of immunology 181, 17-21.

Mariathasan, S. and Monack, D.M. (2007). Inflammasome adaptors and sensors:
intracellular regulators of infection and inflammation. Nature reviews.
Immunology 7, 31-40.

Martinon, F., Mayor, A. and Tschopp, J. (2009). The inflammasomes: guardians of the
body. Annual review of immunology 27, 229-265.

Martinon, F., Petrilli, V., Mayor, A., Tardivel, A. and Tschopp, J. (2006).
Gout-associated uric acid crystals activate the NALP3 inflammasome. Nature
440, 237-241.

Miao, E.A., Rajan, J.V. and Aderem, A. (2011). Caspase-1-induced pyroptotic cell death.
Immunological reviews 243, 206-214.

Mohan, J., Hopkins, J. and Mabbott, N.A. (2005). Skin-derived dendritic cells acquire
and degrade the scrapie agent following in vitro exposure. Immunology 116,
122-133.

Moreillon, P. and Que, Y.A. (2004). Infective endocarditis. Lancet 363, 139-149.

Napoleone, E., Di Santo, A. and Lorenzet, R. (1997). Monocytes upregulate endothelial
cell expression of tissue factor: a role for cell-cell contact and cross-talk. Blood
89, 541-549.

Ohashi, K., Burkart, V., Flohe, S. and Kolb, H. (2000). Cutting edge: heat shock protein
60 is a putative endogenous ligand of the toll-like receptor-4 complex. Journal
of immunology 164, 558-561.

Okahashi, N., Nakata, M., Sakurai, A., Terao, Y., Hoshino, T., Yamaguchi, M., et al.

37



(2010). Pili of oral Streptococcus sanguinis bind to fibronectin and contribute to
cell adhesion. Biochemical and biophysical research communications 391,
1192-1196.

Okahashi, N., Okinaga, T., Sakurai, A., Terao, Y., Nakata, M., Nakashima, K., et al.
(2011). Streptococcus sanguinis induces foam cell formation and cell death of
macrophages in association with production of reactive oxygen species. FEMS
microbiology letters 323, 164-170.

Plummer, C., Wu, H., Kerrigan, S.W., Meade, G., Cox, D. and Ian Douglas, C.W.
(2005). A serine-rich glycoprotein of Streptococcus sanguis mediates adhesion
to platelets via GPIb. British journal of haematology 129, 101-109.

Ratsimandresy, R.A., Dorfleutner, A. and Stehlik, C. (2013). An Update on PYRIN
Domain-Containing Pattern Recognition Receptors: From Immunity to
Pathology. Frontiers in immunology 4, 440.

Riteau, N., Baron, L., Villeret, B., Guillou, N., Savigny, F., Ryffel, B., et al. (2012). ATP
release and purinergic signaling: a common pathway for particle-mediated
inflammasome activation. Cell death & disease 3, €403.

Shimada, T., Park, B.G., Wolf, A.J., Brikos, C., Goodridge, H.S., Becker, C.A., et al.
(2010). Staphylococcus aureus evades lysozyme-based peptidoglycan digestion
that links phagocytosis, inflammasome activation, and IL-1beta secretion. Cell
host & microbe 7, 38-49.

Steftel, J., Luscher, T.F. and Tanner, F.C. (2006). Tissue factor in cardiovascular
diseases: molecular mechanisms and clinical implications. Circulation 113,
722-731.

Sutterwala, F.S., Haasken, S. and Cassel, S.L. (2014). Mechanism of NLRP3

38



inflammasome activation. Annals of the New York Academy of Sciences 1319,
82-95.

Turner, L.S., Kanamoto, T., Unoki, T., Munro, C.L., Wu, H. and Kitten, T. (2009).
Comprehensive evaluation of Streptococcus sanguinis cell wall-anchored
proteins in early infective endocarditis. Infection and immunity 77, 4966-4975.

Veltrop, M.H., Beekhuizen, H. and Thompson, J. (1999). Bacterial species- and
strain-dependent induction of tissue factor in human vascular endothelial cells.
Infection and immunity 67, 6130-6138.

Veltrop, M.H., Thompson, J. and Beekhuizen, H. (2001). Monocytes augment bacterial
species- and strain-dependent induction of tissue factor activity in
bacterium-infected human vascular endothelial cells. Infection and immunity 69,
2797-2807.

Vladimer, G.I., Marty-Roix, R., Ghosh, S., Weng, D. and Lien, E. (2013).
Inflammasomes and host defenses against bacterial infections. Current opinion
in microbiology 16, 23-31.

Wharram, B.L., Fitting, K., Kunkel, S.L., Remick, D.G., Merritt, S.E. and Wiggins, R.C.
(1991). Tissue factor expression in endothelial cell/monocyte cocultures
stimulated by lipopolysaccharide and/or aggregated IgG. Mechanisms of
cell:cell communication. Journal of immunology 146, 1437-1445.

White, J.C. and Niven, C.F., Jr. (1946). Streptococcus S.B.E.: A Streptococcus
Associated with Subacute Bacterial Endocarditis. Journal of bacteriology 51,
717-722.

Yilmaz, O., Sater, A.A., Yao, L., Koutouzis, T., Pettengill, M. and Ojcius, D.M. (2010).

ATP-dependent activation of an inflammasome in primary gingival epithelial

39



cells infected by Porphyromonas gingivalis. Cellular microbiology 12, 188-198.
Zhu, L., Zhang, Y., Fan, J., Herzberg, M.C. and Kreth, J. (2011). Characterization of
competence and biofilm development of a Streptococcus sanguinis endocarditis

isolate. Molecular oral microbiology 26, 117-126.

40



live

A 12 —avomo ¥ B ive
10 | oMOI=0.4
ZE‘ BMOI=4 0 0.4 4 (MOI)
8 i — _
E
S e -
£ 6
¥ 4 . -
= ** [
'y <P
O - T T T
6 9 12 24
Incubation time (h)
- — -— -—
30 kDa > s - W& proll-1B
20 kDa-> a - @ =3 cmLip
C 10° D 5
—A—MOI=0.4 kK % pen/str * % |
108 | —®—MOI=4 4
E,
_ 107 E
E =2
210 /H\;\A 0
o - 1 - *
105 T 1
04 0 T T
1
0 0.4 B/T 4 40
10° < prolL-1p
0 6 9 12 24
Incubation time (h)
- (& MIL-1p
E F
3
3 pen/str O x 4 dil %
— * = o x 2 dil
E Eo | mxidil k¥
g 2 2
. %% (H:.L _*
a1 =1
) I
O = 1571224 15 71224 Time(h) 0 o ————
NONE ___ B/T=40 NONE BHI Sup
<= prolL-1p3 < prolL-1B
Flg . 1 ————— & MIL-13 s < miL-1p




vy)
[EEN
N

=
BN

caspase-1 mRNA

Relative quantity of
© o o o
N EEN » (o]

o

Fig. 2

120

A 2
S 100
E¥
- <80
52
- =60
R
S 40
(O]
@ 20
0
z-VAD-fmk (uM) - -
Z-YVAD-fmk (uM) - — 2 20
B/T=40 + + +
C 3
R L Ocont SiRNA *
I Bcasp-1 siRNA
2
>
S
[«=X
—
:|' 1
0 [
control  caspase-1 0 4 40
SiRNA B/T

<-prolL-1B

<miL-1p8




A B 9.21%
1.0K
800
50 T
S —_x . 0 600
c g 40 * 3 400
T 30 200
- 9@ :
=020 - 0 &
Sz 0 200 400 600 800 1.0K 0 200 400 600 800 1.0K
Q10 - C FSC-H FSC-H
0 | Pl NONE 15.8% 35.0%
0 04 4 40 A . - _ L - o
BIT 108 : 10°
I I
102 102
L L
101 3 10t
om
100 . . 308 100 | P 541
100 10 102 10 10 10° 10! 102 108 10%
FL1-H FL1-H >
Annexin V
D cont SiRNA casp-1 siRNA
14.3% 34.2% 18.8% 28.3%
PI B/T=40K "i" NONE¥K B/T=40
A 104 104 104 (=1 ; ] 104 4
108 103 108 { ‘ 108
T T x <
2102 §102 210 glo
10t 101 1 10t 1 10t
100 1 - Anﬁ‘ 100 604 488 100 741 o : 695 100 N .
100 100 102 10° 10¢ 10° 10! 10 108 10% 100 10! 102 108 10% 109 10t 102 10% 10¢
FL1-H FL1-H FL1-H FL1-H
. > . >
Annexin V Annexin V
E 20
e
)
o
- 15
E
« 10
)
3
c 5
o
)
£ o0
. ©
F|g_ 3 cont casp-1
SiRNA SiRNA



x>

=
N

=

o
o]

Relative quantity of
NLRP3 mRNA
o o
Ea »

o
N

o

* %k %

T

Fig. 4

control  NLRP3
SIRNA

700
600
~ 500
> 400
R
E} 300
= 200
100

Ocont siRNA L]
B NLRP3 siRNA
0 4 40
B/T

<€=prolL-1B

€-miL-1p




Fig. 5

1200

1000

800

600

IL-18 (pg/ml)

pen/str

* %k %k

%%k % *-
*okok

% %k %k
* 3k

B6 caspase-1-/- NLRP3-/-

ASC-/-

prolL-18 >

miL-1B >

—-— —

B/T=0,4,40 ——— —1 ——1

1400
1200
1000

800

600

IL-18 (pg/ml)

400
200

0

prolL-18->

miL-1p =>

heat-killed

% %k k %k k
* %k %k * %k %k

* %k %k

B6 casp-1-/- NLRP3-/-

ASC-/-

- - — -
— -

- -

— -

B/T=0, 4,40 ——1 ——1 ——1 ]




TLR2 TLR4
500 500 400 400
[ Isotype [ Isotype 1 Isotype 1 Isotype
400 400 300 300
300 140 | 4, 1.85 £ 125 |t 1.20
S S G200 3200
200 200
100 100 100 100
0 0 0 0
10° 10t 102 10° 10° 10° 10t 102 10% 10° 10° 10t 102 10° 10° 10° 10t 102 10% 10°
FL1-H FL1-H FL2-H FL2-H
NONE LPS NONE LPS
B LPS + Ss C LPS +ATP
9 *
— 8 r T * * T 1 80
£7 =
6 £ 60
Es Is)
- @ 40
=3 -
2 =
1 20
0
0 4 40 80
B/T °
0 5SmM
ATP
D 12 h 1h E 12 h 1h
AP X SEPS

procasp-r—>

pro|L-1H—”

miL-1p—> . —

pl0 —> -

Fig. 6



800 —
r I NONE
| | I |
600
§ 400
200
o ]
FL1-H
DAPI Concanavalin A
B S. sanguinis (Nucleus) (Plasma Membrane) Merged
- . .
o . .
C D
60 4
—e—control *
o 50| —a—Cyt-D0.5uM
< —&—Cyt-D 1 pM -3
[}
8 40 E
0 2> =)
ST £2
Sg30 S
L c 0
= — 20 —1
()
= 10
0
0 T , Cyt-D (M) 0 05 1 0O 05 1
0 40 100 _
B/T=40 - - - + 4+
B/T

Fig. 7



>

M

extracellular ATP (nM)

I

w

N

=

6 4
o [—m—Bm=0 * B —8—B/T=0
5 |=——pr—B/T=4 —te—B/T=4
f —e—B/T=40 3 R/T=40 *
E 4 |--4se- Ss(40) c * -
< IS
33 £2
= =
© 2 4
a -1
X1 *
7 15 18 24 7 15 18 24
Incubation time (h) D Incubation time (h)
120 T ., 120 "
EXE3 [ | 1
= 100 § 100
c
S 80 2% 80
g 60 ¥ 2 60
25 22
= o Q
=5 40 £ 40
23 20 3 20
< x
r —0 0
OATP (M) O 100 500 KN-62 (uM) 0o 1 10
B/T=40 + + + F B/T=40 + + +
3
-« <3+ B/T=0 cont » <+ B/T=0 cont
. « B/T=0 apy 0.4
eedsies B/T=0 apy 4
—@— B/T=40 cont . —@— B/T=40 cont
—&—B/T=40 apy 0.4 £2 —a&— B/T=40 apy 0.4
—i— B/T=40 apy 4 S —i— B/T=40 apy 4
[
[ca
—
=1
E:%:ia--oo-ooco;...: b
*m - e LW
7 15 ) - 18 24 7 15 18 24
Incubation time (h) Incubation time (h)
G 5 F 3
~—~~
24
o
3
8
=22
©
Q
g
g 1
]
0
Cyt-D (M) 0 05 1 0 05 1
- = + 4+ 4+

Fi g. 8 B/T=40 —




TLR2 TLR4
Isotype Isotype
800
600
600
e e
3 400 3400
O O
200 200
0 0
100 10 102 108 10¢ 10° 10 102 103 10¢
FL1-H FL2-H

supplement Fig. 1



	CM S sanguinis 2nd revised  clean２
	16.9.9 S. sanguinis論文 fig
	スライド番号 1
	スライド番号 2
	スライド番号 3
	スライド番号 4
	スライド番号 5
	スライド番号 6
	スライド番号 7
	スライド番号 8
	スライド番号 9


