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Abstract

Streptococcus pneumoniae is a Gram-positive, extracellular bacterium that is responsible for
significant mortality and morbidity worldwide. Pneumolysin (PLY), a cytolysin produced by all
clinical isolates of the pneumococcus, is one of the most important virulence factors of this
pathogen. We have previously reported that PLY is an essential factor for activation of caspase-1
and consequent secretion of IL-1p and IL-18 in macrophages infected with S. pneumoniae.
However, the host molecular factors involved in caspase-1 activation are still unclear. To further
elucidate the mechanism of caspase-1 activation in macrophages infected with S. pneumoniae, we
examined the involvement of inflammasomes in inducing this cellular response. Our study
revealed that apoptosis-associated speck like protein containing a caspase recruitment domain
(ASC), an adaptor protein for inflammasome receptors such as NLR family, pyrin domain
containing 3 (NLRP3) and absent in melanoma 2 (AIM2), is essentially required for the induction
of caspase-1 activation by S. pneumoniae. Caspase-1 activation was partially impaired in
NLRP3~/~ macrophages, while knockdown and knockout of AIM2 resulted in a clear decrease in
caspase-1 activation in response to S. pneumoniae. These results suggest that ASC
inflammasomes, including AIM2 and NLRP3, are critical for caspase-1 activation induced by S.
pneumoniae. Furthermore, ASC™/~ mice were more susceptible than wild-type mice to S.
pneumoniae, with impaired secretion of IL-1f and IL-18 into the bronchoalveolar lavage after
intranasal infection, suggesting that ASC inflammasomes contribute to the protection of host from
infection with PLY-producing S. pneumoniae.

Introduction

Streptococcus pneumoniae is a Gram-positive, extracellular bacterium that is responsible for
significant mortality and morbidity worldwide, causing bacterial pneumonia, otitis media,
meningitis and septicemia. Pneumolysin (PLY), a 53-kDa multifunctional protein toxin
which is produced by virtually all clinical isolates of pneumococcus, is one of the key
virulence factors of S. pneumoniae (1-4). PLY is a member of the cholesterol-dependent
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cytolysin family, which binds to cholesterol and form ring- or arc-shaped transmembrane
pores on cholesterol-containing membranes, eventually causing cytolysis in various
mammalian cells. As PLY lacks a signal sequence for secretion, it has been hypothesized
that the cytolysin is released during the breakdown of the pneumococcal cell wall (5, 6). A
number of reports have suggested various roles for PLY in the pathogenicity of S.
pneumoniae, including disruption of tissue barriers, inhibition of ciliary beating on epithelial
cells and bactericidal activity of neutrophils, induction of host cell apoptosis, and a possible
subversion of complement-mediated opsonization, thereby facilitating colonization and
survival of pneumococci in the host (6, 7). In addition to above-mentioned functions as the
virulence factor, PLY is involved in the activation of innate immune responses of the host
that generate inflammation and/or contribute to the host defense (6, 8, 9). PLY protein has
been demonstrated to induce IL-1p secretion (9, 10), and it has been suggested that PLY is
essential for the maturation and secretion, but not expression, of IL-1a, IL-1p and IL-18
upon infection of macrophages or dendritic cells (DCs) with S. pneumoniae (10-12). I1L-1
cytokines, especially IL-1p, and their receptor play protective roles in pneumococcal
pneumonia and meningitis in mice (13-16). IL-18 has been also reported to contribute to
early host defense against pneumococcal pneumonia (17). Thus, it is likely that PLY -
dependent induction of these cytokines contributes to the protection of the host from S.
pneumoniae, although a host-detrimental role of IL-18 in a meningitis model has also been
reported (18). Thus, the PLY-dependent induction of these inflammatory cytokines and their
roles in vivo have been established, however, little is known about the mechanism by which
these cytokine responses are induced in a PLY-dependent manner. Caspase-1 is a cysteine
protease, which processes proforms of IL-1f and IL-18 into mature forms, and is important
for secretion of these cytokines. We have also shown that caspase-1 activation is depending
on PLY in macrophages infected with S. pneumoniae (10).

Recent studies have demonstrated that the inflammasome, a multiprotein complex, which
typically consists of a nucleotide-binding oligomerization domain-like receptor (NLR)
molecule and pro-caspase-1, mediates the activation of caspase-1 in response to a wide
variety of stimuli (19-38). Several inflammasomes have been identified, and each has been
designated according to the receptor within the protein complex. Of these, the NLR family,
pyrin domain containing 3 (NLRP3) inflammasome has been shown to be activated by
endogenous stimuli such as urate crystals (20), extracelluar ATP (21), cholesterol crystals
(22), and also exogenous stimuli such as bacterial and viral pathogens, pore-forming toxins,
asbestos, silica, and so on (23-30). It has been reported that the NLR family, caspase
recruitment domain containing 4 (NLRC4) inflammasome is activated by flagellin, basal
body rod proteins of the type Il secretion systems and pilin, while cytosolic DNA activates
the absent in melanoma 2 (AIM2) inflammasome (31-38). Apoptosis-associated speck-like
protein containing a caspase recruitment domain (ASC) plays a critical role in the activation
of inflammasomes as an adaptor protein that bridges pro-caspase-1 and inflammasome
receptors like NLRP3 and AIM2 (19, 39). Recent reports have identified a distinct role for
inflammasomes in host defense against several pathogens.

In this study, we sought to elucidate the induction mechanism of PLY-dependent activation
of caspase-1 in macrophages infected with S. pneumoniae, by examining the involvement of
inflammasomes in the cellular response. Our results suggest that the activation of caspase-1
and the subsequent maturation of IL-1p and IL-18 in response to PLY-producing S.
pneumoniae are critically dependent on ASC inflammasomes, including AIM2 and NLRP3.
We also demonstrated a significant role of ASC inflammasomes in host defense against
pulmonary pneumococcal infection. Thus, this study has revealed a pathophysiological link
between the virulence factor PLY and the inflammasome.

J Immunol. Author manuscript; available in PMC 2012 November 1.
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Materials and Methods

Mice

Female C3H/HeN, C3H/HeJ and C57BL/6 mice were purchased from Japan SLC
(Hamamatsu, Japan). NLRP3~/~ mice generated by Prof. Jiirg Tschopp (University of
Lausanne) (20), NLRC4~/~ mice generated by Dr. Vishva Dixit (Genentech) (40), ASC/~
mice generated by Prof. Shun-ichiro Taniguchi (Shinshu University) (41), and caspase-1~/~
mice generated by Dr. Keisuke Kuida (Millennium Pharmaceuticals) were kindly gifted.
Mice were maintained in specific-pathogen-free conditions and used at 7 to 9 weeks of age.
All of the experimental procedures performed on mice were approved by the Animal Ethics
and Research Committee of Kyoto University Graduate School of Medicine, Kyoto, Japan.

Bacterial strains

Streptococcus pneumoniae D39 (serotype 2) was purchased from the National Collection of
Type Cultures (NCTC 7466; Central Public Health Laboratory, London, United Kingdom).
A deletion mutant of S. pneumoniae D39 for the PLY gene (Aply) was constructed by using
homologous recombination method as described previously (10). Bacteria were grown on
tryptic soy agar (Difco Laboratories, Detroit, MI) with 5% (vol/vol) defibrinated sheep
blood (Nacalai Tesque, Kyoto, Japan) and in Todd-Hewitt broth (Difco) supplemented with
0.5% yeast extract (THY) at 37°C and 5% CO, and subsequently stored at —80°C in THY
plus 10% glycerol. For the preparation of bacterial stocks for macrophage stimulation,
pneumococci were grown overnight on blood agar plates at 37°C and 5% CO,. Colonies
were inoculated into the THY medium, grown until mid-logarithmic phase (optical density
at 600 nm [OD600] =0.5), and centrifuged at 6,000 g for 15 min. The bacterial pellet was
suspended in phosphate-buffered saline (PBS) and stocked at —80°C. The concentration was
determined by viable cell counting on blood agar plates.

Collection of peritoneal macrophages and infection by S. pneumoniae in vitro

Mice were injected intraperitoneally (i.p.) with 3% thioglycollate broth (EIKEN
CHEMICAL, Tokyo, Japan), and peritoneal exudate cells (PECs) were collected 3 days
later. After washing with RPMI 1640 medium (Nacalai Tesque), PECs were suspended with
RPMI 1640 supplemented with 10% FCS and incubated in 48-well microplates at a density
of 2.5 x 10° cells/well at 37°C plus 5% CO,, and non-adherent cells were removed after two
hours. Adherent macrophages were infected with S. pneumoniae at a multiplicity of
infection (MOI) of 10 for 8 h, then 100 pug/ml of gentamicin (Wako Pure Chemical
Industries, Osaka, Japan) was added to the cultures and incubated for an additional 16 h. In
order to confirm the enrichment for macrophages in adherent PECs, the percentage of
F4/80* macrophages was determined by flow cytometry. Whole and adherent PECs
collected by using Cell Dissociation Buffer Enzyme-Free PBS-based (Invitrogen, Carlsbad,
CA) were incubated with anti-mouse CD16/32 (Biolegend, San Diego, CA) for 30 min at
4°C. Then the cells were stained with PE anti-mouse F4/80 (Biolegend) or isotype control
(PE Rat 1gG2a, Biolegend) for 30 min at 4°C and analyzed on a FACScalibur flow
cytometer (Becton Dickinson, Franklin Lakes, NJ). The proportions of F4/80* cells in whole
PECs from WT, caspase-1~~, ASC™/~ and NLRP3~/~ mice were 94.8%, 96.0%, 95.6% and
95.0%, respectively, and were increased to 98.2%, 98.5%, 98.3% and 95.9% in adherent
PECs, respectively. Thus the adherent PECs were sufficiently enriched for F4/80*
macrophages.

Macrophage cell lines

Immortalized WT and AIM2~/~ macrophage cell lines were generated by infecting primary
bone marrow cells with J2 recombinant retrovirus (a kind gift from Dr. Howard Young) as
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described previously (42). The macrophage lines were infected with S. pneumoniae at a
MOI of 10 for 8 h, then 100 ug/ml of gentamicin was added to the cultures and incubated for
an additional 16 h.

Levels of secreted cytokines in culture supernatants were determined by two-site sandwich
enzyme-linked immunosorbent assay (ELISA). ELISA Kits for IL-6 and IL-1p were
purchased from eBioscience (San Diego, CA). For the titration of I1L-18, biotin-labeled and
unlabeled mAbs specific to IL-18 (Medical & Biological Laboratories, Nagoya, Japan) were
used.

Western blot analysis

PECs were cultured on 12-well plates at a density of 5 x 10° cells/well in RPMI 1640 + FCS
at 37°C for two hours. Then medium was replaced with Opti-MEM (Invitrogen), and
adherent cells were infected with S. pneumoniae at a MOI of 10. Supernatants were
collected 24h after infection, and the cells were lysed with Radio-Immunoprecipitation
Assay (RIPA) buffer (Nacalai Tesque). The supernatants were concentrated 20-fold using
20% (wi/v) trichloroacetate (TCA; Nacalai Tesque). The precipitates and cell lysates were
subjected to SDS-PAGE and subsequently transferred to polyvinylidene difluoride
membranes by electroblotting. The membranes were immunoblotted with anti-caspase-1
antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-IL-1f antibody (R&D
Systems, Minneapolis, MN) or anti-B-actin monoclonal antibody (Sigma-Aldrich, St. Louis,
MO) (43).

Detection of lactate dehydrogenase (LDH) release

LDH activity was measured using an LDH detection kit (TaKaRa BI10O, Otsu, Japan). The
percentage of LDH release was calculated by using the following formula: percentage of
release = 100 x (experimental LDH release — spontaneous LDH release)/(maximal LDH
release — spontaneous LDH release). To determine the maximal LDH release, cells were
treated with 1% Triton X-100. For spontaneous LDH release, adherent PECs were left
uninfected.

RNA interference

RNA interference experiments were done using the method employed in our previous study
(43). Briefly, PECs were transfected with Stealth sSiRNA duplexes (Invitrogen) at a final
concentration of 20 nM using siPORT Amine (Ambion, Austin, TX). The transfected cells
were incubated at 37°C for 48 h and used after washing with RPMI 1640 + FCS. The sense
SiRNA sequences were: AIM2-1, UUA UCU UCU GGA CUU UAA ACA GCC Cand
AIM2-2, UAA AGU CAU UGU CAC UGC GGG UGG C. stealth RNAIi Negative Control
Medium GC Duplex #2 (Invitrogen) was used as a control siRNA.

RT-PCR analysis

Total cellular RNA of adherent PECs was extracted by using NucleoSpin RNA Clean-up
(MACHEREY-NAGEL, Diren, Germany), and quantitative real time RT-PCR was carried
out using the ABI PRISM 7000 (Applied Biosystems, Foster City, CA) and EXPRESS Two-
Step SYBR GreenER (Invitrogen), according to the manufacturer’s instructions. Primers for
quantitative real-time RT-PCR were as follows: Interferon (IFN)-B: Fw:5-CTG GAG CAG
CTG AAT GGA AAG-3’; Rv:5'-CTT GAA GTC CGC CCT GTA GGT-3'; B-Actin: Fw:5'-
GCC CTG AGG CTC TTT TCC AG-3’; Rv:5'-TGC CAC AGG ATT CCA TAC CC-3/;
AIM2: Fw:5'-TTG TAT CTA GGC TGA TCC TGG GAC-3’; Rv: 5-ACC TGC ACT TTG
AAT CAG GTG GTC-3'.

J Immunol. Author manuscript; available in PMC 2012 November 1.
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Extraction of S. pneumoniae genomic DNA

S. pneumoniae D39 was inoculated into THY broth and culture for overnight, then the
bacteria was centrifuged and the pellet was suspended in the lysis buffer containing 10mM
Tris buffer, 50 mM EDTA, 20 mg/ml lysozyme (Nacalai tesque) and 100 ug/ml RNaseA
(Sigma-Aldrich), and then incubated at 37°C for 1h. Next, the lysate was mixed with 5 M
NaCl and 10% CTAB/0.7 M NaCl solution, incubated at 65°C for 10 min. Finally, the
genomic DNA was extracted by chloroform/isoamyl alcohol (24:1) and phenol/chloroform/
isoamyl alcohol (25:24:1). To stimulate macrophages with purified S. pneumoniae DNA or
poly (deoxyadenylic-thymidylic) acid (poly dA:dT, Sigma-Aldrich), macrophages were
transfected with 400 ng of DNA by using Lipofectamine LTX (Invitrogen).

Quantitation of macrophage associated and phagocytosed S. pneumoniae

Adherent macrophages were infected with S. pneumoniae at MOI of 10 for 2, 4, 6, or 8 h. To
enumerate S. pneumoniae associating with macrophages, cells were washed with chilled
PBS three times to remove non-associating bacteria and lysed in PBS containing 0.1%
Triton X-100. The cell lysates were diluted with PBS and plated on blood agar plates. CFU
were counted after overnight incubation. To enumerate the phagocytosed bacteria,
macrophages were infected with S. pneumoniae as above and additionally cultured for 30
min in the presence of 100 pg/ml gentamicin. The cells were then washed, and the bacterial
numbers were counted. To monitor the survival of S. pneumoniae inside macrophages, the
numbers of intracellular bacteria were determined every 0.5h until 3h after gentamicin
addition. To inhibit the phagocytosis of bacteria by macrophages, cytochalasin B was added
to the macrophage cultures at a final concentration of 10 ug/ml. Equal volume of DMSO
was added to macrophages as a solvent control.

Intranasal infection of mice

Mice were anesthetized with pentobarbitone (Nacalai tesque) and inoculated with 5 x 107
bacteria in 25 pl PBS. Bronchoalveolar lavage fluid (BALF) were collected according to the
method of Lauw et al. (17). BALF from non-infected mice were collected as negative
control. Survival of infected mice was monitored every day until two weeks after infection
and analyzed using the Kaplan-Meier method. Lungs were excised 48h after infection and
homogenized in Iml PBS, serial diluted in PBS and plated onto blood agar, CFUs were
counted after overnight culture.

Statistical analysis

For comparisons between two groups, Student’s t test was used. Multigroup comparisons of
mean values were made according to the ANOVA and the Bonferroni post hoc test.
Statistical analysis for survival curves was performed using the log-rank test. Statistical
significance was determined as p < 0.05.

Results

Caspase-1 activation in macrophages induced by S. pneumoniae is independent of TLR4

We have previously reported that PLY plays an important role in caspase-1 activation and
the subsequent maturation and secretion of caspase-1-dependent cytokines in macrophages
infected with S. pneumoniae (10). However, the host receptors involved in this process
remains still unclear. In our previous report, we also showed that secretion of IL-1f3 and
IL-18 induced following the stimulation of macrophages with recombinant protein of PLY is
critically dependent on Toll-like receptor 4 (TLR4). We therefore first tested whether PLY-
producing S. pneumoniae activates caspase-1 through TLR4. Macrophages from C3H/HeN
and C3H/HeJ (tIr4-Ps-d) mice were infected with S. pneumoniae D39 at a MOI of 10 for 24
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h, then the culture supernatants were assayed for the p10 fragment of mature caspase-1 by
Western blotting. There was no significant difference between the two mouse strains in
caspase-1 activation in response to S. pneumoniae (Fig. 1A). Furthermore, HeN and HelJ
macrophages secreted comparable levels of mature IL-1p after infection with S. pneumoniae
(Fig. 1A and 1B). The level of IL-1p in HeJ macrophages was almost the same with that in
HeN macrophages following a treatment with Pam3CSK, (a TLR2 ligand) plus nigericin,
whereas HeJ macrophages never responded to the treatment with LPS (a TLR4 ligand) plus
nigericin (Fig. 1C and 1D). These results suggested that S. pneumoniae induces caspase-1
activation in a TLR4-independent manner.

ASC plays a critical role in caspase-1 activation in macrophages infected with S.

pneumoniae

Caspase-1 was essential for S. pneumoniae-induced secretion of IL-1p and IL-18, as
macrophages from caspase-1~/~ mice were incapable of secreting these cytokines after
infection with S. pneumoniae D39 (Fig. 2A and 2B). LDH release occurred following
infection of normal macrophages with S. pneumoniae D39 but not the Aply strain (Fig. 2C),
and D39-induced LDH release was not observed in caspase-1~/~ macrophages. It appeared
that this bacterium induces macrophage pyroptosis in a PLY-dependent manner. NLRP3 is a
well-studied NLR receptor and has been shown to induce caspase-1 activation in response to
cholesterol-dependent cytolysins (24-26). Therefore, we investigated whether NLRP3 and
its adaptor protein ASC are involved in caspase-1 activation upon S. pneumoniae infection.
Caspase-1 activation, secretion of IL-1p and IL-18, and LDH release induced after infection
with S. pneumoniae D39 were completely abolished in ASC™/~ macrophages, whereas these
cellular responses in NLRP3~/~ macrophages were only partially reduced as compared with
those in WT macrophages (Fig. 2A-C). Deficiency of NLRC4 did not affect or only slightly
reduced the secretion of IL-1p and IL-18 and LDH release induced by S. pneumoniae D39
infection (Fig. 2B and 2C). Taken together, these results suggested that ASC is essential for
the caspase-1 response to S. pneumoniae and additional receptor(s), other than NLRP3, is
involved in ASC-dependent caspase-1 activation induced by this pathogen.

AIM2 inflammasome is involved in caspase-1 activation induced by S. pneumoniae

AIM2 has been shown to recognize cytoplasmic DNA and to be responsible for ASC-
dependent caspase-1 activation in response to DNA (35-38). We tested whether the AIM2
inflammasome is involved in caspase-1 activation in macrophages infected with S.
pneumoniae. Knockdown of AIM2 was carried out in macrophages using two siRNAs,
AIM2-1 and AIM2-2, which target independent sequences in the AIM2 transcript, as
described previously (43). The efficiency of the knockdown was assessed by real time RT-
PCR, and the expression of AIM2 was lowered by both AIM2-targeting SiRNAs (Fig. 3A).
Knockdown of AIM2 resulted in a reduction of IL-18 secretion induced by poly dA:dT
transfection (Fig. 3B) without affecting the secretion of IL-1p in response to LPS plus
nigericin (Fig. 3C). A significant reduction in S. pneumoniae-induced caspase-1 activation
was observed in AIM2 knockdown macrophages (Fig. 3D). Moreover, secretions of IL-18,
IL-18 and LDH release in response to S. pneumoniae were decreased by knockdown of
AIM2, whereas IL-6 response was not affected (Fig. 3D-3F). These findings suggest that the
AIM2 inflammasome plays an important role in caspase-1 activation induced by S.
pneumoniae. To confirm the involvement of AIM2, similar experiments were conducted
with immortalized macrophages established from WT or AIM2~/~ mice and the results
showed that D39-induced caspase-1 activation, secretion of caspase-1-dependent cytokines
and LDH release were significantly decreased in the absence of AIM2 (Fig. 3G-3J), though
the NLRP3 inflammasome was intact in both macrophage lines (Fig. 3K), further suggesting
the involvement of AIM2 in caspase-1 activation upon S. pneumoniae infection. However, a
question may be raised here as to how S. pneumoniae, an extracellular bacterium, is
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recognized by AIM2, a sensor molecule of cytosolic DNA. Since PLY is important for
caspase-1 activation in response to S. pneumoniae, we hypothesized that PLY may play a
role in the delivery of bacterial DNA into the macrophage cytoplasm. If this is the case, a
type I IFN response could also be induced by S. pneumoniae in a PLY -dependent manner, as
cytosolic DNA induces not only activation of AIM2 inflammasome but also expression of
type | IFNs (44, 45). Consistent with this hypothesis, we found that the expression of IFNJ
was induced in macrophages infected with S. pneumoniae D39 but not with the Aply strain
(Fig. 3L).

S. pneumoniae genomic DNA activates the AIM2 inflammasome when introduced into
macrophages

We next checked whether S. pneumoniae genomic DNA can be a ligand for AIM2. We
purified genomic DNA from liquid cultures of S. pneumoniae and the DNA sample was split
into one sample treated with DNase | and another left untreated (Fig. 4A). The DNA was
then transfected into macrophages and the activation of caspase-1 and the secretion of 1L-18
were determined. S. pneumoniae genomic DNA without treatment could induce the
activation of caspase-1 and the secretion of 1L-18 while DNase I-treated genomic DNA did
not retain such an activity (Fig. 4B and 4C). Moreover, knockdown of AIM2 in
macrophages resulted in a decrease of secretion of 1L-18 induced by S. pneumoniae genomic
DNA (Fig. 4D). IL-1p was not secreted from macrophages transfected with S. pneumoniae
genomic DNA (data not shown), probably due to the absence of pro-1L-1p expression (Fig.
4B). Taken together, these results indicated that S. pneumoniae genomic DNA can be
recognized by AIM2, and that this then induces caspase-1 activation and the secretion of a
caspase-1-dependent cytokine.

Phagocytosis of S. pneumoniae by macrophages is important for caspase-1 dependent
cytokine production

Though S. pneumoniae is an extracellular bacterium that is not capable of invading the
macrophage cytoplasm, the present findings indicated the recognition of S. pneumoniae by
AIM2 that functions in the cytosolic space. A possible interpretation is the recognition of
bacterial DNA possibly released from the phagosome after phagocytosis of bacteria by
macrophages. We therefore tested whether phagocytosis of bacteria is a prerequisite for
caspase-1 activation induced by S. pneumoniae. Before the examination, we determined the
fate of S. pneumoniae D39 in macrophages after infection, because the bacterial strain has a
capsule, which is known to affect phagocytic processes (1-4). The numbers of bacteria
associated with macrophages or phagocytosed by macrophages were counted at different
time points after infection, showing that the numbers of both macrophage-associated
bacteria and phagocytosed bacteria reached their peaks at 6 h after infection (Fig. 5A and
5B). We observed a rapid decrease of intracellular bacteria after addition of gentamicin 4 h
after infection (Fig. 5C). These results suggested that S. pneumoniae D39, though the strain
is encapsulated, is phagocytosed by macrophages for several hours after infection and the
phagocytosed bacteria undergo rapid death, possibly due to killing by host macrophages or
pneumococcal autolysis within the phagosome. The fate of the Aply strain after infection of
macrophages was almost the same as that of wild-type D39 (Fig. 5A-C). Moreover,
caspase-1~~ and ASC~/~ macrophages phagocytosed and killed S. pneumoniae D39 as well
as WT macrophages (Fig. 5D), suggesting that the observed pneumococcal death was not
the consequence of pyroptotic macrophage cell death. To elucidate whether phagocytosis is
required for S. pneumoniae-induced caspase-1 activation, macrophages were pretreated with
cytochalasin B to inhibit phagocytic activity. Phagocytosis of S. pneumoniae by
macrophages was successfully inhibited by cytochalasin B (Fig. 5E), and this impaired
engulfment of bacteria resulted in a significant decrease in the activation of caspase-1 (Fig.
5F). Maturation, but not expression, of IL-1p in response to S. pneumoniae was abolished by
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cytochalasin B pretreatment, suggesting that phagocytosis is, while dispensable for pro-
IL-1p induction, indispensable for IL-1p processing and release through the activation of
caspase-1 (Fig. 5F). To rule out the possibility that cytochalasin B directly affects the
caspase-1 activation process besides inhibiting phagocytosis, cytochalasin B-treated
macrophages were transfected with DNA or infected with S. pneumoniae, and levels of
IL-18 and IL-1p secreted into the culture supernatants were determined. DNA-induced
IL-18 secretion was only slightly affected by pretreatment with cytochalasin B, whereas that
induced by S. pneumoniae was significantly decreased (Fig. 5G). Also IL-1 secretion from
S. pneumoniae-infected macrophages was significantly decreased by cytochalasin B (Fig.
5H). Thus, it appears that phagocytosis is important for the caspase-1 activation in
macrophages infected with S. pneumoniae.

ASC inflammasomes protect the host from S. pneumoniae infection in vivo

In order to determine whether ASC-dependent inflammasome formation plays a role in vivo,
we have employed an intranasal infection of S. pneumoniae in WT, ASC™~ and NLRP3~/~
mice. Consistent with the in vitro findings using cultured macrophages, a significant level of
IL-1p was detected in the BALF of WT mice infected with S. pneumoniae D39 but not the
Aply strain (Fig. 6A). To assess whether ASC inflammasomes are required for the secretion
of IL-1p and IL-18 upon infection with S. pneumoniae D39 in vivo, the levels of these
cytokines in the BALF were compared among WT, ASC ™/~ or NLRP3~/~ mice. Compared
with WT mice, ASC™/~ mice secreted significantly lower levels of IL-1p and IL-18 after S.
pneumoniae infection (Fig. 6B and 6C). On the other hand, NLRP3 was partially required
for secretion of these cytokines (Fig. 6B and 6C). IL-6 secretion in response to S.
pneumoniae infection, which is not depending on inflammasome, was not affected at all in
ASC~/~ and NLRP3~/~ mice (Fig. 6D). These results are consistent with the in vitro
findings that multiple ASC inflammasomes are necessary for inducing caspase-1 activation
and maturation of IL-1p and IL-18 in S. pneumoniae-infected macrophages. Furthermore,
the protection of mice as determined by survival curves and bacterial numbers in the lungs
was significantly impaired in ASC~~ and NLRP3~/~ mice (Fig. 6E and 6F). The Aply
mutant was cleared more rapidly from the lungs of WT mice than the D39 parental strain (n
= 4 in each group, data not shown), and when WT or ASC~/~ mice were infected with the
mutant strain, the bacterial numbers were comparable in the lungs of both mice at 48 h after
infection (n = 3 in each group, data not shown). These results have clearly indicated that
ASC-inflammasomes are essential for the secretion of caspase-1-dependent cytokines and
eventual protection in mice infected with the PLY-producing strain of S. pneumoniae.

Discussion

Innate immune responses play important roles in host defense against S. pneumoniae
infection. In this study, we elucidated the mechanism of caspase-1 activation in
macrophages infected with PLY-producing S. pneumoniae. We found that ASC
inflammasomes, including both AIM2 and NLRP3, but not TLR4, are indispensable for
inducing the activation of caspase-1, and the maturation and secretion of IL-1p and IL-18,
and for pyroptosis. In addition, our results clearly demonstrate the essential requirement for
ASC for the secretion of IL-1 and IL-18 into the BALF in a mouse model of pneumococcal
pneumonia. We also showed that the absence of ASC results in a significant increase in the
susceptibility to S. pneumoniae infection in vivo. Thus, this study revealed a novel role of
ASC inflammasomes in mediating host resistance to pneumococcal pneumonia, most likely
through the induction of the protective cytokines, IL-1p and IL-18.

In contrast to our results, PLY has been shown to inhibit the production of pro-inflammatory
cytokines including IL-1p by human DCs infected with the non-encapsulated mutant of S.
pneumoniae TIGR4 (46), suggesting that the role of PLY in inducing host inflammatory

J Immunol. Author manuscript; available in PMC 2012 November 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Fang et al.

Page 9

responses may vary in different situations. On the other hand, findings similar to ours were
presented in recent reports demonstrating that PLY expression and the NLRP3
inflammasome are involved in the secretion of IL-1p from mouse DCs or macrophages
infected with S. pneumoniae D39 (11, 12). These studies also suggested that NLRP3 is
important for host defense against S. pneumoniae. All these results are in agreement with
ours, as in our present study NLRP3~/~ macrophages exhibited a decreased secretion of
IL-1pB and IL-18 in response to S. pneumoniae compared with WT macrophages, and we
found NLRP3~/~ mice to be susceptible to pneumococcal pneumonia than WT mice.
However, our data are indicative of the involvement of other inflammasome receptors in
addition to NLRP3, judging from the observations that ASC seemed to be more essential for
the caspase-1 response and host resistance to S. pneumoniae than NLRP3. Indeed, we
identified AIM2 as a receptor involved in the activation of caspase-1 in S. pneumoniae-
infected macrophages. Thus, we suggest that not only NLRP3 but also other receptors, such
as AIM2, are responsible for ASC-dependent secretion of IL-1p and IL-18 and consequent
early defense against pneumococcal pneumonia.

We and other groups have demonstrated the ability of PLY to activate the TLR4 signaling,
and we have previously shown that TLR4~/~ macrophages secrete a lower level of IL-18
after infection with S. pneumoniae D39 than WT macrophages (8, 10, 47, 48). In addition, it
has been shown that in some cases lipopolysaccharide, a canonical TLR4 ligand, induces the
activation of the NLRP3 inflammasome dependent on TLR4 and an TLR adaptor protein,
toll-interleukin-1 receptor domain-containing adapter protein inducing interferon beta (49).
For these reasons, we assumed that PLY activates the NLRP3 inflammasome through
recognition by TLR4. However, there was no significant difference in caspase-1 activation
in response to S. pneumoniae between HeN macrophages and HeJ macrophages (Fig. 1).
Moreover, McNeela et al. recently showed that secretion of IL-1f induced by rPLY plus
other TLR stimuli, including heat-killed S. pneumoniae, does not require TLR4 (11). Thus,
it appears that TLR4 is dispensable for the caspase-1 response to PLY-producing S.
pneumoniae, and that the decrease in S. pneumoniae-induced secretion of IL-18 in the
absence of TLR4 that we previously published might be due to reasons other than caspase-1
activation. As experiments demonstrating the ability of PLY to activate TLR4 signaling
were usually performed using large amounts of PLY protein, the interaction between PLY
and TLR4 may be not always be accurately reflected in innate immune responses to PLY-
producing S. pneumoniae.

AIM2 is a cytoplasmic receptor that recognizes dsSDNA in the cytoplasm, and we have
verified that S. pneumoniae genomic DNA can be a ligand for AIM2. In the present study,
knockdown or the deficiency of AIM2 caused significant decreases in caspase-1 activation,
secretion of IL-1p and IL-18, and pyroptosis in response to S. pneumoniae. These results
suggest that the AIM2 inflammasome is involved in caspase-1 activation in S. pneumoniae-
infected macrophages. However, how AIM2 detects DNA upon infection with the
extracellular pathogen remains unclear. In our study, inhibiting of bacterial uptake
significantly reduced the activation of caspase-1 in S. pneumoniae-infected macrophages,
suggesting that phagocytosis of bacteria by macrophages is an important process leading to
the activation of AIM2 inflammasome. Although S. pneumoniae engulfed by macrophages
was shown to undergo rapid death, which might cause the release of bacterial DNA from the
bacterial cell, DNA in the phagosome would be hardly diffused across the phagosomal
membrane, degraded by lysosomal hydrolases, such as DNase 11, and therefore not be
detected by AIM2. Importantly, PLY, a pore-forming toxin secreted upon the breakdown of
the pneumococcal cell wall, is required for the activation of caspase-1 in response to S.
pneumoniae. It is thus conceivable that PLY released from autolyzed or killed bacteria in the
phagosome might cause destabilization of the phagosomal membrane, leading to the leakage
of bacterial DNA into the cytoplasm. AIM2 has been reported to play a role in caspase-1
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activation in infection with F. tularensis, L. monocytogenes, and DNA viruses that are all
characterized as intracellular parasitic pathogens (50-54). By contrast, S. pneumoniae is
generally regarded as an extracellular bacterium. Therefore, activation of AIM2
inflammasome is not a host response restricted to infection by intracellular parasitic
microbes, and other pathogens may also activate the AIM2 inflammasome regardless of
their niches if they possess the ability to deliver DNA into the cytoplasm.

Our data suggest that NLRP3 is also involved in the activation of caspase-1 in S.
pneumoniae-infected macrophages. The NLRP3 inflammasome is activated by a wide
variety of stimuli. In particular, pore-forming toxins, including PLY, have been reported to
activate the NLRP3 inflammasome, owing to their pore-forming activities by causing K*
efflux (11, 21, 23-26). Since cell membrane permeation by PLY leads to K* efflux (55) and
PLY-induced activation of the NLRP3 inflammasome is inhibited by adding KCI to the
cultures (11), it is conceivable that NLRP3 inflammasome activation induced after infection
with S. pneumoniae depends on K* efflux caused by PLY. Consistent with the assumption,
addition of 20 mM KClI to cell cultures resulted in a significant decrease in the secretion of
IL-1p and IL-18 from WT macrophages infected with S. pneumoniae (data not shown).
However, it was difficult to judge whether the effect of KCI was due to specific inhibition of
the NLRP3 inflammasome, as the same concentration of KCl also decreased the cytokine
responses of NLRP3~/~ macrophages to S. pneumoniae (data not shown). Since the presence
of the cathepsin B inhibitor CA-074-Me reduces the secretion of IL-1p from PLY-stimulated
DC (11), cathepsin B may also participate in the activation of the NLRP3 inflammasome in
response to S. pneumoniae. If it is assumed that PLY released from phagocytosed S.
pneumoniae damages the phagosomal membrane, S. pneumoniae-containing phagosomes
may provide cathepsin B for the NLRP3 pathway.

Based on our experimental results, we have developed a mechanistic model of caspase-1
activation in macrophages infected by PLY-producing S. pneumoniae. PLY is an important
virulence factor of S. pneumoniae that promotes inflammation, bacterial survival in the host,
and ultimately pathogenicity of the pathogen. On the other hand, PLY is required for the
activation of ASC imflammasomes that are critical for host defense against pneumococcal
pneumonia by means of inducing the secretion of protective cytokines. The findings of this
study have revealed a pathophysiological link between a virulence factor PLY and the
inflammasome.
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Caspase-1 activation in macrophages induced by S. pneumoniae is independent of TLR4. A
and B: Adherent PECs from C3H/HeN or C3H/HeJ mice were left uninfected or infected
with S. pneumoniae D39 at a MOI of 10, 8 h later gentamicin was added to cultures (final
concentration 100 pg/ml) and culture supernatants were collected after an additional 16 h
incubation (24 h after infection). A: Culture supernatants were concentrated by TCA
precipitation. The precipitates and cell lysates were subjected to Western blot analysis using
antibodies specific for caspase-1, IL-1p or B-actin. Filled and open triangles indicate MW
markers of 47 kDa and 9 kDa, respectively. B: Levels of IL-1f in the culture supernatants
were determined by ELISA. C and D: Adherent PECs were left unstimulated or stimulated
with Pam3CSK, (100 ng/ml) or LPS (10 ng/ml) for 3 h and sequentially with nigericin (5
uM). After 21 h, culture supernatants were collected to assess the levels of IL-1 by ELISA.
All of the experiments were repeated three times. The ELISA data are presented as the mean
and SD of triplicate assays. Statistical significance was determined by one-way ANOVA
followed by the Bonferroni’s test. *, p < 0.05.
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ASC is essentially required for caspase-1 activation in S. pneumoniae infected macropahges.
Adherent PECs from C57BL/6 WT, caspase-1~/~, ASC™/~, NLRP3~~ or NLRC4~/~ mice
were left uninfected or infected with S. pneumoniae D39 or the Aply strain at a MOI of 10
for 24 h as described in Fig. 1, and culture supernatants and cell lysates were then collected.
A: Culture supernatants and cell lysates were subjected to Western blot analysis as described
in Fig. 1. Filled and open triangles indicate MW markers of 47 kDa and 9 kDa, respectively.
B: Levels of IL-1p, IL-18 and IL-6 in the culture supernatants were determined by ELISA.
C: LDH release from D39- or Aply-infected macrophages derived from each mouse strain
was determined by the LDH activity in the culture supernatants, and the data are expressed
as percent LDH release. All of the experiments were repeated more than three times. The
results are presented as the mean and SD of triplicate assays. Tests for statistical significance
were performed by using one-way ANOVA followed by the Bonferroni’s test. n.s., not
significant. *, p < 0.05.
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AIM2 is involved in caspase-1 activation upon S. pneumoniae infection. A-F: Adherent
PECs were transfected with sSiRNAs (AIM2-1, AIM2-2 or control siRNA) and cultivated for

2 days. G-K: Immortalized macrophages from WT or A
AIM2 expression levels were analyzed by real time RT-

IM2~/~ mice were employed. A:
PCR. B: Cells were transfected or

not with poly dA:dT and incubated for 24 h. Culture supernatants were then collected, and
levels of IL-18 in the culture supernatants were determined by ELISA. C and K: Cells were

left unstimulated or stimulated with LPS (10 ng/ml) for
(5 uM). After 21 h, culture supernatants were collected,

3 h and sequentially with nigericin
and levels of IL-1 in the culture

supernatants were determined by ELISA. D-F and G-J: Cells were left uninfected or infected
with S. pneumoniae D39 at a MOI of 10 for 24 h as described in Fig. 1, and culture
supernatants and cell lysates were then collected. Levels of IL-1 (E and H), IL-18 (E and 1),
and IL-6 (E) in the culture supernatants were determined by ELISA. Culture supernatants

and cell lysates were subjected to Western blot analysis

as described in Fig. 1 (D and G).

Filled and open triangles indicate MW markers of 47 kDa and 9 kDa, respectively. LDH
release from D39-infected macrophages was determined by the LDH activity in the culture
supernatants, and the data are expressed as percent LDH release (F and J). L: Adherent

PECs were infected with S. pneumoniae D39 or Aply at

a MOl of 10 for 3, 6, or 9 h, and the

expression of IFN-f was quantified by real time RT-PCR. White bars, untreated

macrophages; black bars, macrophages infected with S.

pneumoniae D39; and gray bars,

macrophages infected with the Aply strain. All of the experiments were repeated more than
three times. The results are presented as the mean and SD of triplicate assays. Tests for
statistical significance were performed by using one-way ANOVA followed by the

Bonferroni’s test (A, B, E, F, H, I and L) or the Student’
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FIGURE 4.

S. pneumoniae genomic DNA activates the AIM2 inflammasome. A: DNase | untreated and
treated S. pneumoniae (Sp) genomic DNA was electrophoresed on a 0.8% agarose gel. B and
C: Adherent PECs were transfected or not with Sp genomic DNA or DNase-treated Sp
genomic DNA and incubated for 24h. B: Culture supernatants and cell lysates were
subjected to Western blot analysis as described in Fig. 1. Filled and open triangles indicate
MW markers of 47 kDa and 9 kDa, respectively. C: IL-18 in the supernatants was
determined by ELISA. D: AIM2 knockdown or control macrophages were left untreated or
transfected with Sp genomic DNA for 24 h and IL-18 in the supernatants was determined by
ELISA. All of the experiments were repeated two times. The results are presented as the
mean and SD of triplicate assays. Tests for statistical significance were performed by using
one-way ANOVA followed by the Bonferroni’s test. *, p<0.05.
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FIGURE 5.

Phagocytosis of S. pneumoniae by macrophages is important for caspase-1 activation. A-D:
Adherent PECs were infected with S. pneumoniae D39 (A-D) or Aply (A-C) at a MOI of 10.
A: Bacteria associating with macrophages were counted. Infected cells were washed with
chilled PBS three times and lysed at the indicated time points. The lysates were plated on
blood agar plates after serial dilutions and CFU were counted after overnight incubation. B:
Phagocytosed bacteria were counted. Non-cell-associated bacteria were removed by
washing at 2, 4, 6, and 8 h after infection, and macrophages were cultured for an additional
30 min in the presence of 100 pg/ml gentamicin. The numbers of bacteria in cell lysates
were then counted. C and D: The viability of phagocytosed bacteria was determined. WT
macrophages were infected with D39 or the Aply mutant (C). WT, ASC~/~ or caspase-1
macrophages were infected with D39 (D). Gentamicin was added to the cultures 4 h after
infection and the cells were additionally incubated for the indicated times. The numbers of
bacteria in cell lysates were then counted. E: WT macrophages were left untreated or
pretreated with cytochalasin B or DMSO and then infected with S. pneumoniae D39. The
phagocytosed bacteria were counted 6.5 h after infection as described in Fig. 5B. F:
Cytochalasin-pretreated or untreated PECs were infected by S. pneumoniae for 24 h, and
culture supernatants and cell lysates were subjected to Western blot analysis as described in
Fig. 1. G and H: Cytochalasin-pretreated or untreated macrophages were transfected with
DNA or infected by S. pneumoniae for 24 h, levels of IL-18 and IL-1p in the supernatants
were determined by ELISA, and the data are expressed as percent IL-18 induction (G) and
percent IL-1f induction (H) with respect to untreated controls. All the experiments were
repeated three times. Tests for statistical significance were performed by using one-way
ANOVA followed by the Bonferroni’s test. ND, not detected. n.s., not significant. *, p<0.05.
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FIGURE 6.

ASC inflammasomes are important for host protection against PLY-producing S. pneumonie
infection in vivo. A: WT mice were left uninfected or intranasally challenged with S.
pneumoniae D39 or Aply, BALF were collected from the mice 12 h after infection, and
levels of IL-1p were measured by ELISA. Data are from two independent experiments (n =
6-8 in each group). B-D: WT, NLRP3~~ or ASC™~ mice were intranasally infected or not
by S. pneumoniae D39, BALF were collected 12 h after infection, and levels of IL-1p (B),
IL-18 (C) and IL-6 (D) were measured by ELISA. Data are pooled from three individual
experiments (n = 6 for control WT mice, n=16 for D39-infected WT mice, n = 14 for D39-
infected NLRP3~/~ mice and n = 15 for D39-infected ASC™/~ mice). E: WT (n = 27),
NLRP3~/~ (n = 23), or ASC™/~ (n = 28) mice were intranasally infected by S. pneumoniae
D39, and survival was monitored for two weeks. Data are pooled from two individual
experiments with consistent results. F: WT (n = 14), NLRP37~ (n = 9), or ASC™/~ (n=9)
mice were intranasally infected by S. pneumoniae D39, and the numbers of bacteria in the
lungs were determined 48 h after infection. Data are pooled from two individual
experiments. The lines indicate the means + SEM of each group (A-D, and F). Tests for
statistical significance were performed by using one-way ANOVA followed by the
Bonferroni’s test (A-D, and F) or the log-rank test (E). n.s., not significant.*, p<0.05.
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