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ABSTRACT Pneumolysin (PLY), a major virulence factor of Streptococcus pneumoniae, is
a pore-forming cytolysin that modulates host innate responses contributing to host
defense against and pathogenesis of pneumococcal infections. Interleukin-1a (IL-1a)
has been shown to be involved in tissue damage in a pneumococcal pneumonia
model; however, the mechanism by which this cytokine is produced during S. pneu-
moniae infection remains unclear. In this study, we examined the role of PLY in
IL-1e production. Although the strains induced similar levels of pro-IL-1a expression,
wild-type S. pneumoniae D39, but not a deletion mutant of the ply gene (Aply), in-
duced the secretion of mature IL-1« from host macrophages, suggesting that PLY is
critical for the maturation and secretion of IL-1« during S. pneumoniae infection. Fur-
ther experiments with calcium chelators and calpain inhibitors indicated that extra-
cellular calcium ions and calpains (calcium-dependent proteases) facilitated the mat-
uration and secretion of IL-1a from D39-infected macrophages. Moreover, we found
that PLY plays a critical role in calcium influx and calpain activation, as elevated in-
tracellular calcium levels and the degradation of the calpain substrate a-fodrin were
detected in macrophages infected with D39 but not the Aply strain. These results
suggested that PLY induces the influx of calcium in S. pneumoniae-infected macro-
phages, followed by calpain activation and subsequent IL-1a maturation and secre-
tion.
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treptococcus pneumoniae is a classic Gram-positive extracellular pathogen that is

responsible for significant mortality and morbidity worldwide, causing bacterial
pneumonia, otitis media, meningitis, and septicemia. Due to the severe disease burden
and mortality in newborns, elderly persons, and immunocompromised patients and the
increasing incidence of drug-resistant clinical isolates, it is critically important to
understand the pathogenesis of pneumococcal diseases in order to develop novel
therapy methods and effective vaccines (1, 2). Pneumolysin (PLY), a 53-kDa protein toxin
encoded by the ply gene, is a key virulence factor of S. pneumoniae and is produced by
virtually all clinical isolates. It has been regarded as a candidate for vaccine development
against pneumococcal infection (3, 4). PLY is one of the cholesterol-dependent cytoly-
sins, forming ring- or arc-shaped transmembrane pores on cholesterol-containing
membranes, eventually causing cytolysis in various cells (5). The functional role of PLY
has been studied, and it is recognized as a double-edged sword during host-pathogen
interactions. Besides its cytotoxic function as a virulence factor, several reports dem-
onstrated that PLY is involved in the activation of host innate immune responses,

September 2017 Volume 85 Issue 9 €00201-17 Infection and Immunity

BACTERIAL INFECTIONS

L)

Check for
updates

Received 20 March 2017 Returned for
modification 13 April 2017 Accepted 11 June
2017

Accepted manuscript posted online 19
June 2017

Citation Fang R, Wu R, Du H, Jin M, Liu Y, Lei G,
Jiang B, Lei Z, Peng Y, Nie K, Tsuchiya K. 2017.
Pneumolysin-dependent calpain activation
and interleukin-1a secretion in macrophages
infected with Streptococcus pneumoniae. Infect
Immun 85:¢00201-17. https://doi.org/10.1128/
I1A1.00201-17.

Editor Nancy E. Freitag, University of lllinois at
Chicago

Copyright © 2017 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Kui Nie,
niekui0123@126.com, or Kohsuke Tsuchiya,
ktsuchiya@staff.kanazawa-u.ac.jp.

RF.and RW. contributed equally to this work.

iaiasm.org 1


https://doi.org/10.1128/IAI.00201-17
https://doi.org/10.1128/IAI.00201-17
https://doi.org/10.1128/ASMCopyrightv1
mailto:niekui0123@126.com
mailto:ktsuchiya@staff.kanazawa-u.ac.jp
http://crossmark.crossref.org/dialog/?doi=10.1128/IAI.00201-17&domain=pdf&date_stamp=2017-6-19
http://iai.asm.org

Fang et al.

generating inflammation or contributing to the host defense against S. pneumoniae (4,
6-8).

Upon infection with S. pneumoniae, macrophages secrete a series of proinflamma-
tory cytokines, including tumor necrosis factor alpha (TNF-q), interleukin-6 (IL-6), IL-12,
IL-18, IL-1, and IL-1B (8). Several reports have shown that the Aply strain, an S.
pneumoniae mutant deficient for the ply gene, is incapable of inducing the production
of IL-1¢, IL-1B, and IL-18 (8-12). IL-1 family cytokines, including IL-1¢, IL-13, and IL-18,
have been reported to contribute to host defense and tissue damage in pneumococcal
infection models in mice (13-18). Therefore, the PLY-dependent secretion of these
cytokines could contribute to both host protection and pathogenesis during S. pneu-
moniae infection. To understand the mechanism of how these cytokine responses are
induced in a PLY-dependent manner, we and others previously reported that in S.
pneumoniae-infected macrophages, the maturation and secretion of IL-13 and IL-18 are
dependent on the activation of caspase-1, which is induced by the assembly of
inflammasomes, including the absent in melanoma 2 (AIM2) and NLR family pyrin
domain-containing 3 (NLRP3) inflammasomes (9-11, 19).

IL-Te is first expressed as a 35-kDa polypeptide. Although pro-IL-1« is capable of
binding to the IL-1 receptor and is biologically active (20), this cytokine is susceptible
to proteolysis by certain intracellular proteases, such as granzyme B, calpain-1, elastase,
and mast cell chymase, and is processed to a 17-kDa protein, which increases the
possibility of secretion and enhances its biological activity severalfold (21, 22). Several
studies have suggested that the maturation of IL-1« in macrophages is mediated by a
calcium-dependent cysteine protease, calpain (23-28). However, the precise mecha-
nism of PLY-dependent IL-Ta secretion in S. pneumoniae-infected macrophages re-
mains unclear. In this study, we analyzed the molecular basis for S. pneumoniae-induced
IL-1ex secretion, and PLY was indispensable for the activation of calcium signaling and
the activation of calpain, which are required for the processing and secretion of IL-1a.

RESULTS

PLY is required for IL-1« secretion in S. pneumoniae-infected macrophages.
Macrophages were infected with the D39 and Aply strains, and the levels of IL-1«
secreted into the culture supernatants were detected by an enzyme-linked immunosor-
bent assay (ELISA). D39 induced a high level of IL-1« secretion in infected macrophages,
while the Aply strain did not (Fig. 1A). However, these strains induced comparable levels
of TNF-a production (Fig. 1B). To test whether the PLY protein is sufficient to confer
IL-1Te-inducing activity to the Aply strain, macrophages were infected with the Aply
strain and treated with different concentrations of recombinant PLY (rPLY). Although
rPLY only modestly induced IL-1a production alone (Fig. 1C), stimulation with the Aply
strain plus rPLY significantly facilitated IL-1a production in a dose-dependent manner.
Moreover, the production of IL-1a was significantly reduced when rPLY was pretreated
with cholesterol, which inhibits the pore-forming activity of PLY (Fig. 1D), suggesting
that the effect of rPLY depends on its activity. These results indicated that PLY is
required for the secretion of IL-1Ta from S. pneumoniae-infected macrophages.

PLY is involved in the maturation and secretion of IL-1a but not in the
induction of IL-1« transcription in S. pneumoniae-infected macrophages. It has
been known that IL-1« is synthesized as a 35-kDa precursor protein (pro-IL-1a) and
processed into the mature form for secretion (29). To analyze the mechanism of how
PLY facilitates IL-1« secretion in S. pneumoniae-infected macrophages, we analyzed the
kinetics of IL-1a« mRNA expression, pro-IL-1« production in macrophages, and IL-1a
secretion into the culture supernatant at different times after infection with the D39
and Aply strains. As determined by real-time reverse transcription-PCR (RT-PCR), a
significant increase in IL-1a mRNA expression was observed in both D39- and Aply
strain-infected macrophages by as early as 3 h after infection, and no statistical
difference was found between them (Fig. 2A). Consistent with the pattern of mRNA
expression, similar levels of IL-1« were detected in culture supernatants plus cell lysates
of macrophages infected with the D39 and Aply strains (Fig. 2B). These results indicated
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FIG 1 PLY is required for IL-1a secretion from S. pneumoniae-infected macrophages. Adherent PECs were
infected with the D39 and Aply strains at an MOI of 1, gentamicin was added to cultures (final
concentration, 100 ug/ml) 6 h later, and culture supernatants were collected after an additional 18 h of
incubation (24 h after infection). (A and B) Levels of IL-1a (A) and TNF-« (B) were measured by an ELISA.
Ul, uninfected. (C) Macrophages were stimulated with different concentrations of rPLY (0.01 nM, 0.1 nM,
and 1 nM). (D) Macrophages were infected with the Aply strain and treated with different concentrations
of rPLY or cholesterol-treated rPLY. The levels of IL-1« in the supernatants were determined by an ELISA.
Data represent the means and the standard deviations of results from triplicate assays and are repre-
sentative of data from three independent experiments. Statistical significance was determined by
Student's t test. *, P < 0.05.

that there is no significant difference between the D39 and Aply strains in their abilities
to induce IL-1a expression. IL-1« levels in cell lysates decreased at later time points (12
and 24 h) of infection with D39 but not the Aply strain (Fig. 2C). The secretion of IL-1«
seemed to depend on PLY, as IL-1a was detected in culture supernatants of macro-
phages infected with D39 but not the Aply strain (Fig. 2D). Consistently, the mature
form of IL-1a was detected by Western blotting in culture supernatants after D39
infection, while the Aply strain did not induce the maturation and secretion of IL-1«
(Fig. 2E). Pro-IL-1a was detected in cell lysates of both D39- and Aply strain-infected
macrophages (Fig. 2E). In contrast to IL-Te, PLY deficiency did not affect the secretion
of TNF-q, since the D39 and Aply strains induced similar levels of TNF-a secretion (Fig.
2F to H). Taken together, these data suggested that PLY is dispensable for IL-1«
transcription and pro-IL-Ta synthesis but is important for the maturation and secretion
of IL-1« in S. pneumoniae-infected macrophages.

Inflammasome activation is not involved in IL-1« secretion in S. pneumoniae-
infected macrophages. It was reported previously that several inflammasome activators
induce the maturation and secretion of IL-1a in a manner dependent on inflammasome
components, including ASC (apoptosis-associated speck-like protein containing a CARD
[caspase activation and recruitment domain]) and caspase-1 (30-33). We previously re-
ported that in S. pneumoniae-infected macrophages, the AIM2 and NLRP3 inflam-
masomes play a critical role in caspase-1 activation and the subsequent processing and
secretion of IL-18 and IL-1B (11). Based on these assumptions, we hypothesized that S.
pneumoniae induces IL-1« production through inflammasome activation. To test this
possibility, macrophages from wild-type (WT), caspase-1~/—, and ASC~/~ mice were
infected with S. pneumoniae D39, and IL-1« secretion was assessed. Comparable levels
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FIG 2 PLY is involved in IL-1a maturation and secretion but not in IL-1« transcription or pro-IL-1a synthesis. Macrophages were infected with the D39 and the
Aply strains at an MOI of 1. (A) Total cellular RNA was extracted at the indicated times, and the level of IL-1a mRNA expression was analyzed by real-time RT-PCR.
(B to D and F to H) The levels of IL-1a and TNF-« in the culture supernatants plus cell lysates (B and F), cell lysates (C and G), or culture supernatants (D and
H) were determined by an ELISA at the indicated times. Data represent the means and standard deviations of results from three independent experiments. (E)
Macrophages were infected with the D39 and the Aply strains at an MOI of 1 for 24 h. The culture supernatant (Sup) and the cell lysate were prepared 24 h
after infection and subjected to SDS-PAGE. IL-1a was detected by Western blotting. B-Actin was detected as a loading control. All of the experiments were
repeated three times. Statistical significance was determined by Student’s t test. *, P < 0.05. p. i., postinfection.

of IL-1a were detected in WT, caspase-1—/—, and ASC~/~ macrophages (Fig. 3A), and
the levels of TNF-a were also similar among them (Fig. 3B). IL-13 production was almost
completely abrogated in caspase-1=/~ and ASC~/~ macrophages, confirming that
these inflammasome proteins are essential for this response (Fig. 3C). Data from
Western blot analysis also suggested that there was no significant difference in the
mature form of IL-1a in culture supernatants from caspase-1—/~ and ASC~/~ macro-
phages compared to WT macrophages (Fig. 3D). Our previous report demonstrated that
S. pneumoniae induction of inflammasome activation requires the phagocytosis of
bacterial cells by host macrophages (11). In this study, macrophages were pretreated
with cytochalasin B, which abrogates phagocytosis by blocking actin polymerization,
and mature IL-Te and IL-183 secreted into culture supernatant were detected by an
ELISA (Fig. 3E) and Western blotting (Fig. 3F). Cytochalasin B treatment markedly
reduced the secretion and maturation of IL-1« and IL-13, suggesting that S. pneumoniae-
induced IL-1a production also requires bacterial uptake by host macrophages. Taken
together, these results indicated that inflammasome activation is dispensable but that
bacterial entry into macrophages is important for the secretion of IL-1a in S. pneumoniae-
infected macrophages, and it can thus be speculated that S. pneumoniae triggers at least
two different pathways after being engulfed by macrophages: one is inflammasome
activation, which is required for IL-18 processing, and another is an inflammasome-
independent pathway involved in IL-1a processing.

Calpain activation is required for IL-1a secretion in S. pneumoniae-infected
macrophages. Calpain is a calcium-dependent cysteine protease, which has been
shown to process pro-IL-1« into the mature form in response to various stimuli (23, 24,
34). Intracellular bacteria, such as Mycobacterium tuberculosis and Listeria monocyto-
genes, have been suggested to induce the secretion of mature IL-1a from host
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FIG 3 Inflammasomes are not involved in IL-1a secretion. Macrophages from WT, caspase-1—/—, and ASC—/~ mice were infected with D39
atan MOI of 1. (A to C) The levels of IL-1a, TNF-«, and IL-1p in the culture supernatants were detected by an ELISA. (D) In addition, Western
blotting was carried out to detect pro-IL-1« in the cell lysate and mature IL-1« in the supernatant 24 h after infection. (E) Macrophages
were treated with 10 uM cytochalasin B 30 min prior to infection, and the level of IL-1« production was measured 24 h after infection.
(F) Furthermore, the mature forms of IL-1« and IL-18 were detected by Western blotting in the culture supernatant. B-Actin was detected
as a loading control. All of the experiments were repeated three times. Statistical significance was determined by using one-way ANOVA.
*, P < 0.05. DMSO, dimethyl sulfoxide.

macrophages in a calpain-dependent manner (26, 27). We hypothesized that in S.
pneumoniae-infected macrophages, PLY might participate in calpain activation, thereby
facilitating IL-1« secretion. The effects of calpain inhibitors {calpain inhibitor IlI, calpain
inhibitor IV, and EST [(2S,3S)-trans-epoxysuccinyl-L-leucylamido-3-methylbutane ethyl
ester]} on IL-1a secretion were therefore examined, and all the inhibitors markedly inhibited
IL-1ax secretion in D39-infected macrophages. In addition, the intracellular calcium chelator
1,2-bis(2-aminophenoxy)ethane-N,N,N’,N'-tetraacetic acid tetrakis (acetoxymethyl ester)
(BAPTA-AM) inhibited IL-1« secretion (Fig. 4A). Meanwhile, these reagents did not affect
TNF-a secretion in S. pneumoniae-infected macrophages (Fig. 4B). These results indi-
cated that calpain is involved in IL-1a secretion during S. pneumoniae infection.
a-Fodrin is a 240-kDa cytoskeletal protein, and its cleavage into a 145-kDa fragment is
indicative of calpain activation (25). Next, we investigated the degradation of a-fodrin
in S. pneumoniae-infected macrophages. As shown in Fig. 4C, various calpain inhibitors
and BAPTA-AM significantly reduced the degradation of a-fodrin. These results were
consistent with the reduction of the level of IL-1a secretion. In addition, the calpain-
cleaved fragment of a-fodrin was detected in the culture supernatant after infection
with D39 but was almost not detected in that of Aply strain-infected macrophages (Fig.
4D), suggesting that PLY-expressing S. pneumoniae induces calpain activation in host
macrophages. Thus, it appeared that calpain is involved in IL-1a secretion from
D39-infected macrophages and that PLY plays a critical role in calpain activation.
Infection with PLY-expressing S. pneumoniae increases intracellular Ca2+ levels
in host macrophages. The activity of calpain is calcium dependent, and an elevation
of intracellular calcium levels triggers the activation of calpain (24, 25). The chelation of
extracellular Ca2* using EDTA and EGTA-Mg2™ significantly decreased D39-induced
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FIG 4 Calpain inhibitors markedly inhibit IL-1«a secretion from D39-infected macrophages. (A and B)
Macrophages were infected with D39 at an MOI of 1. Subsequently, cells were treated with 20 uM
BAPTA-AM and various calpain inhibitors 3 h after infection in the presence of gentamicin, and the
culture was continued for a further 21 h. The culture supernatant was collected, and the levels of IL-1«
(A) and TNF-« (B) were measured by an ELISA. (C) In addition, the proteolytic fragment of a-fodrin was
detected in the culture supernatant by Western blotting. B-Actin was detected as a loading control. (D)
Macrophages were infected with the D39 and Aply strains at an MOI of 1 for 6 h and cultured in the
presence of gentamicin for 18 h. The full-length form and the proteolytic fragment of a-fodrin were
detected in the cell lysate and the culture supernatant, respectively, by Western blotting. The activity of
calpain was monitored by measuring the amount of the degraded fragment of a-fodrin. B-Actin was
utilized as a loading control. All of the experiments were repeated three times. Tests for statistical
significance were performed by using one-way ANOVA followed by the Bonferroni test. *, P < 0.05.

IL-Te secretion, while TNF-a secretion was not affected, suggesting that Ca2* is
involved in calpain activation (Fig. 5A and B). After the addition of EDTA and EGTA-
Mg?2™, the degradation of a-fodrin was significantly reduced, which was consistent with
the reduction of the level of IL-1a secretion (Fig. 5C). We also found that there was a
significant reduction in IL-1a secretion in the culture supernatants of macrophages
infected with D39 in calcium-free medium (Fig. 5D). Furthermore, Aply strain-infected
macrophages were treated with the calcium ionophore A23187, and this treatment
significantly enhanced the secretion of IL-1¢, verifying that the elevation of intracellular
Ca2* levels is sufficient for the secretion of IL-1a in S. pneumoniae-infected macro-
phages (Fig. 5E). Next, we analyzed the kinetics of cytosolic Ca2™ levels in macrophages
infected with the D39 or Aply strain using the Ca2™ indicator Fluo-4. Infection of
Fluo-4-loaded macrophages with the WT D39 strain resulted in a significant increase in
the fluorescence intensity. In contrast, the Aply strain hardly increased the fluorescence
intensity (Fig. 5F). Taken together, these data suggested that PLY contributes to the
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FIG 5 Involvement of elevated intracellular calcium concentrations in IL-1a secretion. (A and B) Macrophages were
infected with D39 and/or the Aply strain at an MOI of 1. Subsequently, cells were treated with 10 mM EDTA and 10 mM
EGTA plus 0.7 mM Mg2* 3 h after infection in the presence of gentamicin, and the culture was continued for a further 21 h.
The culture supernatants were collected, and the levels of IL-1« (A) and TNF-« (B) were measured. (C) The full-length form
and the proteolytic fragment of a-fodrin were detected by Western blotting in the cell lysate and the culture supernatant.
B-Actin was utilized as a loading control. (D) Alternatively, macrophages were infected with D39 for 6 h and cultured in
calcium-free (Ca2*-free) or calcium-containing (+Ca2*) RPMI 1640 medium. HBSS, Hanks' balanced salt solution. (E)
Similarly, 10 uM the reagent A23187 was added 3 h after infection in the presence of gentamicin, and the culture was
continued for a further 21 h. The culture supernatants were collected, and the level of IL-1a was measured by an ELISA.
Data represent the means and the standard deviations of results from triplicate assays and are representative of data from
three independent experiments. (F) Macrophages were infected with the D39 and Aply strains at an MOI of 1. The
intracellular calcium concentration was monitored every 3 h after infection for 24 h by using a Fluo-4 NW calcium assay
kit (Invitrogen) according to the manufacturer’s instructions. All of the experiments were repeated three times. Statistical
significance was determined by Student’s t test. *, P < 0.05.

increased intracellular Ca2™ levels in S. pneumoniae-infected macrophages, followed by
calpain activation and IL-1« secretion.

DISCUSSION

In the present study, we elucidated the role of PLY in IL-1a secretion in S.
pneumoniae-infected macrophages. We found that the secretion of the mature form of
IL-1e in macrophages upon S. pneumoniae infection is critically dependent on PLY. It
was also suggested that PLY is critical for the increases in intracellular calcium levels
and calpain activation in S. pneumoniae-infected macrophages, which are responsible
for the processing and secretion of mature IL-1«. Importantly, proinflammatory cyto-
kines that are produced in a PLY-dependent manner contribute not only to host
defense but also to pathogenesis in pneumococcal infections, and IL-1a has been
suggested to have a role in tissue damage in a model of pneumococcal pneumonia.
Accordingly, this study revealed the mechanism of S. pneumoniae-induced IL-1a pro-
duction, which would explain, at least in part, how PLY mediates immunopathology.

Previous studies have shown that S. pneumoniae induced the AIM2 and NLRP3
inflammasomes, leading to caspase-1 activation and the subsequent maturation and
secretion of IL-13 and IL-18. It has also been reported that inflammasome-activating
stimuli triggered the secretion of IL-1Ta (30-33). Gross et al. showed that caspase-1
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contributed to the processing and secretion of IL-1« independently of its proteolytic
activity, but IL-1a secretion was not universally inflammasome dependent, as several
particulate NLRP3 activators induced it in the absence of NLRP3, caspase-1, or ASC (30).
Zheng et al. proposed that IL-1 receptor 2 (IL-1R2) interacts with pro-IL-1e, which
prevents IL-1Ta maturation by calpain, and that caspase-1 cleaves IL-1R2 to resolve this
inhibition (33). However, Dewamitta et al. reported that the maturation of IL-1a in
macrophages infected by Listeria monocytogenes is independent of caspase-1 and ASC
(26). Our study also showed that the maturation and secretion of IL-1a were normally
observed in caspase-1=/— and ASC—/~ macrophages infected with S. pneumoniae,
indicating that the inflammasome is dispensable for IL-1« secretion. Hence, it appears
that S. pneumoniae is capable of activating not only inflammasomes but also an
inflammasome-independent pathway that leads to the maturation and secretion of
IL-1a.

Since PLY is a pore-forming toxin, one simple interpretation for PLY-dependent
IL-1a production is that it mediates calcium influx by forming pores on the cell
membrane of host cells, resulting in calpain activation. As it lacks a typical signal
sequence, PLY is not a secreted protein and is released after cell wall degradation, for
example, by autolysis. Moreover, in this study, phagocytosis of bacteria by host
macrophages was involved in S. pneumoniae-induced IL-1« production. We and others
previously suggested that S. pneumoniae cells internalized by macrophages underwent
rapid death and released PLY, thereby destabilizing phagosomal membranes in a
PLY-dependent manner (11, 35). Interestingly, phagosomal destabilization by particu-
late NLRP3 activators has been proposed to facilitate the production of IL-1« indepen-
dently of the inflammasome machinery (30). From those observations, it is also con-
ceivable that PLY released from internalized pneumococci promotes IL-1a production
through the destabilization of phagosomal membranes. Therefore, multiple PLY-
dependent mechanisms, including the formation of Ca2"-permeable pores, inflam-
masome activation, and phagosomal destabilization, could contribute to IL-1a produc-
tion in response to S. pneumoniae, and further study is needed to clarify the mechanism
of PLY-dependent IL-1a production during pneumococcal infection.

Calpains have been defined as intracellular calcium-dependent cysteine proteases,
which participate in a variety of signal transduction pathways (25). Several reports have
shown that the calcium-dependent activation of calpain is required for the processing
of pro-IL-1«, with special regard to bacterial infection, such as infections by Listeria
monocytogenes and Mycobacterium tuberculosis (26, 27). Here we found that this
process also similarly exists in macrophages upon S. pneumoniae infection. These
bacteria have virulence factors involved in membrane permeabilization, which are the
type VIl secretion system ESX-1 of M. tuberculosis, listeriolysin O of L. monocytogenes,
and PLY of S. pneumoniae. It is noteworthy that all these virulence factors play a critical
role in IL-1a maturation and secretion upon infection by each bacterial pathogen.
Taken together, IL-1a maturation and secretion, dependent on calcium ion influx, and
calpain activation might be common outcomes of bacterial infections, accompanied by
membrane disruption, especially with phagosomal membrane destabilization.

In conclusion, data from our study clearly indicated that in S. pneumoniae-infected
macrophages, PLY was not involved in IL-1a mRNA expression and pro-IL-1a synthesis,
but PLY was critically involved in the maturation and secretion of IL-1a. PLY caused an
elevation of the intracellular calcium level, calpain activation, and, finally, the matura-
tion and secretion of IL-1a. These findings provide further insight into the interactions
between PLY and the host cellular response to S. pneumoniae infection.

MATERIALS AND METHODS

Reagents. rPLY was purchased from Fitzgerald (USA). Cholesterol was purchased from Sigma-Aldrich
(St. Louis, MO). EDTA and EGTA-MgCI, were purchased from Beyotime (Beijing, China). BAPTA-AM and
A23187 were purchased from Sigma-Aldrich (St. Louis, MO). The calpain inhibitors carbobenzoxy-valyl-
phenylalanial (calpain inhibitor lI), (25,35)-trans-epoxysuccinyl-L-leucylamido-3-methylbutane ethyl ester
(EST), and N-benzyloxycarbonyl-L-leucyl-L-leucyl-L-tyrosylfluoromethyl ketone (calpain inhibitor IV) were
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obtained from Calbiochem (Darmstadt, Germany). Cytochalasin B was purchased from Solarbio (Beijing,
China).

Mice. Female C57BL/6 mice were purchased from the Chongqging Academy of Chinese Materia
Medical, China. Caspase-1—/~ mice and mice deficient for apoptosis-associated speck-like protein con-
taining a CARD (ASC—/~ mice) on a C57BL/6 background were kindly provided by Feng Shao from the
NIBS (National Institute of Biological Sciences, Beijing, China). The animals were maintained under
specific-pathogen-free conditions and used at 7 to 9 weeks of age. All animal experiments were
approved by the Ethics Committee of Southwest University and in compliance with laboratory animal
care principles of the National Institutes of Health, China.

Bacteria. Streptococcus pneumoniae D39 (serotype 2) and the ply gene deletion mutant (Aply) were
kindly provided by Kohsuke Tsuchiya (Kanazawa University, Japan). Bacteria were grown overnight on
tryptic soy agar (Hope Biotech, Qingdao, China) with 5% (vol/vol) defibrinated sheep blood at 37°C
and 5% CO,. Colonies were inoculated into Todd-Hewitt broth (Hope Biotech, Qingdao, China)
supplemented with 0.5% yeast extract (THY), grown until the mid-logarithmic phase (optical density
at 600 nm [OD,,] = 0.5), and centrifuged at 6,000 X g for 15 min. The bacterial pellet was suspended
in phosphate-buffered saline (PBS) and stocked at —80°C. The concentration was determined by colony
counting on blood agar plates.

Macrophages. Mice were injected intraperitoneally with 3 ml of thioglycolate medium (Eiken, Japan),
and peritoneal exudate cells (PECs) were obtained by peritoneal lavage 3 days later. PECs were washed
and suspended in RPMI 1640 supplemented with 10% fetal calf serum (FCS) and incubated at a density
of 2.5 X 10° cells/well in 48-well tissue culture microplates at 37°C plus 5% CO,. After incubation for 2
h, nonadherent cells were removed, and adherent cells were used as macrophages. More than 95% of
the adherent PECs were F4/80* macrophages, as determined by flow cytometry.

ELISA. Macrophages were infected with S. pneumoniae D39 and/or the Aply mutant at a multiplicity
of infection (MOI) of 1 for 6 h, 100 wg/ml gentamicin (Beyotime, Beijing, China) was then added to the
cultures, and the cultures were incubated for an additional 18 h. In one experiment, macrophages were
infected with the D39 and Aply strains, and culture supernatants were collected 6, 12, and 24 h after
incubation. Meanwhile, cells were lysed in PBS containing 1% Triton X-100 at each time point. The lysate
was centrifuged to prepare the cleared cell lysate. In the experiments to determine the effects of 10 mM
EDTA, 10 mM EGTA plus 0.7 mM Mg?*, 20 uM BAPTA-AM, 10 uM A23187, and various calpain inhibitors,
the reagents were added 3 h after infection in the presence of gentamicin, and the culture was continued
for a further 21 h. In addition, macrophages were treated with 10 uM cytochalasin B 30 min prior to
infection, and cytokine production was measured 24 h after infection. Levels of cytokines in all the
culture supernatants and cell lysates mentioned above were determined by a two-site sandwich ELISA.
ELISA kits for IL-1a and TNF-a were purchased from eBioscience (San Diego, CA).

Western blot analysis. Macrophages were infected with the D39 and Aply strains at an MOI of 1 for
6 h, and gentamicin (100 wg/ml) was added. The culture supernatants were collected 24 h after infection,
and the cells were lysed with radioimmunoprecipitation assay (RIPA) buffer (Beyotime, China). The
supernatants and the cell lysates were subjected to SDS-PAGE and transferred onto a polyvinylidene
difluoride (PVDF) membrane by electroblotting. The membranes were immunoblotted with anti-IL-1«
and anti-IL-18 (R&D Systems, Minneapolis, MN), streptavidin-horseradish peroxidase (HRP)-conjugated
goat anti-mouse IgG (Cwbio, Beijing, China), anti-a-fodrin monoclonal antibody (Abcam, Cambridge, UK),
and HRP-conjugated goat anti-rabbit IgG(H+L) antibody (Beyotime, China). B-Actin was employed as a
loading control for the cell lysates and was detected by mouse anti-B-actin antibody (Beyotime, China)
and HRP-conjugated goat anti-mouse IgG antibody (Cwbio, Beijing, China).

Real-time RT-PCR. Macrophages were infected with the D39 and Aply strains at an MOI of 1 for 3,
6, and 9 h. Total RNA was extracted by using the RNA Pre-Pure kit (Tiangen, Beijing, China). Total RNA
(0.2 ng) was treated with RNase-free DNase (Tiangen) and subjected to reverse transcription (RT) using
a 250R iSCRIPT advanced cDNA synthesis kit (Bio-Rad). Quantitative real-time RT-PCR was performed on
a Bio-Rad CFX 96 instrument using SsoFast Eva Green Super-Mix (Bio-Rad, Hercules, CA) according to the
manufacturer’s instructions. Primers for quantitative real-time RT-PCR were as follows: 5'-CTCTAGAGCA
CCATGCTACAGAC-3’ (forward) and 5’-TGGAATCCAGGGGAAACACTG-3’ (reverse) for IL-1a and 5'-TGGA
ATCCTGTGGCATCCATGAAAC-3' (forward) and 5'-TAAAACGCAGCTCAGTAACAGTCCG-3' (reverse) for
B-actin.

Measurement of intracellular calcium levels. Macrophages were plated at 1.25 X 10° cells/well in
96-well black microplates (Invitrogen) for 2 h and infected with the D39 and Aply strains at an MOI of 1.
The intracellular calcium concentration was monitored every 3 h after infection for 24 h by using a Fluo-4
NW calcium assay kit (Invitrogen) according to the manufacturer’s instructions.

Statistical analysis. For comparisons between two groups, Student’s t test was used. For multigroup
comparisons, analysis of variance (ANOVA) and the Bonferroni post hoc test were used. Statistical
significance was determined as a P value of <0.05.
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