X/u77r—JICBALEER 7 7 dV—LA
THAFMMYT 5, W, 77 dY— LOBBA
Gk, Z7dV—LRVVYV—LEBELTZ7
JYVYY—LAERENS, COT7IdIVY—
LAORBIIRBEEICE > TLRENTHS, L
ML, EEEE77d) YV —LBEEMAETS
CLT, MREAFEEERELTED, Chid
WEBENT IO 7 —YATEETERHORE
TEIBFCHE, Rll. ORI, &%
MR IC WEICTF{ET 5 ) REWMEM T TH 3
lipoarabinomannan (LAM) 7% & 18#) % Rz
LTWAZ LHHEETNTL S, Kang i, B
DL BRICTETES % Mannose-capped LAM & #
fRERDTY ) —ALE T E2—LOFEEN. 77
dVyvV—-LEaM#cMsTa L ERLEY,
g, TOBFELT Vergne 513, 7Z7dv—
L&) VY — LOME T3 phosphatidylinositol
3-kinase (PI3K) ic &K D EMENS 77 IV — LI
I @ phosphatidylinositol  3-phosphate (PI3P) A°
HETHLHH, LMD FFILIEPIBKO 7 73
V—LANOfEZIFT S, 77dVY—LE
DPIBP OERIMAENAET L THEEThA T L
LIz, ¥ HIC Vergne 513, $SHENEET
% lipid phosphatase T & % SapM 7' PI3P @ fiii U
Y& ERCITLT, ZrdYVVY—LE
BFEOWTACELEWEEMILEY, Chbeichn
A T. Scherr 5. ¥EEMVEZMRO 774
UFEF—ERUDO 2R IETHESOT A UF
F—X G (PknG) ZELETHLEZRLE, &6
ICH S, O PknG RIAZEROERTIE, 77
VY —LIEREN. BFRELEEIIS
WZ &KL, PhknG A& EEICEZ 77TV
VYV—LBMEHEICMET LI LEHLMCL
7z, &5ic, Jayachandran 52, ¥ 707 7—
VICTFET B coronin 1 ASKEAE S 7 7 IV —
LICHEML, Ca2+ (kEME 74 A7 7 2—¥TH
% calcineurin 2L 52 & T, Z77dU VY
V—LBAEMHEINS I LERLET, 50¢L
T A, coronin 1 #7733V — 4L LiciifFd 57
HOBEMEFICOVTIEH S M TN THELAS,
TN EOBBEICEOTHEELRIERZTC
EIEHLRB WV, F - MacGurn B, #HED
TWEETH % ESX-1 ZRKDOBRATIE, BRE

D77dVYY—LBENETEENEN L2
S L=, ESX-1 ZMK T 2 BIZTFREE. W
OFRFEMEICTEE L RDI SABUCFET 5. T ORI
ICIZESX-1 & D e n2EEL THRAK TS
% early secreted antigenic target-6 (ESAT-6) &
culture filtrate antigen 10kD (CFP-10) M{F{ET
MY LA L, ChEORBAZERKEZBRREET
L7 7dV—LIVVYVY—LBEWELCSD, C
NERFO77d) YV —LBEHENOMEIZ
HEMNTH S, LHL. ESX-1 ZtLTHREN
% K13 ESAT-6/CFP-10 LIt ic e HiE S hE D,
Fhenpic77dY YV —LBEM#ECHE T
HERFHEETAEATMEENS, TOXSIC,
BEEE~v 07 7—Y07 7 V- LATERF
WMETTS MBASERREEZH, T7rdV—
LOBEMBREMETZHICIE, 2720 5—
DTFEMRERICHET 2080 H5, O,
BEEOWERIE, 7o LETENET S 00
HE AR, BOABRRERIEEHIHOERE
TRNERELTWVWAEDLEEALBNTVS,

2. 7R b= 20O

v/ 77—V KRS B (H37Ra) Z/%
prxuzl, TER—YANERINZN, HA
NR—PHEBRZFMLT7 R b= ADFREN
Ml AL, BOMBAMBEAKEEZNG, —A.
RSk (H37Rv) OMYYTIE H3TRa BRI L
LT, 7R—VAMMH TN, BIZHREA
THHMTET LN RENTVWS, CORBRIE. 7
R b= AW FEOHRAEFCHET S LER
TEDTH B, Ff-. KRtk 19kDa VK2
734 ED Toll-like receptor 2 (TLR2) Z4TL7z38
FHMROT R r— AR FEBTE AL, K
PBICHRENZ TR =2 RABBEEIIHT S
CEODBEEMEMERIGEIEAST ENTES,
LAL., mEMEORWEGR. 7R =2 ARTF
TH5Mcl-1 ORBEEFBTHLTTRE—>
ARMHT R EHIRENTVE Y, #EEOR
27 R b— AMEIEREER, Bic &> THMD
BEERTA LV ERTHELRBFETSHD. #
JRANEEZEAECT B1-DICBHATHELEADL
Na.

Ol SEErBpE - su7 r—JicA—

220 S



FIZrI—RERT L L, HIENEELSERDT S
CENREN Fle, 707 7—T % inter-
feron-y (IFN-y) TH# LB EICIE . LRG 47 (p47
GTPase) DFEBEN L TH— b7 7 V—BHEHTE
e hzd, TOER. EESC7rdV—Lid
A—bZ7dV—LEREL, EEIKCYVYYV—L
EMELTA—PIYYVY—LANERETH, EI’E
EAEZThBEMRENATVE Y, A—FT7
T, HifaOEEESFICRELZEIAShTE
BRMTHLY, CORERR, A—FT77I—H
HEREOMREABREICEEMEd 2 LETRTLED
THd. LHL. BEEzBR&ZIcA— T 79—
OFEBICHEr PISK iEfEafld 2 LT, A4—
F7FV—OFEBEARTAILOEEALN, T
DENHIBFF 2 #RERS 5 7281 IFN- yic X 2 HI#A°
L h,

X707 7 =% DC DEEEHE

X707 7—9% DC OBRRA~NO#EA, $5
VEEERR®ROT 707 r— YV OiEMkIEE
BEIC T 2B BSIEG TR, MK
HWIEBEORBICEWTLEETHS. v /urr—
Y DC IZMIRER D TLR %1 L TS B E & Dk
5, TLR2IEZLAM, 74 A7 7FINA /¥ b—
= >/ ¥ F (phosphatidylinositolmannoside,
PIM).& A W& 19kDa VR Z 7 B EBET 5.
E7-. BB HEATIE TLRA IC K DRI E 1.
RIEMES A b AL D EEEIND, — 4, fKE
ohb TLIRMEOY 7 ViR #EMHid BHEH
WHBEMSREHS MR- T X BEBED
FELZ THIRHFATH S ESAT6 3, TNETE
OFmEEIC B 2BEEHSMICEN TR
7=h%, Pathak 5i%, ESAT-6 M TLR2 #5835 L
Akt FF—EMEEEETN, EOBERTLROT X
T4 —45 T T&H% MyD88 & IRAK4 D& A5 #
Ehdled, TIRENMLEVTFILAIRZAS
TEERLIEY, £, HBEBRR a3y 2
37 EH hspTO 5. DC DMHEEHET B L L B,
DC W EDHRIERY A P4 TH5 IL-10 S
EIETEHT EANRENE Y, E6ic, MM
DL SR BCG O LAM IX EDRic = > / —
ABEMMTIL THD (Man-LAM)., JERSHHEHT
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O LAM L i3EMIcR T 5, T ManLAM
(& DC Eicf#£7 % DC-SIGN (DC-specific intracel-
lular adhesion molecule-3 grabbing nonintegrin)
ENLTHY Y/ ALAZFF—ETHS Raf-1
OFEEEEERT 5, (L Nz Raf-1 (& NF-«
Bp6s 71—y bOTEFILZEEL, £OD
5, TLRA 2 LMlBIc & b IL-10 EEDTT
HETBCENTRERATVWS Y, £, TO Man-
LAM i3 DC DML EHET AT L EHLMCEN
TW3 'Y, TOX3 K, MBEMOBERTIZ< Y
O77—=YRDCOBIEEEMT A LANTES,
5. TNGHMIEER X Vil EEEED
8 L T exosome DFF THIRIYHICHUINZ N, FHE
LMD AEhAT EAREETNTVS '
7, FROBRIE, 7R =Y RACBVTERE N,
7R b= 2RI & o TlEN 7= KR 5713
BELHFRRTENS (cross priming) T &AYR
EhTw5. LA L. exosome &1 L THIEFIC
b E NS ERICHBERERENEON, H
AVEI D AAEMROBREICEEERIETON
IKDWTRFHATEHD., SEREASMCLTLDE
Fhudaszn,

B S REAL I He RS E DI

B OETTIC O, BRI AL IC X P REAE
MENE, WHEMASEERSEMEL, RithF
TEBCHHIMEBEICITIRICARERBLER
ENns, L L, ¥HEEONREREREICHE
L7 DICYIh X T, BRERIZEEED
EEZ5NTWVA, McKlenney 53, $HIENF
iR RS SR AV I BT —
+ (isocitrate lyase, [CL) ASEELZERERTT
LERRLE"Y, ICLIZEHEMR L LIBOES
RRARER. Y VA FUIVEEY A 2 NVOBERD—DT
55, WHEAICHFET SHEEO ICL FEHENE
DEFICHETHRE VO T L, EHIEETE
OEVEMTIERERERL LTRAHTSC L
ERTLOTHB, TOM, Bav s zR7
DO—HiT3H% a -crystallin *° nitrate reductase, &
713 Eis (Enhanced intracellular survival) % KatG
7z ¥ % OETH MMM RS T
AT ENHEETNTE D, EAEEARANTENMN
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s Bicohicid, dil A H = LT
SEBEDLNhS,

—7%. WMiEOFRTHMHSRDONEHET
iF, FA7o—RAcHi--HlNEHBH NS,
CNETORFHDE, MAaN THHL 7= EH YR
KT HIH, RIBBRMAROX I 00— A%
FHTHCLWRENTVS, TORITO—VR
I IIEE Y / L EO RD] MBS EE 1R
ZRIELTED, COMBICHEET 2 RIZTEY
BN 2 rAYFRITREHFICEEL, TORRE
L THIBIA ATP IEEAS D3 B 10, HIFAA 2 2
O—YARMBZ ENRENTINS 'Y, i, &
KL RS (X, BRI A R P B o
95720, BRAAI—F IO EFEEL
TAZa—Y AEMETE EIREENT
2%, TOLSAREREICLZBRTIOT 7—
JOMRSEDFES, EARATOEEFRRMICHS
THLTAIIKEVWEEZILNS,

BbYIC

HMEETe FEEEELTRET S C LICRL
RINLI=WEMD—DOTH D, & F OB
PROTHMICETHSCLHNTES, —F. &
HOFTHEEHBEREOEBBBICOVLTIE,
SOLTAMRMIC LOBHEMITET VL,
LirL. 1998 EICHHED T / LEVIHHEHIC
ch, BETREOHMBIIZBITATREICE->T
Lk, COMRIBICBOTELORENREE
NTW3, SHESLIMERRROERA. 5k
BORFHOMAZ T TEL., A FHT I F
COREBEED ., BEROBRICHTDIL DN
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Mycobacterium tuberculosis (MTB) is an intracellular pathogen that has evolved strategies to enable
growth in macrophages. The bacterium is able to inhibit fusion of phagosomes with lysosomes through
secretion of some bacterial components and modulation of host intracellular signaling pathways.
Furthermore, it has been shown that phagositosed MTB is killed within macrophages after treatment with
IFN- y in vitro. However, virulent MTB is capable of surviving in macrophages in vivo and persists in host
even after acquired immunity has developed. These data suggest that MTB has developed a sophisticated
immune evasion mechanism. In this issue, the strategies of MTB for intracellular survival and immune
evasion, which have been unraveled so far, are shown and the mechanisms are discussed.
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Critical Involvement of Pneumolysin in Production of Interleukin-la and
Caspase-1-Dependent Cytokines in Infection with Streptococcus pneumoniae

In Vitro: a Novel Function of Pneumolysin in
Caspase-1 Activation’
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Pneumolysin is a pore-forming cytolysin known as a major virulence determinant of Streplococcus pneu-
moniae, This protein toxin has also been shown to activate the Toll-like receptor 4 (TLR4) signaling pathway.
In this study, a mutant S, pneumoniae strain deficient in pneumolysin (Aply) and a recombinant pneumolysin
protein (rPLY) were constructed. Upon infection of macrophages in vitro, the ability to induce the production
of interleukin-1a (IL-1ax), IL-1B, and IL-18 was severely impaired in the Aply mutant, whereas there was no
marked difference in the induction of tumor necrosis factor alpha (TNF-a) and 1L-12p40 between the wild type
and the Aply mutant of S. pneumoniae. When macrophages were stimulated with rPLY, the production of IL-1a,
IL-1B, and IL-18 was strongly induced in 8 TLR4-dependent manner, whereas lipopolysaccharide, a canonical
TLR4 agonist, hardly induced these cytokines. In contrast, lipopolysaccharide was more potent than rPLY in
inducing the production of TNF-a, IL-6, and IL-12p40, the cytokines requiring no caspase activation. Activa-
tion of caspase-1 was observed in macrophages stimulated with rPLY but not in those stimulated with
lipopolysaccharide, and the level of activation was higher in macrophages infected with wild-type 5. pneumoniae
than in those infected with the Aply mutant. These results clearly indicate that pneumolysin plays a key role

in the host response to S, pnewmoniae, particularly in the induction of caspase-1-dependent cytokines.

Streptococcus pneumoniae is a gram-positive bacterium that
causes bacterial pneumonia, otitis media, bacterial meningitis,
and septicemia (32). Due to the severe disease burden and
mortality, the emergence of drug-resistant clinical isolates (14,
36), the lack of a universally effective vaccine (17, 39), and an
increase in the number of immunocompromised patients, it is
increasingly important to understand the pathogenic processes
of pneumococcal discase in order to develop novel therapeutic
modalities and an effective vaccine.

Pneumolysin (PLY), a 53-kDa protein toxin produced by
virtually all clinical isolates of S. preumoniae, has been re-
garded as a key virulence factor of this bacterium (7) and as
one of the candidates for vaccine development against pneu-
mococcal infection (21). PLY is one of the cholesterol-depen-
dent cytolysins (24) that are known to form ring- or arc-shaped
pores on cholesterol-containing membranes and whose activity
is blocked by free cholesterol (40, 50). PLY is a multifunctional
protein toxin that causes cytolysis and induces complement
activation and the production of cytokines and nitric oxide (5,
9, 18, 33, 43). However, the mechanisms by which PLY affects
the host defense are only partly understood.

In mammals, the sensing of microbial components by innate
immune cells, such as macrophages and dendritic cells, is ini-
tiated by the recognition of conserved and unique pathogen-
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derived structures via pattern recognition molecules, such as
Toll-like receptors (TLRs) (31). TLRs, transmembrane pro-
teins belonging to the Toll/interleukin-1 (Toll/IL-1) receptor
family (16), mediate host inmune responses by inducing proin-
flammatory cytokines and costimulatory molecules through the
activation of nuclear factor kappa B (NF-xB) and mitogen-
activated protein kinases (MAPKs) after recognition of spe-
cific agonists (19). Among several TLRs, TLR4 plays a critical
role in the recognition of lipopolysaccharide (LPS), a major
component of the outer membranes of gram-negative bacteria,
in cooperation with LPS-binding protein, CD14, and MD2 (1,
25, 51, 53), and plays a critical role in the host defense against
gram-negative pathogens (8, 37). Several recent studies have
shown that the association of TLR4 with PLY (and other
cholesterol-dependent cytolysins) initiates an intracellular sig-
naling cascade resulting in the activation of NF-xB (20, 27, 41,
49, 51). For pneumococcal infection, Malley et al. (27) re-
ported an important role of TLR4 in the host defense with the
finding that C3H/Hel mice, which display mutant nonfunc-
tional TLR4, were more susceptible than wild-type (wt) mice
to invasive disease after pneumococcal colonization in the na-
sopharynx. Moreover, a protective role of TLR4 in the pneu-
mococeal pneumonia model was also reported (8). Thus, it
appears that PLY, a TLR4 agonist in this gram-positive patho-
gen (27), is involved in the induction of a host protective
response against S. pneumoniae.

Several reports have shown that proinflammatory cytokines,
such as IL-1, tumor necrosis factor alpha (TNF-a), IL-6, and
IL-18, play protective roles against pneumococcal infection
(22, 26, 48, 54, 55). Moreover, gamma interferon has been
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demonstrated to protect mice against infection with S. pneu-
moniae by promoting the accumulation of neutrophils in the
infected lung (34). In addition, exogenous administration of
IL-12 improved the innate defense against S. pneumoniae in
the lung by inducing gamma interferon production (23), How-
ever, the involvement of PLY in the production of various
cytokines induced in pneumococcal infections has yet to be
clarified.

In the present study, we constructed an in-frame deletion
mutant with a mutation in the §. pneumoniae ply gene and a
recombinant protein of PLY to analyze the precise role for
PLY in the host cytokine response to S. pneurnoniae. Using an
in vitro model of infection, we compared the levels of various
proinflammatory cytokines secreted from macrophages, the
cells comprising the front line of host defense and the innate
immune response, after infection with the wt or ply-deficient
mutant strain of S. pneumoniae. This study revealed a unique
function of PLY in the induction of caspase-1-dependent cy-
tokine production that could not be observed with LPS, a
canonical TLR4 ligand.

MATERIALS AND METHODS

Experimental animals. wi female CS7TBL/ mice were purchased from Japan
SLC (Shizuoka, Japan). CSTBL/6 background TLR4 gene knockout (TLR4 KO)
mice were purchased from Oriental Bioservices (Kyoto, Japan) and maintained
in a specific-pathogen-free environment for use at 7 to B weeks of age. All animal
experiments were approved by the Animal Ethics and Research Committee of
Kyoto University Graduate School of Medicine.

hcurhhmhuulpwﬂ:mdlthu.ﬁncm:ype:smdimmcm

ige D39 was p d from the National Coll of Type Cultures
[NCT’C 7466; Central I’ublu: Health Laboratory, London, United Kingdom). 5.
preumoniae was grown on tryptic soy agar ( Difco Laboratories, Detroit, MI) with
5% (volivol) 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, pneumocoeci
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
demnty at 6500 nm IDDm] = ﬂ.&]. and unudugui at 6,000 x g for 15 min. The

| pellet was buffered saline (PBS) and stocked at

~80°C. The ion was d i by viable cell counting on blood agar
plates,

G jom of ply deleti A deletion mutant of 5. pneumaoniae D39

for the PLY gene (ply) was constructed by using homologous recombination-
based allelic exchange. To g the ply delction, the upstream (733 bp) and
downstream (692 bp) flanking regions of ply were PCR amplified from D39
genomic DNA, using the primer sets P1L/P2 and P3/P4, respectively (primer
sequences are given in Table 1). Primers P1 and P4 carried one BamHI site, and
P2 and P3 carried Hindlll sites in their 5’ ends. Amplified fragments were
digested with HindI1l and ligated. The resulting fusion gene product was ampli-
fied by PCR using primers P1 and P4, digested with BamHI, and then ligated
with BamHI-digested vector DNA (pTN-E18EM) (Amp’ Em'). Plasmid pTN-
EIREM is a pUCI8-derived vector carrying ampicillin and =q'lhmmy¢m resis-

INFECT. IMMUN,

TABLE 1. Oligonucleotide primers used in this study
Primer Nucleotide sequence (5'-3")
...CTCTAGAGCACCATGCTACAGAC

ACACGGATCCTCAACAGGCACTCATCCACA
...GCGCAAGCTTGGAGAATGCTTGCGAC
AAAA
...GCGCAAGCTTAAATCAGCCGTGGTTGGACT
..ACACGGATCCCGCAAAGCCCTTTTTCTAGC

firmed by PCR to have an absence of ply, usm;pnmm PLY-F and PLY-R

(Table 1), and the p of the up and d of the

ply gene. The absence of PLY in the ply deletion mutant was verified by Western

blotting using a monoclonal antibody against PLY (NovoCastra Laboralories
Ltd., Newcastle upon Tyne, United Kingdom).

Pmdlﬂiu -i purification -h-H..Y Full-length recombinant PLY (rPLY)

i as described iously (4). Briefly, lh:pbrnerumclunsd into the

pQE 3] vector (Qiagen, thkq G ). and the vector was

transformed into Escherichia coli SGIM (Qiagen) harboring & pREP4 plas-

mid, which lacl and ) genes. rPLY was produced in
Ecnﬁ'ulhulmﬂu-uwndpmwnhy of the fi with
2 mM isopropyl-g-p- ide (Nacalai Tesque) at 25°C for 6 h. The

E. coli cells were then harvested by centrifugation, incubaied with lysis buffer (50
mM NaH,PO,, 300 mM NaCl, 20 mM imi 1 mg/ml ly 200 U
DNase 1, pH 8.0), and disrupted by vortexing with 0.1-mm zirconia-silica beads
(Bio-Spec Products, Inc., Bartlesville, OK). rPLY was then purified from the
soluble Ihcuun by use ol a nickel-nitrilotriscetic acid column (Qiagen) under
native 1g to the ‘s instructions. Contaminating
LPS was extensively removed using a Detoxi-Gel endotoxin-removing gel (Pierce
Chemical Co., Rockford, IL). The level of LPS in the rPLY preparation was
determined by the Limulus Color KY test (Wako Pure Chemical Industries,
Osaka, Japan) and was found to be <04 pg/ml when the preparation was
suspended in PBS at a protein concentration of 1 pgfml. The purity was analyzed
by Coomassie brilliant blue staining and immunoblotting using an anti-His-tag
monoclonll anl‘bndy (penta-His :nubm:l;r' Qiiagen) after sodium dodecyl sulfate-
ylamide gel electropt (SDS-PAGE).
" To inhibit its cytolytic activity, rPLY was treated with 20 pg/ml of cholesterol
for 30 min on ice (35). Heat-treated PLY and LPS were prepared by heating the
3 stock suspensi in 50% gly ter (volvol) for PLY and in PBS
for LPS, in a boiling water bath for 60 rnln [2‘!]
Tsolation and stimulation of g phages. Peritoneal cells

tance genes and the multiple cloning site of pUC1S. The er
gene (emrC) was amplified from plasmid pE194 by PCR and inserted into
pUCIS.

into 5. ¢ iae and

of ply mutant, To
formation of the |

carry out the f id, frozen stocks of 5.
preumoniae were thawed and diluted 1:20 in competence medium (tryptic soy
broth Ilemi‘ pH&.0, IO‘N: giyusrul, 0.16% bovine serum albumin, 0.01% CaCly)
g comp peptide 1 (100 ng/ml; Invitrogen, Carlsbad,
CA). 8. pneumoniae D39 was preincubated for 20 min at 37°C and 5% CO; and
then incubated for 1 II with approximately 1 pg of DNA. The uulin were plated
on blood agar i er yein, and were 4. For
the selection of the p{y deletion mutant, formants were grown in THY
medium without antibiotics and plated on blood agar without antibiotics, and
then mlonles were plated on replica plates with or wllhmll erythromycin. Eryth-

romycin lonies were I, and ply were con-

A

were collected from CSTBL/6 wt and TLR4 KO mice 3 days a!m an intraperi-
toneal i of 4% thioglycol dium (Eiken Chemical, Tokyo, Japan).
Cells we:!: cultured in 48-well plates (2 % 10° cells per well) in medium consisting
of RPMI 1640 (Gibco-BRL Life Technologies, Rockville, MD) supplemented
with 10% (volivol) heat-inactivated fetal bovine serum (Gibeo) for 2 b at 37°C
and 5% CO,. After 1 of cells, the adherent cells were used
as peritoneal macrophages and infected with wt S, preumoniae and its isogenic
ply deletion mutant (Aply) at a multiplicity of infection (MOI) of 10 in genta-
micin-free medium, To inhibit the growth of bacteria in the medium, 100 pg/ml
of gentamicin (Gibeo) was added to the cultures 8 h after infection, when Lhe
largest number of bacteria were associated with cells, and the cells were incu-
bated for an additional 16 h. Sup were collected and stored at ~80°C
until they were assayed for cytokines. Similarly, peritoneal macrophages were
stimulated with rPLY, LPS (from E. coli 055:B5; Sigma-Aldrich, 5t. Louis, MO),
or Pam,CSK, (Invivogen, San Diego, CA). In some experiments, polymyxin B
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FIG. 1. Pneumolysin is essential for the secretion of TL-1a, IL-1B, and IL-18 in response to Streptococcus pneumoniae. Peritoneal macrophages
were left uninfected (UT) or infected with wt 5. pneumoniae (Sp wt) or the ply mutant (Aply) at a macrophage/bacterium ratio of 1:10 for 8 h. Cells
were cultured for an additional 16 h in the presence of gentamicin (100 pg/ml), and culture supernatants were then collected. The amounts of IL-la
(A), IL-18 (B), IL-18 (C), TNF-a (D), IL-6 (E), and IL-12p40 (F) were determined using ELISAs specific for each cytokine. The results are
tepresemnnve of three similar experiments. The data are the means = standard deviations for lhrec determinations, =, P < 0.05 for uninfected

infe

ted cells ¢ d 1o Aply fected cells.

ed to wt §. f ted cells and for wi §. p

cells comp

(PMB; Nacalai Tesque), z-VAD-fmk (Peptide Institute, Osaka, Japan), and

boiling for 5 min. The lysates were resolved by SD5S-PAGE and then transferred

-YVAD-cmk (R&D Systems, Minneapolis, MN) were added to the cul 30
min before stimulation with rPLY or LPS.

Reverse transcription-PCR. Total cellular RNA was extracted from peritoneal
macrophages by using Nucleospin RNA 11 (Macherey-Nagel, Daren, Germany).
Total RNA (0.2 pg) was treated with RNase-free DNase (Promega, Madison,
WI) to eliminate contaminating DNA and then subjected to reverse transcription
using random primers (Invitrogen) and ReverTra Ace (Toyobo, Osaka, Japan).
PCR was performed using KOD-Plus DNA polymerase (Toyobo) under the
following PCR conditions: 94°C for 15 s, 60°C for 30 s, and 68°C for 30 5. The
reaction was extended by incubation at 68°C for 7 min. The samples were
amplified for 28 to 30 cycles. The most appropriste number of amplification
cycles for each cytokine was determined by preliminary experiments. PCR prod-
ucts were analyzed in 2% agarose gels. Primer sequences used for the amplifi-
cation of specific genes by reverse transcription-PCR are shown in Table 1.

Cytokine measurement. Levels of secreted cytokines in culture medium were
determined by two-site sandwich enzy linked i rbent assay (ELISA).
ELISA kits for [L-lo and IL-18 were purchased from BD Biosclences (San

o poly diffuoride k (Millipore, Bedford, MA). Antibodies
specific for mouse IxBa, p38 MAPK, phospho-p38 MAPK (Thri80/Tyr182), and

phospho-ERKVERK2 (Thr202/Tyr204) were p i from Cell §
Technology (Danvers, MA) and were used as jed by the fac-
turer

Caspase-1 activation assay. To d the activation of 1, perito-

neal exudate cells were seeded in 24-well tissue culture plates at 5 x 10° cells per
well. After | of dh cells, the adh cells were incubated with
30 uM biotinylated YVAD-cmk (Alexis Biochemicals, San Diego, CA) for 1 h.
The cells were then either left unstimulated or stimulated with rPLY or LPS for
3 h at different concentrations. In the case of LPS plus ATP stimulation, cells
were primed with LPS for 2.5 h and subsequently stimulated with | mM ATP
(Amersham) for 30 min. Similarly, peritoneal macrophages were infected with w
§. paeimoniae and the Aply mutant at an MOI of 10 for 3 or 6 h. Cells were then
washed with PBS three times and lysed with 1 ml fysis buffer consisting of 50 mM
Tris-HCI (pH 7.5), 100 mM NaCl, 10% glycerol, 1% Triton X-100, 5 pg/ml
b in, 5 pg/ml aprotinin, 5 ug'ml pep and | mM phenylmethylsulfonyl

Diego, CA). IL-6, TNF-a, and 1L-12p40 kits were ob d from eBi

(San Diego, CA), and an IL-18 kit was nbumed from MBL. (Nagoys, Japan). All

u.mpts were assayed fing lo the resp facturer’s instructions.
hiot lysis. For Wi Tk g. cells were lysed in 2% SDS-

PAGE sample buffer [ﬁ._S mM Tris-HCl, 2% SI}S 10% glyeerol, 50 mM dithio-

threitol, 0.1% ¢ phenol blue) and subj d to brief wl ation and

fuoride. Lysates were centrifuged at 12,000 xg for 1 min to remove cell debris.
To adjust the amount of lysate recovered from each well, 10 ul of cleared lysate
was subjected to Western blotting using a specific antibody for B-actin (Sigma),
and the rest of the lysate was used for pull-down sssay for detecting the active
form of caspase-1. Activated caspase-1 (bound to biotinylated YVAD-cmk) was
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FI1G. 2. Pneumolysin

a strong inducer of 1L-la, IL-1p, and TL-18 production. Peritoneal macrophages were left unstimulated (M), treated

with cholesterol only (C), or stimulated with rPLY, cholesterol-treated rPLY (CT-rPLY), or LPS at a concentration of 0.1 wg/ml (white bars) or
1 pg/ml (black bars) for 24 h, and culture supernatants were then collected. The levels of cytokines in supernatants were determined by ELISA.
The results are representative of three similar experiments. The data are the means = standard deviations for three determinations.

concentrated with tetrameric avidin resin (Promega) and detected by Western
blotting using anti-caspase-1 p ibody (MBL).

Statistical analysis. For comp two groups, the Mann-Whitney
U test was used, and statistical significance was determined as a Pvalue of <0.05.
Multigroup comparisons of mean values were conducted by the Kruskal-Wallis
test and the Games-Howell post hoc test (P < 0.05) after the confirmation of
homogeneity of variances among the groups by using Bartlett's test.

RESULTS

Role of PLY in cytokine production by macrophages infected
with S, pneumoniae in vitro. To evaluate the involvement of
PLY in inducing proinflammatory cytokines in response to S.
pneumoniae, peritoneal macrophages from C57BL/6 mice were
infected with live wt §. pnewmoniae or the Aply mutant, and the
levels of cytokines in supernatants were assayed. wt S. pneu-
moniae potently induced IL-1a, IL-1B, and IL-18, whereas the
Aply mutant was unable to induce these cytokines, indicating a
critical role of PLY in inducing IL-la, IL-1B, and IL-18. In
contrast, no marked difference was observed between the two
strains in the ability to induce TNF-a, IL-6, and IL-12p40,
suggesting a minor role of PLY in induction of these cytokines
(Fig. 1). The impaired ability of the Aply mutant to induce
cytokine production was not due to any enhanced cytotoxicity,
as the release of lactate dehydrogenase from macrophages
infected with the mutant never exceeded the level induced by
wt §. pneumoniae (data not shown).

PLY strongly induces IL-1a, IL-1B, and [L-18. To confirm
whether the ply gene product was responsible for the difference

in cytokine induction between the ply-positive wt and ply-defi-
cient mutant strains, we next examined the profiles of various
cytokines induced by rPLY stimulation. Although it was diffi-
cult to determine the exact amount of PLY released from wt §.
prewmoniae in our in vitro infection system, we tried to esti-
mate the amount based on a previous report on the relation-
ship between bacterial number and the amount of PLY protein
(18). The amount of PLY released from the infection dose of
wt 8. pneurnoniae used in this study was calculated to be 0.04
pg/ml. In a study by Malley et al. (27), rPLY was used at
concentrations of 0.1 pg/ml to 10 pg/ml to determine TLR4-
dependent cytokine-inducing activity. Taking these findings
into consideration, we used rPLY in the present study at cy-
tolytic (1 pg/ml) and sublytic (0.1 pg/ml) concentrations, which
caused 53.0% and 5.1% release of lactate dehydrogenase from
macrophages, respectively. Both doses of rPLY exhibited a
stronger activity to induce IL-la, IL-1B, and IL-18 than did
LPS (Fig. 2) and TLR2 ligands, such as Pam;CSK, (data not
shown). In contrast, the ability of rPLY to induce IL-6, IL-
12pd0, and TNF-a was significantly lower than that of LPS. A
treatment of 1 pg/ml or 0.1 pg/ml of rPLY with cholesterol
resulted in the reduction of the cytolytic activity determined by
lactate dehydrogenase release assay, by 95.3% and 100%, re-
spectively, However, the cytokine-inducing activity was not af-
fected by cholesterol pretreatment, even after the abolishment
of cytolytic activity. Both cholesterol-treated rPLY and un-
treated rPLY induced similar levels of all cytokines tested (Fig.
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FIG. 3, Effects of PMB and heating on rPLY-induced IL-1B and
IL-6 production. Peritoneal macrophages were stimulated with choles-
terol-treated rPLY or LPS for 24 h, and the culture supernatant was
then collected. The amounts of IL-1B (A) and IL-6 (B) in the culture
supernatant were measured by ELISA. The effects of the addition of
0.5 pg of PMB/ml and heating at 100°C for 1 h were examined. The
results are representative of three similar experiments. The data are
the means * standard deviations for three determinati

2), indicating that cytokine-inducing activity and cytolytic ac-
tivity of PLY may be dissociated. The absence of any stimu-
lating or toxic activity was confirmed in the medium containing
cholesterol alone.

To eliminate the possibility that cytokine induction by rPLY
was due to contamination of LPS from E. coli, we added PMB
to the cell culture before stimulation with rPLY and LPS. PMB
did not affect rPLY-induced production of IL-18 or IL-6 (Fig.
3) as well as IL-la, IL-18, TNF-a, and IL-12p40 (data not
shown), whereas the same amount of PMB completely abol-
ished the production of cytokines induced by LPS. Further-
more, when rPLY was heated at 100°C for 60 min, the ability
to induce these cytokines was completely abrogated. Based on
these findings, the possibility of contaminating LPS-induced
cytokine production was ruled out.

Supplementation with rPLY enhanced IL-la, IL-1[, and
IL-18 production by macrophages infected with the Aply mu-
tant. Although rPLY demonstrated a significantly higher ac-
tivity in inducing TL-la, IL-1pB, and IL-18 than did LPS (Fig. 2),
the levels were significantly lower than those induced by infec-
tion of macrophages with wt S. pneumoniae (Fig. 1). To exam-
ine whether high levels of these cytokines induced upon infec-
tion with wt S. pneumoniae were due to simultaneous
stimulation with PLY and other bacterial components, we in-
fected macrophages with the Aply mutant in the presence of
rPLY. Costimulation with rPLY and the Aply mutant induced
a greatly enhanced production of [L-la, IL-1B, and IL-18,
which was comparable to that induced by wt S. pneumoniae
(Fig. 4). In the absence of rPLY, an increase in the dose of the

CASPASE-1-DEPENDENT CYTOKINE PRODUCTION BY PNEUMOLYSIN 1551

A 30001 1o (pg/ml)
2500 1 -
o—" | |
1500 1
1000 1
oy
T spwt | sply | PLYS
Aply
B. 25007 1L-1 (pg/mD _
2000 1 |
1500 4
10040 1
500
R Spwt  Aply  WPLY+
Aply
C. 5007 1L-18 (pg/ml) .
. \ |
2064
-
100 1
&

Aply rPLY+
Aply

FIG. 4. Costimulation of rPLY with the Aply mutant significantly
increased [L-la, 1L-18, and IL-18 production by the Aply mutant.
Peritoneal macrophages were left uninfected (UT) or infected with wt
S. preumoniae (Sp wt), the Aply mutant, or rPLY (1 pg/ml) plus the
Aply mutant at a macrophage/bacterium ratio of 1:10. The amounts of
IL-1a (A), IL-1B (B), and IL-18 (C) in culture supernatants were
determined by ELISAs specific for each cytokine. The results are
representative of three similar experiments. The data are the means *
standard deviations for three determinations. =, P < 0.05 for the Aply
mutant versus rPLY plus the Aply mutant.

ul Spwt

Aply mutant up to an MOI of 50 did not result in such an
enhancement (data not shown). These findings clearly indicate
that the PLY-dependent cytokine response is enhanced by
other stimuli from bacterial cells but that PLY, not any other
bacterial components, is solely responsible for the induction of
IL-let, IL-1B, and IL-18 production, which requires the acti-
vation of cleaving enzymes, including caspase-1. However, co-
stimulation with rPLY and purified TLR agonists, such as LPS
or Pam,CSK,, resulted in no marked enhancement of the
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FIG. 5. TLR4-dependent induction of inflammatory cytokines by PLY. Peritoneal macrophages from C57BL/6 wt mice (black bars) and TLR4

KO mice (white bars) were stimulated with cholesterol-treated rPLY (A to C) or infected with wi 5.

at a macrophage/bacterium ratio

of 1:10 (D) for 24 h, and the culture supernatants were then collected. The amounts of IL-la, [L-1f, and IL-18 in culture supernatants were
determined by ELISA. The results are representative of three similar experiments. The data are the means = standard deviations for three
determinations. Asterisks indicate that the value is significantly different from that of wt cells (P < 0.05).

production of IL-la, IL-1B, and IL-18 (data not shown), sug-
gesting that the mechanism of enhancement might be more
complex than just a simultancous stimulation with rPLY and
TLR agonists from S. pneumnoniae.

Critical role of TLR4 in IL- i o, IL-1§, and IL-18 production
induced by PLY. In a previous study, it was shown that PLY
induces TNF-a and IL-6 production through TLR4 (27). To
investigate whether TLR4 is also required for the production
of IL-1a, IL-1pB, and IL-18 induced by rPLY, we compared the
levels of these cytokines produced by macrophages from
C57BL/6 background TLR4-deficient mice and wt mice in re-
sponse to rPLY. In addition to that of TNF-« and IL-6, the
production of IL-la, IL-1B, and IL-18 induced by rPLY was
dependent on TLR4, as these cytokines were produced only by
wt macrophages upon stimulation with rPLY (Fig. 5A to C).
The production of IL-18 induced by infection with wt . pneu-
moniae was also critically dependent on the presence of TLR4,
suggesting that production of the cytokine in response to S.
pneumoniae is due to the recognition of PLY via TLR4 (Fig.
5D). Because the production of IL-la, IL-1B, and IL-18 is
regulated both transcriptionally and posttranscriptionally, we
next examined the involvement of TLR4 in the rPLY-induced
gene expression of these cytokines. rPLY induced or up-regu-
lated the expression of IL-1a, IL-1pB, and IL-18 in macrophages
from wt mice but not in those from TLR4 KO mice (Fig. 6).
These results indicate that TLR4 plays a role in the production
of TL-la, IL-1B, and IL-18 induced by rPLY, at least at the
gene expression level. In addition, the difference between
rPLY and LPS in inducing the production of IL-1q, IL-1B, and
IL-18 resulted from a posttranscriptional process, not the abil-

64

ity to induce gene expression, because LPS induced gene ex-
pression of these cytokines at levels comparable to those in-
duced by rPLY.

Activation of TLR4 downstream signals by rPLY. As shown
in Fig. 2 and 6, there was dissociation between the gene ex-
pression and production of TNF-a after stimulation of macro-
phages with rPLY. Moreover, the levels of rPLY-induced gene

Wild type TLR4KO
1 2 3

| e

FIG. 6. Expression of mRNAs for various cytokines induced by
rPLY was TLR4 dependent. Peritoneal macrophages of CSTBL/6 wt
and TLR4 KO mice were stimulated with rPLY, LPS, and Pam,CSK,
(1 pg/ml) for 6 h. Total RNA was extracted and subjected to reverse
transcription-PCR for detection of cytokine mRNAs for IL-1a, IL-1B,
IL-18, TNF-a, IL-6, and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH). Lanes: 1, PBS; 2, rPLY; 3, LPS; 4, Pam,CSK,. Represen-
tative results are shown. Similar results were obtained in three separate
experiments.

ra
(™
.

TNFu
14
GAPDH




VoL. 76, 2008 CASPASE-1-DEPENDENT CYTOKINE PRODUCTION BY PNEUMOLYSIN 1553
A WT e TLRIKO M4 A B.
0 15 38 45 60 8 15 30 45 0 Time (mis) 10 IL-1f (pg/mi) 2501 [1L-18 (pg/ml)

LY

LFs
O -
B

Medinm

4 15 30 48 B 15 30 45 Time (min)
N -
—— ey .
. e S
e A -

FIG. 7. Acti of TLR4 de signals by rPLY. Perito-
neal macrophages from CS7TBL/ (WT) and TLR4 KO mice were
stimulated with medium alone, rPLY, or LPS (1 pg/ml). (A) At the
indicated times, cell lysates were collected and IxBa degradation was
analyzed by Western blotting. (B) The cell lysates described in panel A
were then subjected to Western blotting using antibodies specific to
p38, phospho-p38, phospho-ERK, and B-actin. The results are repre-
sentative of at least three independent experiments.
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expression and production of TNF-a and IL-6 were signifi-
cantly lower than those induced by LPS (Fig. 2 and 6). These
findings may be due to some difference in the events down-
stream of TLR4 ligation with rPLY or LPS, Therefore, we first
examined the proteolysis of IkBa, a regulator of NF-kB, to
estimate the activation of NF-xB. Both rPLY and LPS induced
the degradation of IkBa, but some differences were observed
in its strength and kinetics. The LPS-induced degradation of
IxBa was observed as early as 5 min after stimulation (data not
shown), whereas that induced by rPLY took place later (Fig.
7A). The degradation of IxkBa was not observed in TLR4-
deficient macrophages after stimulation with both rPLY and
LPS. Next, the activation of MAPKs was compared. LPS
strongly induced the phosphorylation of p38 MAPK and ex-
tracellular signal-regulated kinases (ERKSs). In contrast, rPLY
induced only weak phosphorylation of p38 MAPK and hardly
induced ERK phosphorylation (Fig. 7B). These results indi-
cate that the activation of the signaling process after sensing by
TLR4 differs between stimulation with rPLY and LPS, which
may account for the different profiles of the cytokine response
to stimulation with these two TLR4 agonists.

Caspase-1 dependency of PLY-induced IL-1B and IL-18
production. Intracellular IL-18 and IL-18 are not secreted
from cells as active forms until they are cleaved by caspase-1.
To understand whether PLY-induced macrophage production
of IL-1@ and IL-18 is due to the activation of caspase-1, the
effects of caspase inhibitors were examined. Peritoneal macro-
phages were pretreated with the caspase-1-specific inhibitor
z-YVAD-cmk or the broad-spectrum caspase inhibitor
2z-VAD-fmk. Both inhibitors effectively reduced the secretion
of IL-1B and 1L-18 in the culture supernatant, suggesting that
caspase-1 activation was induced by rPLY stimulation (Fig. 8).
Nonspecific effects of the two inhibitors could be ruled out

PLY

Medium PLY

. No inhibitor [:lz-\r’AIH'-k N

FIG. 8. I“neumolysm—mdumd IL-13 and [L-18 production is
caspase-1 'er | macrophages were stimulated with
l:hoicstcml treated rPI.'l' (1 pg/ml) in the presence or absence of &
broad-spectrum caspise inhibitor (z-VAD-fmk [30 uM]) and a
pase-1-specific inhibitor (z-YVAD-cmk [30 uM]) for 24 h, and the
culture supernatant was collected. The amounts of IL-18 (A), 1L-18
(B), IL-6 (C), and IL-12p40 (D) were determined by ELISA. The
results are representative of three separate experiments. The data are
the means = standard deviations for three or four determinations.
#, P < 0,05 compared to no-inhibitor treatment.

because the production of IL-6 and IL-12p40 was unaffected by
either inhibitor.

Activation of caspase-1 by PLY. Since the production of
IL-1@ and IL-18 induced by rPLY was dependent on caspase-1,
to confirm the PLY-induced caspase activation, we first tried to
detect the active form of caspase-1 in macrophages stimulated
with rPLY by means of Western blotting using a polyclonal
antibody against the cleaved p20 fragment of caspase-1. This
approach was not successful, however, because the amount of
p20 fragment inside cells was too small, probably due to a rapid
secretion of the active form soon after the cleavage (28). For
this reason, we concentrated intracellular activated caspase-1
by a pull-down method using biotinylated YVAD-cmk, which
binds to the active form of caspase-1, as previously described,
with slight modification (29), and then applied the samples to
Western blotting. The activated form of caspase-1 could be
detected in macrophages stimulated by both cholesterol-
treated rPLY and untreated rPLY (Fig. 9A). Caspase-1 acti-
vation was induced sufficiently with even a low dose (0.1 pg/ml)
of rPLY, whereas 1 pg/ml LPS was not capable of inducing
caspase-1 activation. As previously reported (47), an additional
stimulation with ATP was required for the activation of
caspase-1 in macrophages stimulated with LPS (Fig. 9B). To
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FIG. 9. Activation of caspase-1 by rPLY and Streptococcus pneu-
maoniae infection. Peritoneal macrophages were incubated with biotin-
ylated YVAD-¢cmk (30 wM) for 1 h and subecquently stimulated with
rPLY, cholesterol-treated rPLY, or LPS for 3 h, using different con-
centrations of rPLY or LPS. Activated caspase-1 was precipitated
using streptavidin beads. Precipitates were subsequently analyzed for
the presence of active -1 (p20 subunit) by Western blotting
using a caspase-1 antibody (A and B). (A) Lanes: 1, unstimulated; 2, 1
wg/ml rPLY; 3, 0.1 pg/ml rPLY; 4, 1 pg/ml cholesterol-treated rPLY;
5, 0.1 pg/ml cholesterol-treated rPLY, (B) Lanes: 1, unstimulated; 2, 1
pe/ml LPS; 3, LPS plus ATP (1 mM). (C) Similarly, peritoneal mac-
rophages were incubated with biotinylated YVAD-cmk (30 uM) for
1 h and infected with wi 5. pnewmoniae and the Aply mutant at an MO1
of 10, and cell lysates were collected at the indicated time points.
Activated caspase-1 was detected as mentioned above. Lanes | and 4,
uninfected cells; lanes 2 and 5, wt 5. pneumoniae-infected cells; lanes
3 and 6, Aply mutant-infected cells. For all panels, results are repre-
sentative of at least three separate experiments.

rule out the contamination of our rPLY preparations with
ATP, the level of ATP was determined using the Enliten ATP
assay system (Promega). The ATP level in 1 pg/ml of rPLY
was <17.9 pM, and this concentration of ATP never enhanced
caspase-1 activation in LPS-stimulated macrophages (data not
shown), These results suggest that rPLY induces the activation
of caspase-1 without any other additional stimuli and that this
ability is independent of its cytolytic activity (Fig. 9A). When
macrophages were infected with wt S, pneumoniae, caspase-1
activation was strongly induced, whereas the Aply mutant was
unable to induce it effectively (Fig. 9C), suggesting that PLY is
also required for the activation of caspase-1 in macrophages
infected with S. pneumoniae.

DISCUSSION

In the present study, we examined the role of PLY in the
induction of various proinflammatory cytokines in response to
§. pneumoniae infection. Among a number of different cyto-
kines induced in macrophages infected with §. pneumoniae, the
production of IL-1a, IL-1B, and IL-18 was exclusively depen-
dent on the presence of the ply gene, as clearly shown using an
in-frame deletion mutant of ply. In contrast, deletion of ply did
not result in any severe change in the ability of S. pneumoniae
to induce the production of TNF-a, IL-6, and IL-12. This
finding strongly implied that the PLY protein itself is an cflec-
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tive ligand that activates caspase-1, which is required for the
maturation of IL-18 and IL-18. This possibility was confirmed
by the fact that the rPLY protein alone did induce the pro-
duction of these cytokines. The reduced production of IL-1a,
IL-1B, and IL-18 observed in macrophages infected with the
Aply mutant recovered when it was supplemented with rPLY,
to a level comparable with that in macrophages infected with
wt 8. pneumoniae. Taken together, these findings clearly show
that the profile of the S. pneumoniae-induced cytokine re-
sponse strongly depends on PLY and that PLY is unique in
terms of activity for inducing caspase-1 activation, which is not
observed with LPS.

Various bacterial ligands are recognized by several TLRs,
with a strict specificity of each TLR and the pattern of each
ligand. TLR4, which plays an essential role in LPS recognition,
is also reported to be involved in the recognition of PLY (27,
51) and other related bacterial cytolysins, including anthrolysin
(41) and Listeria-derived cytolysins (20). In the present study,
using rPLY, we demonstrated that TLR4 was essential for the
PLY-induced production of IL-1a, 1L-1B, and IL-18. Interest-
ingly, in spite of their similar and exclusive dependence on
TLR4, rPLY and LPS induced quite different profiles of cyto-
kine production. This suggested that PLY and LPS differen-
tially activated the downstream signaling cascades. Indeed,
there was some difference in the timing and duration of NF-«xB
activation between macrophages stimulated with rPLY and
LPS. Furthermore, PLY only weakly activated ERK and p38
MAPK, whereas LPS strongly activated these downstream
molecules, Because both NF-kB and MAPKs contribute to the
induction of various cytokines, the different modes of activa-
tion of these signaling molecules might account for the differ-
ence observed in cytokine-inducing activity between PLY and
LPS. For example, the production of TNF-a is regulated by
NF-xB and MAPKs during and after transcription. ERK is
involved particularly in the posttranscriptional transport of
TNF-a mRNA from the nucleus to the cytoplasm in response
to LPS (15). Although the exact reason that rPLY induced just
a small amount of TNF-a is not yet clear, it is possible that
TNF-a production was down-regulated posttranscriptionally,
because rPLY clearly induced the gene expression of TNF-a
but hardly activated ERK.

Although both LPS and PLY are TLR4 agonists, the precise
interaction of each ligand with TLR4 seems to be different.
Malley et al. (27) showed that MD2, which associates with
TLR4 and plays a critical role in the eytokine response to LPS,
was not required for PLY-dependent activation of NF-xB.
Furthermore, Srivastava et al. (51) demonstrated that there is
a specific and strong physical interaction between TLR4 and
PLY by using a solid-phase binding assay. It is likely that
cofactors required for LPS sensing via TLR4, such as MD2,
LPS-binding protein, and CD14, are not so important for the
recognition of PLY by TLR4. Sal5-21, which is an anti-TLR4
monoclonal antibody, was reported to bind to the N-terminal
leucine-rich repeat of TLR4 and to act as an agonistic anti-
body. This antibody strongly induced NF-«B activation but
modestly induced TNF-a production in vivo and in vitro (2).
Therefore, it is conceivable that the observed difference in the
activation of the downstream signaling cascade and the overall
difference in the profile of cytokine production may result from
the different interaction between TLR4 and LPS or PLY.
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LPS directly binds to MD2 associated with the extracellular
domain of TLR4 and then induces clustering of TLR4/MD?2,
which leads to the activation of two main signaling pathways
downstream of TLR4, namely, the MyD88&/Toll-IL-1 receptor
(TIR) domain-containing adaptor protein (TIRAP)-depen-
dent pathway and the TIR domain-containing adaptor induc-
ing beta interferon (IFN-B) (TRIFYTRIF-related adaptor
molecule (TRAM)-dependent pathway (46). The MyDSS/TIRAP-
dependent pathway is involved preferentially in the induction
of proinflammatory cytokines, whereas the TRIF/TRAM-de-
pendent pathway is involved in the induction of IFN-§ rather
than proinflammatory cytokines (3). Although it remains un-
clear whether TLR4/MD2 clustering occurs in response to
PLY, our data suggested that MyD88 was required for the
rPLY-induced expression of proinflammatory cytokines. A
finding that rPLY did not induce the expression of IFN-f (data
not shown) implied that PLY may activate the MyD8S/TIRAP-
dependent but not the TRIF/TRAM-dependent pathway via
its binding to TLR4. It has been reported that the integrity of
lipid rafts is essential for the cellular response to LPS and that
TLR4 is recruited to lipid rafts after stimulation with LPS (52).
Do TLR4/MD2 clustering and/or recruitment of TLR4 to lipid
rafts occur upon stimulation with PLY? Are lipid rafts re-
quired for the TLR4-dependent cytokine response to PLY?
Which part of TLR4 interacts with PLY, and does binding
result in some conformational change of TLR4 which leads to
activation of the downstream signals? Although there are a
number of questions to be addressed, a PLY-induced, nonca-
nonical pathway may provide a new insight into the study of
TLR signaling, especially that via TLR4.

An interesting finding of this study is that the caspase-1-
dependent cytokines, IL-1B and IL-18 were strongly induced
by stimulation with rPLY but hardly induced by LPS alone.
Our study confirmed that PLY-induced production of IL-1g
and IL-18 was caspase-1 dependent, and the active form of
caspase-1 was detected in macrophages stimulated with rPLY.
The question of whether TLR4 is involved in the activation of
caspase-1 arose. To clarify this point, we tested the involve-
ment of TLR4 in PLY-induced caspase-1 activation. When
macrophages were stimulated with rPLY at a sublytic concen-
tration (0.1 pg/ml), our result suggested a requirement for
TLR4 in caspase-1 activation, but TLR4 dependency was not
observed when cells were stimulated with rPLY at a lytic con-
centration (1 pg/ml) (data not shown). Our assumption is that
both TLR4-dependent and -independent pathways might be
involved in PLY-induced activation of caspase-1 and that
TLR4 might potentiate the activation of caspase-1. The de-
crease in intracellular K™ level induced by danger signals and
toxins, such as ATP and nigericin, results in the enhancement
of caspase-1 activation (44). Furthermore, a cytolytic concen-
tration of PLY caused a K* efflux without inhibiting the activ-
ity of Na*,K*-ATPase (11). It is therefore possible that a
PLY-formed pore may mediate K" efflux and consequently
maodulate the caspase-1 processing pathway. However, the abil-
ity of rPLY to induce the production of IL-1B and IL-18 was
not affected, even when its pore-forming activity was blocked
by cholesterol pretreatment. Moreover, rPLY-induced activa-
tion of caspase-1 was not abolished by cholesterol pretreat-
ment. Because cholesterol pretreatment completely blocked
the cytolytic activity of 0.1 pg/ml rPLY and this concentration
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of cholesterol-treated rPLY clearly induced caspase-1 activa-
tion and the production of caspase-1-dependent cytokines,
pore formation does not appear to be essential for the induc-
tion of caspase-1 activation by PLY. Nonetheless, we cannot
completely rule out the possibilities that pore-forming activity
of rPLY might remain at a level under the detection limit of
the lactate dehydrogenase release assay, even after cholesterol
treatment, and that the level of pore formation might be suf-
ficient to mediate K* efflux that can induce caspase-1 activa-
tion. In a future study, we plan to clarify whether the PLY-
formed pore is essentially involved in the activation of
caspase-1 by using a truncated rPLY that completely lacks
cytolytic activity. Indeed, a noncytolytic mutant of PLY has
been reported to retain its ability to activate TLR4 signaling
and to induce IL-6, TNF-a, and IFN-y (5, 27), and therefore
such a mutant protein would be useful for this line of investi-
gation. PLY is a multifunctional protein and its mechanisms
for cytolysis have been investigated, but how this cytolysin
induces caspase-1 activation remains to be clarificd.

Both IL-1 and 1L-18 have been reported to play a key role in
infections caused by S. pneumoniae. Zwijnenburg et al. (55)
demonstrated that endogenous IL-1 is essential for an ade-
quate host defense in pneumococcal meningitis, as reflected by
impaired bacterial clearance and reduced survival of IL-1 re-
ceptor-deficient (IL-1R /") mice. Similarly, in a murine pneu-
mococcal pneumonia model, IL-IR "/~ mice showed an im-
paired early host defense (45). Studies have also shown that
IL-18 has a protective role in the early immune response in a
murine pneumococcal pneumonia model by promoting bacte-
rial clearance from the lung and delaying the progression to a
systemic infection (26), although the contribution of an inflam-
matory response to the detrimental effect was also reported for
a meningitis model (56). In the present study, PLY was iden-
tified as an essential factor that contributes to IL-la, IL-1B,
and IL-18 production in response to S. pneumoniae.

It is therefore possible that PLY-dependent caspase-1 acti-
vation and subsequent production of IL-18 and IL-18 protect
the host against pneumococcal infection. The present finding
that IL-18 production induced by S. pneumoniae was depen-
dent on TLR4 may account for the increased susceptibility to
S. pneumoniae of mice that lack functional TLR4 (27). A
previous report demonstrated that the interaction between
PLY and TLR4 resulted in the induction of caspase-dependent
host cell apoptosis in mice infected with 5. pneumoniae (51),
although several reports demonstrated that apoptosis-like cell
death induced by S. pneumoniae or PLY in various types of
cells is independent of caspases (6, 10, 12). In that report (51),
it appeared that . pneumoniae-induced apoptosis contributed
to the host defense, because administration of the broad-spec-
trum caspase inhibitor z-VAD-fmk to mice increased the mor-
tality rate after pneumococcal colonization in the nasopharynx.
Because PLY-induced IL-18 production was also inhibited by
2-VAD-fmk in our study, IL-18 production in addition to apop-
tosis may participate in the host defense mechanism induced
by the TLR4-PLY interaction.

IL-1 and IL-18 are proinflammatory cytokines that can in-
duce inflammatory reactions and are involved in the develop-
ment of systemic and local inflammatory illnesses, including
arthritis, asthma, sepsis, pneumonia, and meningitis caused by
various agents (13, 30, 38, 42, 56). From our finding that PLY,
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which is a toxin highly associated with the pathogenicity of S.
pneumoniae, plays an essential role in the activation of
caspase-1 and subsequent induction of IL-1 and IL-18 produc-
tion upon §. pneumoniae infection, it is thus suggested that the
PLY-dependent cytokine response comprises part of the
pathophysiological mechanism, in addition to cytolytic activity
and other functions of the cytolysin as a virulence factor, In-
deed, the absence of IL-1R or IL-18 affected the histopathol-
ogy of the lungs and brains in murine models of S. pneumoniae
infection (26, 55). Analysis of infection models using mice
deficient for caspase-1 or both IL-1R and [L-18 would eluci-
date the significance of PLY-dependent cytokines in the as-
pects of host defense and disease progression. For better con-
trol of the diseases caused by S. pnewmoniae infection, more
detailed investigations into the virulence of this pathogen, host
defense mechanisms, and their influences on pathophysiology
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Dependency of Caspase-1 Activation Induced in Macrophages
by Listeria monocytogenes on Cytolysin, Listeriolysin O, after
Evasion from Phagosome into the Cytoplasm®

Hideki Hara, Kohsuke Tsuchiya, Takamasa Nomura, Ikuo Kawamura, Shereen Shoma,
and Masao Mitsuyama®

Listeriolysin O (LLO), an hly-encoded cytolysin from Listeria monocytogenes, plays an essential role in the entry of this pathogen
into the macrophage cytoplasm and is also a key factor in inducing the production of IFN-y during the innate immune stage of
infection. In this study, we examined the involvement of LLO in macrophage production of the IFN-y-inducing cytokines IL-12
and IL-18, Significant levels of IL-12 and IL-18 were produced by macrophages upon infection with wild-type L. monocytogenes,
whereas an LLO-deficient mutant (the L. monocytogenes Ahly) lacked the ability to induce IL-18 production. Complementation
of Ahly with hly completely restored the ability. However, when Ahly was complemented with ilo encoding ivanolysin O (ILO), a
cytolysin highly homologous with LLO, such a restoration was not observed, although [LO-expressing L. monocytogenes invaded
and multiplied in the macrophage cytoplasm similarly as LLO-expressing L. monocyfogenes. Induction of IL-18 was diminished
when pretreated with a caspase-1 inhibitor or in macrophages from caspase-1-deficient mice, suggesting the activation of caspase-1
as a key event resulting in IL-18 production, Activation of caspase-1 was induced in macrophages infected with LLO-expressing
L. monocytogenes but not in those with Ahly. A complete restoration of such an activity could not be observed even after
complementation with the ILO gene. These results show that the LLO molecule is involved in the activation of caspase-1, which
is essential for IL-18 production in infected macrophages, and suggest that some sequence unique to LLO is indispensable for some

signaling event resulting in the caspase-1 activation induced by L. monocytogenes.

7859 -7868.

isteria monocytogenes (LM)” is a Gram-positive faculta-
L tive intracellular bacterium that often causes life-threaten-

ing infections in immunocompromised hosts, including
newborns and elderly people (1-4). The pathogenicity of LM can
be attributed to the invasion and sub intracellular parasit-
ism in a variety of host cells such as hepatocytes, fibroblasts, and
epithelial cells, Professional phagocytes, such as macrophages, are
also the major target cells of LM because the pathogen can survive
and grow inside macrophages, even once being trapped in phago-
somes after phagocytosis. Virulence factors encoded in Listeria
pathogenicity island | are required for the evasion of intracellular
bactericidal mechanisms by LM. Among the group of virulence
factors, listeriolysin O (LLO), 2 56-kDa cytolysin encoded by hly,
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is the most important virulence determinant and plays an essential
role in bacterial escape from the phagosome into the cytoplasm
where the pathogen multiplies efficiently (5-7).

In mice infected with LM, innate immune cells such as macro-
phages and dendritic cells are activated to release proinflammatory
cytokines, including TNF-a, IL-1, and [L-6. In addition to these
proinflammatory cytokines, [L-12 and IL-18, which are [FN-y-
inducing cytokines, are also released from innate immune cells and
subsequently induce the production of IFN-y from NK cells and
NK dendritic cells (8, 9). Such an initial [FN-v response is not only
essential for the host defense against primary LM infection but is
also important for the establishment of T cell-mediated acquired
immunity, which is required for the protection of the host against
secondary challenge with LM (10, 11).

In contrast to the established role of IFN-y for the host defense,
the mechanism of IFN-y induction in the initial stage of infection
with LM has been clucidated only partially. On the basis of the fact
that an infection with the LM strain lacking LLO, which is inca-
pable of escape into the cytosol and intracellular multiplication,
never induces a significant level of IFN-y response (12, 13), LLO
seems to play a critical role in the induction of IFN-y. Regarding
the contribution of LLO to the induction of [FN-y response, there
may be several possibilities. One possibility is that LLO serves just
as cytolytic protein and simply enables the bacteria to escape from
the phagosomal compartment. Then the recognition of the bacterial
ligand(s) by some cytoplasmic pattern recognition receptor in the
macrophage cytoplasm, for example, the Nod-like receptor (NLR),
may result in the activation of the signaling pathway required for
the induction of IFN-y-inducing cytokines. Another possibility is
the direct stimulation of the signaling cascade by LLO itself as an
essential ligand afier serving as the protein toxin necessary for
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evasion into the cytoplasm. As LLO is known to modulate various
cellular responses (14), it is likely that the LLO molecule itself
may induce or enhance the production of IFN-y by activating mac-
rophages as a bacterial modulin.

Listeria ivanovii (L) is an animal pathogen and carries a gene
cluster that is highly analogous to the Listeria pathogenicity island
1 of LM (15). LI produces ivanolysin O (ILO) encoded by ilo, a
cytolysin that shows ~80% homology with LLO in amino acid
sequence (16). Although LI is capable of evasion into and multi-
plication inside the macrophage cytoplasm like LM, IFN-y re-
sponses afier infection with LI in vitro and in vivo were very low
as compared with those induced by LM (17). It is therefore un-
likely that only the bacterial entry into the macrophage cytoplasm
is sufficient for the induction of IFN-y production. The comparison
between LM and LI may not be the best tool to test the second
possibility mentioned above as these two species are not isogenic
although they belong to the same genus Listeria, and there may be
some critical difference in the ligands other than the difference
between LLO and ILO. To overcome this problem, i ic LM

LLO-DEPENDENT CASPASE-1 ACTIVATION IN MACROPHAGES

method and the similarity in the expression level of each cytolysin was
shown in a previous study (11). Bacteria were grown overnight in brain-
heart infusion broth (EIKEN Chemical) at 37°C with shaking. One volume
waomlﬂmlmmwmmlmwmdmww
infusion medium and cultured further for 5 h. B | cells were

pended in PBS d with 10% glycerol, and stored in aliquots
at ~80°C. The conc of b was ined by plating 10-fold
serially diluted suspensions on a tryplic soy agar (EIKEN Chemical) plate
and counting the number of colonies afier cultivation for 24 h.

Cells

Peritoneal exudate cells (PECs) of mice were obtained 3 days after an ip.
injection of 2 ml of thioglycolate medium (EIKEN Chemical). After wash-
ing with RPMI 1640, PECs were incubated on culture plates at 37°C for3 h
in culture medium that consisted of RPMI 1640 with 10%
FCS. After incubation, urceuswmmﬂndmmRMIwmd-ﬂw
ent PECs were used for infection study. Bone cells were obtai
from tibiae of mice and then cultured in RPMI 1640 supplemented with
10% FCS, gentamicin (10 pg/ml; Wako Pure Chemical Industries), and
recombinant mouse M-CSF (100 ng/ml; R&D Systems) for 5 dnyn. After
washing with RPMI 1640, adt bone denived

were collecied. The cells were plated at 1.5 % 10° cells/well in 96-well

L 3

mutants producing LLO or [LO were constructed by gene comple-
mentation of an LLO-deficient LM mutant with hly and ilo. In our
previous study using these isogenic mutants, we examined whether
the initial [FN-+y response is due simply to the entry of LM into the
macrophage cytoplasm or whether the presence of LLO itself is
required. It was found that LLO-producing LM, but not ILO-pro-
ducing LM, strongly induced the production of IFN-y on LM in-
fection in vitro and in vivo (11). The results clearly indicated that
the LLO molecule is involved by itself in the induction of host
IFN- response and not by enabling bacterial cells to be delivered
into the macrophage cytoplasm.

IFN-y production in the host as an innate immune response to
LM is highly dependent on the release of two major [FN-y-induc-
ing cytokines, IL-12 and IL-18 (18). In contrast to IL-12 produc-
uon, which never requires further processing, the release of IL-18
as an active form definitely requires a cleavage of pro-IL-18 by
caspase-1 (19). Recent reports have shown that caspase-1 activa-
tion is induced efficiently only by LM, which is capable of escap-
ing from the phagosome, but not by the LLO mutant incapable of
evasion into the cytosol (20, 21). In a study that emphasized the
importance of intracellular parasitism for caspase-1 activation, the
cytosolic flagellin of Salmonella appeared to be responsible for
caspase-1 activation, but no particular component of Listeria was
identified (22). These findings raised a possibility that LLO itself
1somnfﬁtcandldmufm|]mhmmnlmbcu]empomblefot
caspase-1 activation.

In this study, we have examined the molecular basis for the
induction of IL-12 and IL-18 in macrophages stimulated with LM
by using isogenic mutants that differ only in the cytolytic protein,
with special reference to the induction of cytokine gene expression
and caspase-1 activation.

Materials and Methods

Mice

Female mice of CS7TBL/6 (normal, TLR4 knockout) strains were purchased

from Japan SLC. Caspase-1 knockout C57BL/6 mice were provided by H.

Tsutsui (Hyogo Medical College, Hyogo, Japan). Mice were maintained in

mkpﬂhﬂgﬂnﬁeﬂuﬁ:hﬂumﬂmﬁl?@ukdm All the ex-
perfi d on mice were approved by the Animal

EﬂmmdkﬂmthCnnmm:onydnUmmnyﬁndudeuﬂuf

Medicine, Kyoto, Japan.

Bacterial strains and growth conditions

The parental wild-type LM strain used in this study was L. monocytogenes
EGD (serovar 1/2a). Three isogenic mutants, Ahly, Ahly:hly, uldM.‘y‘Ho.
were constructed from wild-type LM using the h recombi

orat2 x [U’ulhl\nllw&wdlmnphnfu’dmuf
or active i The cells were infected with
hrmlnmhphcnyofmfeuim(mm]ofl for 30 min at 37°C.

Immunofluorescence analysis of bacterial escape

Adherent PECs were seeded into a 24-well plate at 5 % 10° cells/well and
then infected with bacteria at a MOI of | for 30 min at 37°C. Cells were
washed three times and cultured for 3 h at 37°C in the presence of 10 pg/ml
gentamicin, Albrmul!\nlhinp the cells were fixed by 3% parafor-

Idehyd d ‘-‘-'ul‘Cmthabloctingsohuimltmls
PBSM&HLR;EMBIO:WOD:(‘ i) and 0.1% saponin (N i),
F-actin formation was visualized by the staining of infected cells with
Alexa Fluor 488-phalloidin (Invitrogen), and the bacterial cell was stained
byuwmemwnhnhhtm-ﬂmm polyclonal Ab (ViroStat) in blocking
for 1 h in a dark room and then with Alexa
F!Iwrm-mh rabmlgGAhﬂnuuogm)ummw{urlhmn
dark room. Cells were i pe for actin
cloud or actin tail formation.

Neutralization of cytokines

Neutralization of cytokines in culture was done as reported previously (23,
24). The neutralizing Ab specific for IL-12 (goat, polyclonal) and that for
IL-18 (rat, clone 93-10C) were purchased from R&D Systems and Medical
& Biological Laboratories, respectively. As control Abs, normal rat IgG
(ICN Biomedicals) and normal goat IgG (R&D Systems) were used. Afier
infection with bacteria for 0.5 h, Abs were added to cell culture medium at
5 ug/ml.

ELISA

Levels of cytokines in Uultur: were determined by two-site
dwich ELISA as reported previously (11, 25). Briefly, bacteria were
added to the cell cultures and incubated at 37°C for 30 min. The infected
celis were cultured for an additional 24 h in the presence of 10 ug/ml
gentamicin. Culture supernatants were then collected and stored at —80°C
until the cytokine measurement. The ELISA kit for TNF-a was purchased
from eBiosciences. For the titration of other cytokines, pairs of biotin.
Iabeled and unlabeled mAbs specific to IL-18 (Medical & Biological Lab-
oratories), [L-12p70 (Endogen), and IFN-y (Endogen) were used.

Quantitative real-time RT-PCR

Total cellular RNA was extracted using NucleoSpin RNA 11 (Macherey-
Nagel), ding to the f r's instructions. The collected RNA
(0.2 pg) was treated with RNase-free DNase (Promega) to eliminate con-
taminating DNA before being subjected to reverse transcription using ran-
dom primers (Invitrogen) and ReverTra Ace (TOYOBO). Quantitative re-
al-time RT-PCR was performed on ABI PRISM 7000 (Applied
Biosystems) using Platinum SYBR Green gPCR SuperMix-UDG (Invitro-
gen). mmmmmmmmummmmm
following mouse primer sequences were designed using Applied Biosys-
tems Primer software: mfa, 5'-ATGCTGGGACAGTGACCT
GG-3' (forward) and 5'-CCTTGATGGTGGTGCATGAG-3' (reverse); il-
JZP‘OS GGATGGAAGAGTCCCCCAAA-3 (forward)and 5 -CTGGAA

AAGCCAACCAAGC-3' (reverse), il-18, 5'-GAAAGCCGCCTCAAAC
CTI'C 3’ (forward) and $'-CATTGTTCCTGGGCCAAGAG-3' (reverse);




The Journal of Immunology

7861

=

Ahly::hly
Ahdyzilo
F-amn positive {%]
B c -
° 14 s
12 |
- =10
E ¢ %,
8
FIGURE 1. LLO- and ILO-expressing LM similarly é 3 é 3
escape from phagosomes but differently induce [FN-y 2
and IL-18. Whole PECs (B and C), adherent PECs (A 0 8
and D-F), or bone marrow-derived macrophages (G) Infcllon =~ -+ * % ¥ * ¥
were infected with cach LM strain. A, Cells were cul- & & aﬁ?}p Anibody - - f @ ST
tured for an additional 3 h in the presence of gentamicin, & & F fjﬁ
then bacteria and F-actin were stained and 300 bacteria *
were counted. The percentage of bacteria positive for
associating F-actin was calculated for each strin. The [ |y E. 2

filled bars represent the mean of three independent wells
and the error bars indicate the SD. B-G, Cells were 8
cultured for an additional 24 h in the presence (C) or
absence (B, D-G) of each neutralizing Ab, and the
amounts of each cytokine were then determined by

TNF-a (ng/ml)

ELISA. Data represent the mean of triplicate assays and
SD. Similar results were obtained in three ind
experiments. ¢, p < 0.01. WT, Wild type.

500

300
200

IL-18 (pg/ml)

caspase-1, 5'-GCCCACTGCTGATAGGGTGA-3' (forward) and 5'-CCC
GGGAAGAGGTAGAAACG-3 (reverse), and B-actin, 5'-GCCCTGAGG
CTCTTTTCCAG-3" (forward) and 5'-TGCCACAGGATTCCATAC
CC-3' (reverse). Gene-specific transcript levels were normalized to the
amount of B-actin mRNA.

Inhibition of caspase-1

A caspase-1-specific inhibitor, N-benzyloxycarbonyl-Tyr-Val-Ala-Asp-
fluoromethyl ketone (z-YVAD-fmk), was purchased from R&D Systems.
After infection with bacteria for 30 min, this inhibitor dissolved in DMSO
was added to cell culture medium at several concentrations. For the control
wells, DMSO without inhibitor was added.

Detection of caspase-1

The cells were cultured for several hours at 37°C with gentamicin after
infection, with each LM strain at a MOI of 1 for 30 min. After cultivation,
supernatants were collected, and cells were lysed in the buffer containing

6
. "
p 2
0 0

& PP

ugéwﬁﬁ

IL-12p70 (pg/ml)

Q

IL-18 (pg/ml)

cs 888383832

Jas*,ﬁiaﬁ:ﬁﬁ“

1% Nonidet P-40 supplemented with | pg/ml leupeptin, 1 pg/mi pey
A, 1.5 pg/ml aprotinin, and 2 mM DTT. Six milliliters of culture super-
natants were precipitated with 7 pg of rabbit polyclonal Ab for mouse
caspase-1 pl0 (Santa Cruz Biotechnology) in the presence of protein G-
Sepharose (GE Healthcars). The cell lysates and precipitates were sub-
jected to SDS-PAGE and subsequently transferred to polyvinylidene di-
I'Iunndc membranes by electroblotting. The membranes were
blotted with anti | Ab or anti-B-actin Ab (Sigma-Aldrich).

Detection of lactate dehydrogenase (LDH) release

Culture supernatants were collected, centrifuged, and transferred to new
tubes. LDH activity was measured using an LDH cytotoxicity detection kit
(TaKaRa BIO). The percentage of LDH release was calculated by using the
following formula: perceniage of release = 100 X (experimental LDH
release — spontaneous LDH release)/(maximal LDH release — spontane-
ous LDH release). To determine the maximal LDH release, cells were
treated with 1% Triton X-100.
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FIGURE 2. Expression of mRNA for various cytokines afier infection with LM strains. Adherent PECs were infected with each LM strain. The cells were

cultured for an additi

15 hin the p

of gentamicin. Total RNA was extracted and subjected to quantitative real-time RT-PCR for detection of mRNA for

TNF-q, [L-12p40, and [L-18. Data represent the mean of triplicate assays and SD. N. D., Not detected; WT, wild type.

Immunofluorescence analysis

Adherent PECs seeded in 24-well microplates at 5 X 10° cells/well were
infected with bacteria at a MOI of 1. After cultivation for 21 h, the cells
were washed three times with PBS and then fixed in 4% paraformaldehyde.
Fragmenied DNA was labeled by the TUNEL method using MEBSTAIN
Apoptosis Kit Direct (Medical & Biological Laboratories) according to the
manufacturer’s instructions. Total nucleus was visualized by 4',6-dia-
midino-2-phenylindole staining (Dojindo). B 1 cells were stained by
using rabbit anti-Listeria polyclonal Ab (VivoStat) and Alexa Fluor 594.
labeled anti-rabbit Ig G Ab (Invitrogen), The cells were examined under a
fluorescent microscope, and cells positive for each fluorescence were
enumerated.

Construction of Ahly::ilo strains expressing full length,
truncated, or mutant LLO

An expression vector was constructed by ligation of the prfA and hly pro-
moter region into the multiple cloning sites of pAT28, which contains a
spectinomycin resistance gene, with Ligation High (Toyobo), and then

gene fragments of hly full length, hiy Trp 72— Ala*"? (W492A), hly do-
mnli.mddumdwmhguod of hly p The
following primer sequences were used: prfA, 5' 4:GATGAGC1‘CTT AATT
TAATTTTCCCAAGTAGCAG-3' (forward) and 5'-ACGCCCCGGGAT
GAACGCTCAAGCAGAAG-3' (reverse); Aly promoter, 5'-CGATCCCGG
GAATGGCCCCCTCCTTTGAT-3' (forward) and 5'-CGCGGTACCGAT
ATCCTTTGCTTCAGTTTG-3' (reverse); hly, 5'-CGATTGCGCATCTGC
ATTCAATAAAG-' (forward); hly d4, 5'-CGATCCCGGGAAAATTAA
CATCGATCACTC-3' (forward); hly W4924, 5" -TTGGGAATGGGCGAG
AACGGTAA-Y (forward); hly, 5'-GCTCTAGATTATTCGATTGGATTA
TCTAC-3' (reverse); hly d1-3, 5'-CGTCTAGATTATGTATAAGCTTT
TGAAG-3' (reverse). The primers for prfA were designed 1o generate
restriction sites for Sacl and Smal. The primers for hly promoter were
designed to generate restriction sites for Smal and Kpnl/EcoRV. The F-
primers for hly and hiy d4 were designed to generate restriction sites for
Fspl and Smal, respectively. The reverse primers for Aly and hly d/-3 were
designed to generate restriction sites for Xbal. The resulting plasmid was
introduced into the competent cells of Ahly:ilo by electroporation. Trans-
formants were selected on brain-heant infusion agar plates supplemented
with spectinomycin (250 pg/ml; Nacalai Tesque). The expression of each
LLO molecule produced by transformed Ahly::ilo strains was confirmed by
Western blotting using anti-LLO Ab, although the Ab showed a weak level
of cross-reactivity to ILO. The similarity in the levels of ILO production by
these ILO-producing strains carrying the phsmld harboring the Aly frag-
ment was confirmed by Western blotting us.mg anti-ILO Ab. Thm poly-
clonal Abs for LLO or ILO were prep hyn;r- ion of a
normal white rabbit with recombi LLO or recc ILO Isified
in Freund's complete adjuvant.

Staristical analysis

For comparisons between two groups, Student’s ¢ lest was used when the
variances of the groups were judged 10 be equal by F test. Multigroup
comparisons of mean values were made according to the ANOVA and the
Fisher's protected least significant difference post hoc test afier the con-
firmation of homogeneity of variances among the groups by using Bar-
tlett's test. Statistical significance was determined as p < 0,05,

Results
IL-12- and IL-18-dependent IFN-y production induced by LM
expressing LLO

In the in vitro infection of macrophages prepared from C57BL/6
mice, two Ahly strains complemented with Aly or ilo exhibited a
similar level of ability to escape from the phagosome of macro-
phages (Fig. 14). An essential requirement for LLO in the induc-
tion of IFN-y by LM was confirmed by using whole PECs from
C57BL/6 mice, the cell population containing IFN-y-producing
cells such as NK cells (Fig. 1B). The IFN-y-inducing ability of
wild-type LM that was abolished by the deletion of hly could be
restored when Ahly was complemented with Aly but not ilo. These
findings were consistent with our previous report in which PECs
from C3H/HeN mice were used (11). In the culture system used in
this study, both [L-12 and [L-18 were shown to be important for
IFN-7y production induced by LLO-expressing LM, as neutralizing
Abs against these two cytokines significantly inhibited the IFN-y
response (Fig. 1C).

Gene expression and production of IL-12 and IL-18 in response
to LM strains

For the assessment of IL-12 and IL-18 production in response 1o
each LM strain, we used culture supernatants of adherent perito-
neal macrophages to rule out the possible influences of the prod-
ucts from other nonadherent cells like IFN-y. A similar level of
production of IL-12p70 was observed in all groups of macro-
phages infected with any of the LM strains used, indicating that
induction of IL-12 is not dependent on the escape of bacteria from
phagosome and a sort of cytolysin. Another caspase-independent
cytokine, TNF-a, was also produced even by macrophages stim-
ulated with Ahly and incapable of evasion into the cytosol (Fig. 1,
D and E). By contrast, the pattern of [L-18 induction by LM strains
was quite similar to that of IFN-y (11). The IL-18-inducing ability
of wild-type LM was lost completely by deletion of hly (Ahly) but
was successfully restored by complementation with hly
(Ahly::hly). Interestingly, such a significant level of restoration
was not observed when Ahly was complemented with ilo
(Ahly::ilo) (Fig. 1F). The critical difference in the ability to induce
IL-18 production between Ahly:hly and Ahly:ilo was observed
also in bone marrow-derived macrophages (Fig. 1G). These data
indicate that LLO plays an important role in the induction of IL-18
in infection with LM and that the IL-18 response is dependent not
on extraphagosomal evasion mediated by either LLO or ILO, but
on the LLO molecule itself.

IL-18 is first synthesized as pro-IL-18, then processed to mature
form and secreted from cells in response to appropriate stimuli. To
clarify which stage of IL-18 production is stimulated by LLO, we




