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Klebsiella pneumoniae (strain 43816, K2 serotype) induces interleukin-1� (IL-1�) secretion, but neither the bacterial factor trig-
gering the activation of these inflammasome-dependent responses nor whether they are mediated by NLRP3 or NLRC4 is
known. In this study, we identified a capsular polysaccharide (K1-CPS) in K. pneumoniae (NTUH-K2044, K1 serotype), isolated
from a primary pyogenic liver abscess (PLA K. pneumoniae), as the Klebsiella factor that induces IL-1� secretion in an NLRP3-,
ASC-, and caspase-1-dependent manner in macrophages. K1-CPS induced NLRP3 inflammasome activation through reactive
oxygen species (ROS) generation, mitogen-activated protein kinase phosphorylation, and NF-�B activation. Inhibition of both
the mitochondrial membrane permeability transition and mitochondrial ROS generation inhibited K1-CPS-mediated NLRP3
inflammasome activation. Furthermore, IL-1� secretion in macrophages infected with PLA K. pneumoniae was shown to de-
pend on NLRP3 but also on NLRC4 and TLR4. In macrophages infected with a K1-CPS deficiency mutant, an lipopolysaccharide
(LPS) deficiency mutant, or K1-CPS and LPS double mutants, IL-1� secretion levels were lower than those in cells infected with
wild-type PLA K. pneumoniae. Our findings indicate that K1-CPS is one of the Klebsiella factors of PLA K. pneumoniae that in-
duce IL-1� secretion through the NLRP3 inflammasome.

Klebsiella pneumoniae is among the most common Gram-neg-
ative bacteria infecting immunocompromised individuals

and is a leading cause of community-acquired and nosocomial
infections worldwide (1). In Taiwan, South Korea, North Amer-
ica, and Europe, K. pneumoniae also causes a newly described
invasive disease, primary pyogenic liver abscess (PLA), in patients
with diabetes mellitus in the absence of biliary tract diseases or
other intra-abdominal infections (1, 2). Sixty to 80% of the K.
pneumonia isolates causing PLA belonged to the K1 serotype in
Asia (3). The major bacterial surface components that are essential
for the virulence of K. pneumoniae are capsular polysaccharide
(CPS) and lipopolysaccharide (LPS) (4–6). In a previous study, we
demonstrated that CPS of the PLA-causing K. pneumoniae K1
serotype (K1-CPS) induces tumor necrosis factor alpha (TNF-�)
and interleukin-6 (IL-6) secretion by macrophages through the
toll-like receptor 4 (TLR4), and that these effects are lost when
pyruvation and O-acetylation of K1-CPS are chemically destroyed
(7). However, the regulation of the diverse inflammatory re-
sponses elicited by K1-CPS is unclear.

The proinflammatory cytokine IL-1� is mainly secreted by ac-
tivated macrophages (8). Unlike other cytokines, the secretion of
mature IL-1� is controlled by caspase-1-containing multiprotein
complexes called inflammasomes, which include NLRP1, NLRP3,
NLRC4, and AIM2 (9–11). The best-characterized inflammasome
is NLRP3, which controls caspase-1 activity and IL-1� secretion in
the innate immune system (12, 13). A role for the NLRP3 inflam-
masome in pathogenic infections (14–16) and metabolic diseases
(17–21) has been demonstrated. In addition, increasing evidence
has shown that NLRP3 inflammasome has an important function
in host responses to fungal, bacterial, and viral infections (22).

The mechanism of IL-1� activation by K. pneumoniae (strain
43816, K2 serotype) is unclear and was shown to involve NLRP3 in

one study and NLRC4 in another. In the first study, IL-1� levels in
serum and bronchoalveolar lavage fluid were lower in K. pneu-
moniae-infected NLRP3-deficient mice than in wild-type mice
(23). In the second study, an important role for NLRC4 in host
defenses against K. pneumoniae infection was demonstrated, as
both IL-1� levels and caspase-1 activation in lung tissue were
lower in NLRC4-deficient mice than in wild-type mice (24).

Despite recent progress in identifying the cellular mechanisms
underlying the diverse host responses to K. pneumoniae infection,
little is known about the Klebsiella factor regulating the inflamma-
tory responses elicited by K. pneumoniae infection. In this study,
we identified a K1-CPS from K. pneumoniae strain NTUH K-2044
(K1 serotype), isolated from a patient with PLA, as one of the
Klebsiella factors that induces IL-1� secretion through the NLRP3
inflammasome.

Received 31 January 2015 Returned for modification 27 March 2015
Accepted 5 June 2015

Accepted manuscript posted online 15 June 2015

Citation Hua K-F, Yang F-L, Chiu H-W, Chou J-C, Dong W-C, Lin C-N, Lin C-Y, Wang
J-T, Li L-H, Chiu H-W, Chiu Y-C, Wu S-H. 2015. Capsular polysaccharide is involved
in NLRP3 inflammasome activation by Klebsiella pneumoniae serotype K1. Infect
Immun 83:3396 –3409. doi:10.1128/IAI.00125-15.

Editor: B. A. McCormick

Address correspondence to Kuo-Feng Hua, kuofenghua@gmail.com, or
Shih-Hsiung Wu, shwu@gate.sinica.edu.tw.

Copyright © 2015, American Society for Microbiology. All Rights Reserved.

doi:10.1128/IAI.00125-15

3396 iai.asm.org September 2015 Volume 83 Number 9Infection and Immunity

http://dx.doi.org/10.1128/IAI.00125-15
http://dx.doi.org/10.1128/IAI.00125-15
http://iai.asm.org


MATERIALS AND METHODS
Materials. Escherichia coli LPS (from E. coli 0111:B4), ATP, the mitogen-
activated protein kinase (MAPK) inhibitors PD98059, SP600125, and
SB203580, the phosphatidylinositol 3 (PI3)-kinase inhibitor LY294002,
NF-�B inhibitor PDTC, the reactive oxygen species (ROS) scavenger N-
acetylcysteine (NAC), the general flavoprotein inhibitor diphenylenei-
odonium (DPI), the caspase-1 inhibitor YVAD-CHO, the mitochondrial
ROS inhibitor Mito-TEMPO, the mitochondrial membrane permeability
transition inhibitor cyclosporine, and mouse antibodies against actin
were purchased from Sigma-Aldrich (St. Louis, MO). IL-1� antibody (sc-
7884), NLRP3 antibody (sc-66846), caspase-1 antibody (sc-514), NF-�B
inhibitory peptide sc-3060 (containing noxious liquid substance residues
360 to 369 of NF-�B p50 that inhibits translocation of the NF-�B active
complex into the nucleus), control small-hairpin RNA (shRNA) lentiviral
particles, mouse NLRC4 (mNLRC4) shRNA lentiviral particles, and
mTLR4 shRNA lentiviral particles were purchased from Santa Cruz Bio-
technology (Santa Cruz, CA). Nigericin, glybenclamide, and shRNA plas-
mids for NLRP3 and ASC were purchased from InvivoGen (San Diego,
CA). IL-1� and TNF-� enzyme-linked immunosorbent assay (ELISA)
kits were purchased from R&D Systems (Minneapolis, MN).

Bacterial strains and CPS preparation. The isolation and construc-
tion methods for wild-type PLA K. pneumoniae (strain NTUH K2044;
K1-CPS�/LPS�), the PLA K. pneumoniae magA mutant (K1-CPS defi-
ciency; K1-CPS�/LPS�), the PLA K. pneumoniae wbbO mutant (LPS de-
ficiency; K1-CPS�/LPS�), and the PLA K. pneumoniae magA-wbbO mu-
tants (both K1-CPS and LPS deficiency; K1-CPS�/LPS�) were descripted
in our previous studies (5, 7, 25). K1-CPS isolation and the destruction of
K1-CPS pyruvation and O-acetylation were performed as previously de-
scribed (7). We were concerned about the possibility of LPS contamina-
tion of the K1-CPS sample. To rule out the possibility of LPS contamina-
tion during isolation, we isolated K1-CPS from the PLA K. pneumoniae
wbbO mutant. After isolation, K1-CPS was further purified on a TSK
HW-65F column with elution with H2O and then on an anionic DEAE-
chromatograph in fast protein liquid chromatography with elution at 0 to
2 M NaCl. High-performance size-exclusion chromatography was used
for the final purification, and the lower-molecular-weight incomplete LPS
could be separated from the K1-CPS. In addition, LPS amounts could be
measured by the 2-keto-3-deoxy-D-manno-octonic acid (KDO)-thiobar-
bituric acid method, and we did not observe the KDO signal in the K1-
CPS sample analyzed by nuclear magnetic resonance (data not shown).
Furthermore, we used an alternative sensitive method using gas chroma-
tography and mass analysis (GC-MS) to detect galactose in the polysac-
charide fraction, as K. pneumoniae LPS is rich in galactose. Also, we did
not detect the galactose in the K1-CPS sample (data not shown). K2-CPS
was isolated from theK. pneumoniae (NTUH-A4528, K2 serotype) wbbO
mutant, and the purification procedure was the same as that for K1-CPS
(7). There is also no detectable galactose signal in K2-CPS sample ana-
lyzed by GC-MS, indicating that K2-CPS is LPS free (data not shown).

Cell cultures. The murine macrophage cell line J774A.1 and the hu-
man monocytic leukemia cell line THP-1 were obtained from the Amer-
ican Type Culture Collection (Rockville, MD). NLRP3-, ASC-, NLRC4-,
and TLR4-knockdown J774A.1 macrophages were established by trans-
fecting the cells with specific shRNAs. After transfection, all of the shRNA-
transfected cells were selected and grown in neomycin-containing me-
dium as stable transfecting cell lines. We assumed all the selected cells
contained the shRNA. All cells were propagated in RPMI 1640 medium
(Gibco Laboratories, Grand Island, NY) supplemented with 10% heat-
inactivated fetal calf serum (Biological Industries, Kibbutz Beit Haemek,
Israel) and 2 mM L-glutamine (Life Technologies, Carlsbad, CA) at 37°C
in a 5% CO2 incubator. To induce monocyte-to-macrophage differenti-
ation, THP-1 cells were cultured for 48 h in RPMI 1640 medium supple-
mented with 100 nM phorbol 12-myristate 13-acetate (Sigma-Aldrich).

Cytokine secretion and caspase-1 activation. The cells were incu-
bated for 30 min with or without inhibitor and then for 5.5 h with or
without K1-CPS, K1-CPS-TFA (K1-CPS treated with 0.1 M trifluoro-

acetic acid [TFA] for 1 h at 90°C and then drying), K2-CPS, or E. coil LPS
and then with or without 5 mM ATP or 10 �M nigericin for 0.5 h. Cyto-
kine levels in the culture medium were measured by ELISA and activated
caspase-1 (p10) and procaspase-1 (p45) levels by Western blotting.

IL-18 measurement by Western blotting. Cell-free supernatants were
extracted by the methanol-chloroform precipitation method. Briefly, 300
�l cell-free supernatants were mixed with 300 �l methanol and 125 �l
chloroform. After vortexing, we added 300 �l double-distilled water to
the mixture and incubated it for 10 min on ice. The mixture then was
centrifuged for 10 min at 13,000 rpm at 4°C, and the top layer was re-
moved. We added 500 �l methanol and mixed the solution well, the
mixture was centrifuged for 10 min at 13,000 rpm at 4°C, and the super-
natant was removed. The pellet was dried at 55°C and dissolved in 40 �l
Western blotting sample buffer followed by incubation in boiling water
for 30 min. The sample was further analyzed by Western blotting.

NF-�B reporter assay. J-Blue cells, J774A.1 macrophages stably ex-
pressing the gene for secreted embryonic alkaline phosphatase (SEAP)
inducible by NF-�B, were seeded in a 24-well plate at a density of 2 � 105

cells in 0.5 ml medium and grown overnight in a 5% CO2 incubator at
37°C. They then were pretreated with vehicle or sc-3060 for 30 min, and
then 1 �g/ml of K1-CPS was added and incubation continued for 24 h.
The medium then was harvested, and 20-�l aliquots were mixed with 200
�l of QUANTI-Blue medium (InvivoGen) in 96-well plates and incu-
bated at 37°C for 15 min. SEAP activity then was assessed by measuring
the optical density at 655 nm using an ELISA reader.

NLRP3 and pro-IL-1� expression. For expression of NLRP3 and pro-
IL-1�, the cells were incubated for 30 min with or without inhibitor and
then for 6 h with or without K1-CPS, K1-CPS-TFA, K2-CPS, or E. coil
LPS, after which cellular NLRP3 and pro-IL-1� levels were measured by
Western blotting.

ROS detection. ROS generation was measured by detecting the fluo-
rescence intensity of 2=,7=-dichlorofluorescein, which is the oxidation
product of 2=,7=-dichlorofluorescein diacetate (Molecular Probes, Eu-
gene, OR). Briefly, J774A.1 cells were incubated with or without 10 mM
NAC or 30 nM DPI for 30 min and then with 2 �M 2=,7=-dichlorofluo-
rescein diacetate for 30 min. The cells then were stimulated with 1 �g/ml
K1-CPS for 10 min. The fluorescence intensity of 2=,7=-dichlorofluores-
cein was detected at an excitation wavelength of 485 nm and an emission
wavelength of 530 nm on a microplate absorbance reader (Bio-Rad Lab-
oratories).

Quantitative real-time PCR analysis. RNA from macrophages was
reverse transcribed prior to quantitative PCR analysis using the StepOne
real-time PCR system (Applied Biosystems, Foster City, CA). All gene
expression data are presented as the relative expression normalized to that
of glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The primers
used were the following: mouse TLR4, forward, 3=-CCTGATGACATTC
CTTCT-3=; reverse, 5=-AGCCACCAGATTCTCTAA-3=; mouse NLRC4,
forward, 5=-CAGGTGGTCTGATTGACAGC-3=; reverse, 5=-TAGGCCT
TCGGCTAGGTTTT-3=; GAPDH, forward, 5=-TGAAGGGTGGAGCCA
AAAGG-3=; reverse, 5=-GATGGCATGGACTGTGGTCA-3=.

Bacterial infection. The cells were infected with bacteria at a multi-
plicity of infection of 100. The number of viable bacteria used in each
experiment was determined by plate counting. After incubation of the
infected cells at 37°C in 5% CO2 for 1 h, extracellular bacteria were re-
moved by washing the cells three times with PBS. The cells then were
incubated in medium containing 50 �g/ml kanamycin to eliminate the
residual extracellular bacteria. The culture medium was collected at 24 h
after infection, and the IL-1� concentration in the medium was measured
by ELISA.

Cell death assay. The cells were left uninfected or were infected with
PLA K. pneumoniae for 24 h or incubated with or without K1-CPS for 24
h. Cell death was determined using the alamarBlue assay according to the
manufacturer’s instructions (AbD Serotec, Oxford, United Kingdom).

Cell cycle determination. Aliquots of 5 � 105 cells was fixed in 70%
ethanol on ice for 2 h and centrifuged. The pellet was incubated with
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RNase (200 �g/ml) and propidium iodide (PI) (10 �g/ml) at 37°C for 30
min. DNA content and cell cycle distribution were analyzed using a Bec-
ton Dickinson FACScan Plus flow cytometer. Cytofluorometric analysis
was performed using a CellQuestR (Becton Dickinson, San Jose, CA) on a
minimum of 10,000 cells per sample.

Statistical analysis. All values are reported as the means 	 standard
deviations (SD). The data were analyzed using a one-way analysis of vari-
ance (ANOVA) followed by a Scheffé test.

RESULTS
K1-CPS induces IL-1� secretion through caspase-1. To deter-
mine whether K1-CPS is the Klebsiella factor triggering activation
of the NLRP3 inflammasome, we examined the effects of K1-CPS
purified from the PLA K. pneumoniae wbbO mutant (LPS defi-
ciency; K1-CPS�/LPS�, serotype K1) as reported previously (7).
In mouse J774A.1 macrophages, K1-CPS induced caspase-1 acti-
vation (Fig. 1A) and IL-1� secretion (Fig. 1B) in the presence of
ATP. Both effects were reduced significantly when the O-acetyl
and O-pyruval modifications of K1-CPS were chemically de-
stroyed by TFA. In addition, K1-CPS-induced caspase-1 activa-
tion (Fig. 1C) and IL-1� secretion (Fig. 1D) were inhibited by the
caspase-1 inhibitor YVAD-CHO, suggesting that K1-CPS induces
IL-1� secretion in a caspase-1-dependent manner.

K1-CPS induces IL-1� secretion through the NLRP3 inflam-
masome. To determine whether K1-CPS induces IL-1� secretion
through the NLRP3 inflammasome, the cells were incubated with
glybenclamide, an inhibitor of NLRP3, and then treated with K1-
CPS and ATP. Under these conditions, both caspase-1 activation

(Fig. 2A) and IL-1� secretion (Fig. 2B) were inhibited by glyben-
clamide in a dose-dependent manner, whereas, as expected, gly-
benclamide had no effect on TNF-� expression (Fig. 2C), since the
latter is independent of the NLRP3 inflammasome. The reduction
of NLRP3 and ASC expression by the stable transfection of
J774A.1 macrophages with shRNA plasmids targeting NLRP3 (sh-
NLRP3) and ASC (sh-ASC), respectively, resulted in reductions in
caspase-1 activation (Fig. 2D) and IL-1� secretion (Fig. 2E) in-
duced by K1-CPS and ATP in both sh-NLRP3 cells and sh-ASC
cells. There was no effect on TNF-� secretion (Fig. 2F) or in cells
stably transfected with a control shRNA plasmid. The role of K1-
CPS in NLRP3 inflammasome activation was confirmed in exper-
iments using human THP-1 macrophages, in which in the pres-
ence of ATP or nigericin K1-CPS induced IL-1� (Fig. 3A) and
IL-18 (Fig. 3B) secretion, whereas these effects were inhibited sig-
nificantly by glybenclamide. Furthermore, in these cells, CPS from
the K. pneumoniae K2 serotype (NTUH-A4528 strain) (K2-CPS)
elicited similar phenotypes (Fig. 3A and B) in addition to inducing
IL-1� secretion in mouse J774A.1 macrophages. The latter effect
was inhibited by NLRP3 knockdown (Fig. 3C). Taken together,
these results indicate that K1-CPS induces IL-1� secretion
through the NLRP3 inflammasome.

K1-CPS induces NLRP3 expression through TLR4. NLRP3
induction is a critical checkpoint for the priming step of NLRP3
inflammasome activation (26, 27). To investigate whether K1-
CPS induces the priming signal for the NLRP3 inflammasome,
J774A.1 macrophages were incubated with K1-CPS for 6 h and

FIG 1 K1-CPS induces IL-1� secretion through caspase-1. (A and B) J774A.1 macrophages were incubated for 5.5 h with or without K1-CPS or K1-CPS-TFA
and then for 30 min with or without 5 mM ATP. The levels of activated caspase-1 (p10) in the cells (A) and IL-1� in the culture medium (B) were measured by
Western blotting and ELISA, respectively. (C and D) J774A.1 macrophages were incubated for 30 min with or without the caspase-1 inhibitor YVAD-CHO, for
5.5 h with or without 1 �g/ml of K1-CPS, and then for 30 min with or without 5 mM ATP. The levels of activated caspase-1 (p10) in the cells (C) and IL-1� in
the culture medium (D) were measured by Western blotting and ELISA, respectively. In panels A and C, the results are representative of three separate
experiments. In panels B and D, the data are expressed as the means 	 SD from three separate experiments. ***, P 
 0.001.
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NLRP3 expression then was measured. The results showed an in-
crease in NLRP3 levels that could be reduced significantly when
the O-acetyl and O-pyruval modifications of K1-CPS were chem-
ically destroyed by TFA (Fig. 4A). To rule out the possibility of LPS
contamination in our K1-CPS preparation, we tested the effect of
polymyxin B, an antibiotic used to neutralize LPS activity, on K1-
CPS-induced NLRP3 expression (7). Polymyxin B significantly
inhibited E. coli LPS-induced but not K1-CPS-induced NLRP3
expression (Fig. 4B), confirming that the K1-CPS preparations

used in this study were LPS free. In previous work, we showed that
K1-CPS induces TNF-� and IL-6 secretion partially through
TLR4 (7). Thus, in the present study, we asked whether TLR4 is
also involved in K1-CPS-mediated NLRP3 expression. By treating
the J774A.1 macrophages with CLI-095, a cyclohexene derivative
that specifically suppresses TLR4 signaling (28), we found that
both K1-CPS- and E. coli LPS-induced NLRP3 expression were
inhibited (Fig. 4C). The role of TLR4 in K1-CPS-mediated NLRP3
expression was confirmed, as K1-CPS-induced NLRP3 expression

FIG 2 K1-CPS induces IL-1� secretion through the NLRP3 inflammasome. (A to C) J774A.1 macrophages were incubated for 30 min with or without the NLRP3
inhibitor glybenclamide (Glyb), for 5.5 h with or without 1 �g/ml of K1-CPS, and for 30 min with or without 5 mM ATP. The levels of activated caspase-1 (p10)
in the cells (A), IL-1� in the culture medium (B), and TNF-� in the culture medium (C) were measured by Western blotting and ELISA, respectively. (D to F)
J774A.1 macrophages stably transfected with a control shRNA plasmid (sh-SC), an NLRP3 shRNA plasmid (sh-NLRP3), and an ASC shRNA plasmid (sh-ASC)
were incubated for 5.5 h with or without 1 �g/ml of K1-CPS or LPS and then for 30 min with or without 5 mM ATP. The levels of activated caspase-1 (p10) in
the cells (D), IL-1� in the culture medium (E), and TNF-� in the culture medium (F) were measured by Western blotting and ELISA, respectively. In panels A
and D, the results are representative of three separate experiments. In panels B, C, E, and F, the data are expressed as means 	 SD from three separate experiments.
***, P 
 0.001.
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was significantly lower in cells stably transfected with shRNA plas-
mids targeting TLR4 (sh-TLR4) than in sh-SC cells (Fig. 4D).
These experiments provided evidence that K1-CPS induces the
priming signal of the NLRP3 inflammasome partially through
TLR4.

Effect of MAPK on K1-CPS-induced NLRP3 inflammasome ac-
tivation. NLRP3 inflammasome activation and IL-1� secretion
are affected by both a priming signal from pathogen-associated
molecular patterns (e.g., LPS) and an activation signal from a
second stimulus (e.g., ATP), the former controlling the expression
of NLRP3 and pro-IL-1� and the latter controlling caspase-1 ac-
tivation (10, 13). We previously demonstrated that K1-CPS in-
duces the activation of MAPK, including ERK1/2, JNK1/2, and
p38, in macrophages (7). Here, we showed that K1-CPS induces
phosphorylation of ERK1/2, JNK1/2, and p38, and these effects
were reduced by the specific inhibitors PD98059 (MEK1 inhibi-
tor), SP600125 (JNK1/2 inhibitor), and SB203580 (p38 inhibitor),
respectively (Fig. 5A). To examine whether MAPK is involved in
NLRP3 inflammasome activation in K1-CPS-activated macro-
phages, J774A.1 macrophages were preincubated with the MAPK
inhibitors for 30 min and then stimulated with K1-CPS for 6 h.
Our data showed that ERK1/2 and p38 are required for the expres-
sion of NLRP3 and pro-IL-1�, as PD98059 and SB203580 signif-
icantly reduced the expression of NLRP3 and pro-IL-1� in
K1-CPS-activated macrophages (Fig. 5B). However, ERK1/2 and
p38 are not required for the caspase-1 activation, as PD98059 and
SB203580 did not reduce active caspase-1 (p10) expression in K1-

CPS-plus-ATP-activated macrophages (Fig. 5C). These results in-
dicate that ERK1/2 and p38 control the priming signal of NLRP3
inflammasome (NLRP3 and pro-IL-1� expression) but do not
affect the activation signal of the NLRP3 inflammasome
(caspase-1 activation). These results indicate that PD98059 and
SB203580 reduced IL-1� secretion (Fig. 5D), possibly through
inhibiting pro-IL-1� expression (Fig. 5B). Regarding the role of
JNK1/2 in NLRP3 inflammasome activation, JNK1/2 inhibitor
(SP600125) did not inhibit the expression of NLRP3 and pro-
IL-1� significantly in K1-CPS-activated macrophages (Fig. 5B),
but it significantly inhibited caspase-1 activation (Fig. 5C) and
IL-1� secretion (Fig. 5D) in K1-CPS-ATP-activated macro-
phages. These results indicate that SP60012 reduced IL-1� secre-
tion mainly through inhibiting caspase-1 activation.

Effect of ROS on K1-CPS-induced NLRP3 inflammasome ac-
tivation. ROS has been shown to play an important role in NLRP3
inflammasome activation (27, 29). We found that K1-CPS in-
duced ROS generation in macrophages and that this effect was
inhibited by the ROS scavenger NAC as well as by the general
flavoprotein inhibitor DPI (Fig. 6A). These two inhibitors also
significantly reduced pro-IL-1� expression, but they only slightly
reduced NLRP3 expression in K1-CPS-activated macrophages
(Fig. 6B). These results indicate that the association between ROS
production and NLRP3 expression is weak. In addition, NAC in-
hibited K1-CPS-mediated caspase-1 activation (Fig. 6C) and
IL-1� secretion (Fig. 6D). These results indicate that NAC reduces
IL-1� secretion mainly through inhibiting pro-IL-1� expression

FIG 3 K1-CPS and K2-CPS induce IL-1� and IL-18 secretion through NLRP3 inflammasome in macrophages. (A and B) Human THP-1 macrophages were
incubated for 30 min with or without NLRP3 inhibitor glybenclamide (Glyb), for 5.5 h with or without K1-CPS or K2-CPS, and then for 30 min with or without
ATP or nigericin. The levels of IL-1� (A) and IL-18 (B) in the culture medium were measured by ELISA and Western blotting, respectively. (C) sh-SC and
sh-NLRP3 J774A.1 cells were incubated for 5.5 h with or without K1-CPS or K2-CPS and then for 30 min with or without ATP or nigericin. The levels of IL-1�
in the culture medium were measured by ELISA. In panels A and C, the data are expressed as the means 	 SD from three separate experiments. In panel B, the
results are representative of three separate experiments. ***, P 
 0.001.
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(Fig. 6B) and caspase-1 activation (Fig. 6C) but not through in-
hibiting NLRP3 expression. These results indicate that K1-CPS
mediated NLRP3 inflammasome activation partially through
ROS-associated pathways.

Effect of PI3-kinase and NF-�B on K1-CPS-mediated NLRP3
inflammasome activation. K1-CPS induced activation of NF-�B
is inhibited by LY294002, a PI3-kinase inhibitor (7). In the present
study, both LY294002 and PDTC, an NF-�B inhibitor, prevented
K1-CPS-induced NLRP3 and pro-IL-1� expression (Fig. 7A and
B), suggesting that the PI3-kinase/NF-�B signaling pathway pos-
itively regulates NLRP3 and pro-IL-1� expression in K1-CPS-ac-
tivated macrophages. LY294002 and PDTC also inhibited K1-
CPS-mediated caspase-1 activation (Fig. 7C) and IL-1� secretion
(Fig. 7D), consistent with the essential involvement of PI3-kinase
and NF-�B in K1-CPS-mediated NLRP3 inflammasome activa-
tion. The role of NF-�B in K1-CPS-mediated IL-1� secretion was
confirmed by using a synthetic cell-permeable NF-�B inhibitory
peptide, as this peptide significantly inhibited K1-CPS-mediated
NF-�B activation (Fig. 7E) and IL-1� secretion (Fig. 7F).

Role of mitochondria in K1-CPS-mediated NLRP3 inflam-
masome activation. Inducers of NLRP3 trigger NLRP3 inflam-
masome activation via a mitochondrial membrane permeability
transition and mitochondrial ROS generation (30–33). In exper-
iments using cyclosporine, an inhibitor of the mitochondrial
membrane permeability transition (31), we found that K1-CPS-
induced caspase-1 activation (Fig. 8A) and IL-1� secretion (Fig.
8B), but not TNF-� secretion (Fig. 8C), was inhibited by cyclo-
sporine. K1-CPS-induced caspase-1 activation (Fig. 8D) and
IL-1� secretion (Fig. 8E) also were inhibited by Mito-TEMPO,
an inhibitor of mitochondrial ROS. These results strongly sug-
gest the importance of mitochondrial integrity in K1-CPS-in-
duced NLRP3 inflammasome activation.

K. pneumoniae infection induces IL-1� secretion partially
through the NLRP3 inflammasome. CPS and LPS are important
virulence factors of K. pneumoniae (4–6). To investigate whether
the induction of IL-1� secretion during K. pneumoniae infection
is K1-CPS dependent, we measured the levels of IL-1� in the cul-
ture medium of J774A.1 macrophages infected with wild-type
PLA K. pneumoniae, the PLA K. pneumoniae magA mutant, the
PLA K. pneumoniae wbbO mutant, or the PLA K. pneumoniae
magA-wbbO mutants. While all of these strains induced IL-1�
secretion significantly, the level of secretion induced by the magA
mutant, wbbO mutant, and magA-wbbO mutants was lower than
that induced by wild-type K. pneumoniae (Fig. 9A). However,
IL-1� secretion levels induced by these three mutants were not
significantly different. Thus, both K1-CPS and LPS appear to be
involved in IL-1� secretion during PLA K. pneumoniae infection.
Further evidence that NLRP3 regulated IL-1� secretion in wild-
type PLA K. pneumoniae-infected macrophages was obtained
from NLRP3 knockdown cells, in which IL-1� secretion was re-
duced significantly (Fig. 9B). A previous study showed that
NLRC4 is important for IL-1� induction in K. pneumoniae (strain
43816, K2 serotype)-infected macrophages (24). Consistent with
that report, we found that IL-1� secretion following PLA K. pneu-
moniae infection was lower in NLRC4 knockdown macrophages
than in control macrophages (Fig. 9C). IL-1� secretion induced
by PLA K. pneumoniae infection also was found to depend on
TLR4 expression, as secretion was inhibited completely in TLR4
knockdown cells (Fig. 9D). Infection with K. pneumoniae (strain
43816, K2 serotype) was previously shown to induce cell death in
THP-1 macrophages in an NLRP3-dependent manner (23). How-
ever, according to our results, cell death induced by PLA K. pneu-
moniae infection was independent of NLRP3, as there was no
change in cell death in NLRP3 knockdown cells versus control

FIG 4 K1-CPS induces NLRP3 expression through TLR4. (A) J774A.1 macrophages were incubated for 6 h with or without K1-CPS or K1-CPS-TFA. The levels
of NLRP3 in the cells were measured by Western blotting. (B) J774A.1 macrophages were incubated for 30 min with or without polymyxin B (PMB) and then for
6 h with or without K1-CPS or LPS. The levels of NLRP3 in the cells were measured by Western blotting. (C) J774A.1 macrophages were incubated for 30 min
with or without TLR4 inhibitor CLI-095 and then for 6 h with or without K1-CPS or LPS. The levels of NLRP3 in the cells were measured by Western blotting.
(D) sh-SC and sh-TLR4 J774A.1 cells were incubated for 6 h with or without K1-CPS or LPS. The levels of NLRP3 in the cells were measured by Western blotting.
TLR4 mRNA expression in the knockdown cells is also shown (right). The results are representative of three separate experiments.
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cells (Fig. 9E). Interestingly, cell death in NLRC4 knockdown cells
was higher than that in control cells after PLA K. pneumoniae
infection (Fig. 9F). The effects of NLRP3 and NLRC4 on cell death
induced by PLA K. pneumoniae infection were confirmed by cell
cycle analysis using PI staining (Fig. 9G). In addition, cell death
induced by PLA K. pneumoniae infection was independent of K1-

CPS and LPS, as there was no significant difference in the levels of
cell death after wild-type, magA mutant, wbbo mutant, and magA-
wbbO mutant PLA K. pneumoniae infection (Fig. 9H). Further-
more, K1-CPS per se had no effect on cell viability (Fig. 9I). Taken
together, these results clearly show that K1-CPS is not involved in
the cell death induced by K. pneumoniae infection.

FIG 5 Effect of MAPK on K1-CPS-induced NLRP3 inflammasome activation. (A) J774A.1 macrophages were incubated for 30 min with or without MAPK
inhibitors PD, SB, and SP and then for 15 min with or without K1-CPS. The phosphorylation levels of MAPK in the cells were measured by Western blotting. (B)
J774A.1 macrophages were incubated for 30 min with or without MAPK inhibitors PD, SB, and SP and then for 6 h with or without K1-CPS. The levels of NLRP3
and pro-IL-1� in the cells were measured by Western blotting. (C and D) J774A.1 macrophages were incubated for 30 min with or without PD, SB, and SP, for
5.5 h with or without 1 �g/ml of K1-CPS, and then for 30 min with or without 5 mM ATP. The levels of activated caspase-1 (p10) in the cells (C) and IL-1� in
the culture medium (D) were measured by Western blotting and ELISA, respectively. In panels A to C, the results are representative of three separate experiments.
In panel D, the data are expressed as the means 	 SD from three separate experiments. *, P 
 0.05; ***, P 
 0.001.
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DISCUSSION

Inflammasome activation contributes to host defense by inducing
cytokine production, which limits microbial invasion during in-
fection; however, the overactivation of inflammasomes is associ-
ated with autoinflammatory disease. Thus, dissecting the inflam-
masome pathways may improve our understanding of the
mechanisms of host defense against microbes and of the develop-
ment of inflammatory disease. The role of the NLRP3 inflam-
masome in mediating pathogen-induced inflammation has been
clearly demonstrated in several studies, but little is known about
the active components of the pathogen that are necessary for
NLRP3 inflammasome activation (34). In this work, we showed

that K1-CPS is the virulence factor of PLA K. pneumoniae (NTUH
K-2044, K1 serotype) and that it induces IL-1� secretion in hu-
man THP-1 macrophages and mouse J774A.1 macrophages by
activating the NLRP3 inflammasome. This finding is supported by
the results of macrophages infected with the PLA K. pneumoniae
magA mutant (K1-CPS deficiency; K1-CPS�/LPS�), in which
IL-1� secretion was significantly lower than that following infec-
tion with wild-type PLA K. pneumoniae.

K. pneumoniae (strain 43816, K2 serotype) infection was
shown previously to stimulate IL-1� and HMGB1 release in
mouse macrophages in a process dependent on NLRP3 and ASC
but not on NLRC4 (23). In the same study, LPS isolated from the

FIG 6 Effect of reactive oxygen species (ROS) on K1-CPS-induced NLRP3 inflammasome activation. (A) J774A.1 macrophages were incubated for 30 min with or
without NAC or DPI, for 30 min with 2 �M 2=,7=-dichlorofluorescein diacetate, and then for 10 min with or without 1 �g/ml of K1-CPS. ROS generation in the cells was
measured by 2=,7=-dichlorofluorescein diacetate. (B) J774A.1 macrophages were incubated for 30 min with or without NAC or DPI and then for 6 h with or without 1
�g/ml of K1-CPS. The levels of NLRP3 and pro-IL-1� in the cells were measured by Western blotting. (C and D) J774A.1 macrophages were incubated for 30 min with
or without NAC, for 5.5 h with or without 1 �g/ml of K1-CPS, and then for 30 min with or without 5 mM ATP. The levels of activated caspase-1 (p10) in the cells (C)
and IL-1� in the culture medium (D) were measured by Western blotting and ELISA, respectively. In panels A and D, the data are expressed as the means	SD from three
separate experiments. In panels B and C, the results are representative of three separate experiments. *, P 
 0.05; ***, P 
 0.001.
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infecting strain of K. pneumonia induced IL-1� secretion in
mouse bone marrow-derived macrophages, and the effect was re-
duced significantly in cells from NLRP3 and ASC knockout mice
but not from those of NLRC4 knockout mice (23). However, an-

other study showed that knockdown of NLRC4 reduced IL-1�
secretion from macrophages infected by the same strain of K.
pneumonia (24). Our results are in agreement with both studies, as
we found that PLA K. pneumoniae induces IL-1� secretion

FIG 7 Effect of phosphatidylinositol 3 (PI3)-kinase and NF-�B on K1-CPS-mediated NLRP3 inflammasome activation. (A and B) J774A.1 macrophages were
incubated for 30 min with or without LY294002 (LY) (A) or PDTC (B) and then for 6 h with or without K1-CPS. The levels of NLRP3 and pro-IL-1� in the cells were
measured by Western blotting. (C and D) J774A.1 macrophages were incubated for 30 min with or without LY or PDTC, for 5.5 h with or without 1 �g/ml of K1-CPS,
and then for 30 min with or without 5 mM ATP. The levels of activated caspase-1 (p10) in the cells (C) and IL-1� in the culture medium (D) were measured by Western
blotting and ELISA, respectively. (E) J-Blue cells were incubated for 30 min with or without sc-3060 and then for 24 h with or without 1 �g/ml of K1-CPS. The activation
levels of NF-�B were measured by an NF-�B reporter assay. (F) J774A.1 macrophages were incubated for 30 min with or without sc-3060, for 5.5 h with or without 1
�g/ml of K1-CPS, and then for 30 min with or without 5 mM ATP. The levels of IL-1� in the culture medium were measured by ELISA. In panels A to C, the results are
representative of three separate experiments. In panels D to F, the data are expressed as the means 	 SD from three separate experiments. ***, P 
 0.001.
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through NLRP3 and through NLRC4. In contrast, NLRP12, a
newly defined inflammasome that acts as a negative regulator of
inflammation, does not significantly contribute to the in vivo host
innate immune response to K. pneumoniae (strain 43816, K2 se-
rotype) infection (35). Willingham et al. observed cell death fol-
lowing the infection of THP-1 human monocytic cells with K.
pneumoniae (strain 43816, K2 serotype), and this effect was abro-
gated in THP-1 human monocytic cells with reduced NLRP3 ex-
pression (23). We found that NLRP3 was not shown to mediate
cell death in the PLA K. pneumoniae (NTUH K-2044, K1 serotype)
infection cell model, as there was no change in cell death in NLRP3
knockdown cells versus control cells. Unexpectedly, PLA K. pneu-
moniae infection induces more cell death in NLRC4 knockdown
J774A.1 macrophages than in control cells. It has been reported

that NLRP4 negatively regulates autophagic response (36, 37). We
speculate that PLA K. pneumoniae infection induces more cell
death in NLRC4 knockdown cells, probably resulting from more
autophagic cell death; however, the detailed mechanism needs
further investigation.

NLRP3 expression is necessary, but not sufficient, for
caspase-1 activation and IL-1� release; rather, an essential activa-
tion signal is required for NLRP3 inflammasome activation (26,
27). We found that K1-CPS does not activate the NLRP3 inflam-
masome directly; instead, it primes the inflammasome by induc-
ing NLRP3 expression through ERK1/2-, JNK1/2-, and p38-de-
pendent pathways. This is in contrast to LPS from Escherichia coli,
which induces NLRP3 expression through ERK1/2- and JNK1/2-
dependent, but p38-independent, pathways (38). These results

FIG 8 Effect of mitochondria on K1-CPS-mediated NLRP3 inflammasome activation. (A to C) J774A.1 macrophages were incubated for 30 min with or without
cyclosporine (Cyclos. A), for 5.5 h with or without 1 �g/ml of K1-CPS, and then for 30 min with or without 5 mM ATP. The levels of activated caspase-1 (p10)
in the cells (A), IL-1� in the culture medium (B), and TNF-� in the culture medium (C) were measured by Western blotting and ELISA, respectively. (D and E)
J774A.1 macrophages were incubated for 30 min with or without Mito-TEMPO, for 5.5 h with or without 1 �g/ml of K1-CPS, and then for 30 min with or without
5 mM ATP. The levels of activated caspase-1 (p10) in the cells (D) and IL-1� in the culture medium (E) were measured by Western blotting and ELISA,
respectively. In panels A and D, the results are representative of three separate experiments. In panels B, C, and E, the data are expressed as the means 	 SD from
three separate experiments. *, P 
 0.05; *** P 
 0.001.
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suggest that K1-CPS and LPS regulate NLRP3 expression through
similar, but not identical, pathways. We previously demonstrated
that K1-CPS induces TNF-� and IL-6 secretion via TLR4, and that
these effects require the pyruvation and O-acetylation of K1-CPS
(7). In this study, we found that TLR4 controls not only the ex-
pression of NLRP3 in K1-CPS-activated macrophages but also
IL-1� secretion in PLA K. pneumoniae-infected macrophages. It
should be noted that K1-CPS activates macrophages partially
through TLR4, and other receptors probably are involved. K1-
CPS pyruvation and O-acetylation also were shown to be impor-
tant for K1-CPS-mediated NLRP3 inflammasome activation.

ROS contribute to NLRP3 inflammasome activation, as ROS
inhibitor inhibits the priming signal of the NLRP3 inflammasome
in LPS-activated macrophages (27, 30). Here, we found that the
ROS inhibitor NAC reduced K1-CPS-induced IL-1� secretion
through inhibiting caspase-1 activation (activation signal of
NLRP3 inflammasome) and pro-IL-1� expression but not
through inhibiting NLRP3 expression. However, according to van
Bruggen et al., human NLRP3 inflammasome activation is inde-

pendent of Nox1-4, an important enzyme in ROS production
(39). Mitochondria are another source of cellular ROS, and their
overproduction promotes a mitochondrial permeability transi-
tion as well as the cytosolic release of mitochondrial DNA, which
stimulates NLRP3 inflammasome activation (30–33). In our
study, the mitochondrial ROS inhibitor Mito-TEMPO inhibited
K1-CPS-mediated caspase-1 activation and IL-1� secretion. No-
tably, Mito-TEMPO reduced K1-CPS-induced TNF-� secretion
significantly, whereas in a previous study Mito-TEMPO had no
effect on LPS-induced TNF-� secretion (31).

In patients with type 2 diabetes, NLRP3 inflammasome activa-
tion plays an important role in the sensing of obesity-associated
danger signals and contributes to obesity-induced inflammation
and insulin resistance (40–42). Activation of the NLRP3 inflam-
masome by islet amyloid polypeptide, responsible for the amyloid
deposits that form in the pancreas during type 2 diabetes, results in
the generation of mature IL-1�, which induces apoptosis in pan-
creatic beta cells (43). There are case reports of Taiwanese patients
with PLA K. pneumoniae-positive liver abscesses with no history of

FIG 9 K. pneumoniae infection induces IL-1� secretion partially through NLRP3 inflammasome. (A) J774A.1 macrophages infected with or without wild-type,
magA mutant, wbbO mutant, or magA-wbbO mutant PLA K. pneumoniae for 24 h. The levels of IL-1� in the culture medium were measured by ELISA. (B to D)
sh-SC and sh-NLRP3 (B), sh-SC and sh-NLRC4 (C), or sh-SC and sh-TLR4 (D) J774A.1 cells left uninfected or infected with wild-type PLA K. pneumoniae for
24 h. The levels of IL-1� in the culture medium were measured by ELISA. (E and F) sh-SC and sh-NLRP3 (E) or sh-SC and sh-NLRC4 (F) J774A.1 cells infected
with or without wild-type PLA K. pneumoniae for 24 h. The cell viability was measured by alamarBlue assay. (G) sh-SC, sh-NLRP3, and sh-NLRC4 J774A.1 cells
left uninfected or infected with wild-type PLA K. pneumoniae for 24 h. The cell viability was measured by cell cycle (sub-G1) analysis using PI staining. (H) J774A.1
macrophages left uninfected or infected with wild-type, magA mutant, wbbO mutant, or magA-wbbO mutant PLA K. pneumoniae for 24 h. Cell viability was
measured by alamarBlue assay. (I) J774A.1 macrophages were incubated for 24 h with or without K1-CPS. The cell viability was measured by alamarBlue assay.
The data are expressed as the means 	 SD from three separate experiments. NT, no treatment. *, P 
 0.05; **, P 
 0.01; ***, P 
 0.001.

FIG 10 Proposed mechanism of K1-CPS-mediated NLRP3 inflammasome activation.
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hepatobiliary disease; however, 70% of these patients have diabe-
tes mellitus (44, 45). Here, we showed that PLA K. pneumoniae
infection induces IL-1� secretion through the NLRP3 inflam-
masome, providing a possible mechanism for the pathogenesis of
type 2 diabetes, in which there is an initial infection by PLA K.
pneumoniae, as well as a potential mechanism explaining the pre-
disposition of these patients to the development of liver abscesses.
In conclusion, our results provide insight into how PLA K. pneu-
moniae K1-CPS regulates NLRP3 inflammasome activation (Fig.
10) and, in turn, a molecular rationale for future therapeutic in-
terventions in PLA K. pneumonia infection.
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